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Laue oscillations) appear close to the high-angle reflections. The film thick-
ness can then be evaluated as:

d ã
l

2ÈsinWi sinWi 1ê
(4)

where Wi and Wi–1 are positions of adjacent satellite maxima.
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Anhydrous Metal Nitrates as Volatile Single
Source Precursors for the CVD of Metal Oxide
Films**

By Daniel G. Colombo, David C. Gilmer,
Victor G. Young, Jr., Stephen A. Campbell, and
Wayne L. Gladfelter*

The most common precursors for the chemical vapor de-
position (CVD) of metal oxide films are metal alkoxides
and acetylacetonates.[1] Thermal decomposition of these
hydrocarbon-containing precursors can lead to incorpora-
tion of carbon and/or hydrogen into the film. In many in-
stances, the depositions of metal oxide films using these
precursors are significantly improved by the addition of
water, or some other oxygen source such as O2, O3 or N2O.
The presence of these reactive oxygen sources oxidize sili-
con substrates forming an SiO2 layer at the interface, which
can be a serious problem in certain applications such as the
use of high k dielectrics in field effect transistors.[2] We
have sought to develop single source precursors that cleave
directly to metal oxide films, and gaseous byproducts that
can be easily removed from the CVD reactor. Recently, we
reported the low temperature deposition of crystalline tita-
nium dioxide thin films using tetranitratotitanium(IV),
Ti(NO3)4.[3] We now report that many of the anhydrous
metal nitrates are sufficiently volatile, and suitably reactive
for the CVD of metal oxide thin films.

The anhydrous metal nitrates of zirconium,[4] tin,[5] co-
balt,[6] and gallium,[7] and the oxo-nitrates of vanadium and
chromium[8] were synthesized using procedures adapted
from the literature. As with Ti(NO3)4,[9] the metals in
Sn(NO3)4

[10] and Zr(NO3)4
[11] are surrounded by a dodeca-

hedral arrangement of eight oxygens from bidentate nitrato
ligands (Fig. 1). Both are white, microcrystalline solids that
readily sublime at 40 °C (Sn) and 100 °C (Zr) under a static
vacuum of 0.05 torr. Both compounds are fairly thermally
robust; Sn(NO3)4 decomposes with evolution of brown
fumes around 100 °C, and Zr(NO3)4 is stable to 140 °C.
Dark green Co(NO3)3 has three bidentate nitrato ligands
that form an octahedral arrangement of oxygens around
the metal (Fig. 1). It is extremely air- and water-sensitive
and readily sublimes in a static vacuum of 0.05 torr at
35 °C. Both VO(NO3)3 and CrO2(NO3)2 are liquids at
room temperature; VO(NO3)3 is pale yellow and moder-
ately light sensitive (boiling point of 65 °C at 0.7 torr),
while CrO2(NO3)2 is dark red and is both thermally and
light sensitive (boiling point of 65 °C at 0.7 torr). White, mi-
crocrystalline gallium nitrate exists as the N2O5 adduct,[7]

sublimes as low as 80 °C at 0.05 torr, and exhibits a novel
structure (see below). All of these anhydrous metal nitrates
are powerful oxidizing and nitrating agents, capable of re-
acting vigorously with organic substrates, and they are
readily hydrolyzed in the presence of water.[12] The oxo-
nitrates should be stored at 0 °C and out of direct light
when not in use.

Fig. 1. Structures of the molecular precursors. The proposed structures of
the vanadium and chromium oxo complexes are based on related com-
pounds.

Using Zr(NO3)4, typical ZrO2 film deposition rates at a
reactor temperature of 400 °C ranged from 40 Å/min (pre-
cursor T = 85 °C) to 130 Å/min (precursor T = 100 °C).
Rutherford backscattering spectrometry (RBS) indicated
an oxygen:metal ratio ranging from 2.0 to 2.2 for as-depos-
ited films. The X-ray diffraction pattern shown in Figure 2a
exhibits reflections characteristic of the cubic phase of
ZrO2. The relative intensities of the reflections indicates a
preferred orientation of the polycrystalline film with the
(100) plane parallel to the substrate surface. This result is
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interesting, given that this is the highest temperature phase
of ZrO2. While the cause of this is not known, it is interest-
ing to note that the lattice mismatch between cubic ZrO2

(a = 5.09 Å) and Si (a = 5.4307 Å) is 6.3 %.
When the precursor vessel containing cobalt(III) nitrate

was maintained at ambient temperature, deposition rates
reached nearly 300 Å/min at a reactor temperature of
500 °C. The XRD of the polycrystalline films exhibited re-
flections characteristic of the spinel phase of Co3O4

(Fig. 2b), and the oxygen-to-metal ratio, as measured by
RBS, was 1.3.

The high volatility of the oxo-nitrate precursors was im-
mediately evident upon opening the valve to the precursor
vessel. In the case of VO(NO3)3, the entire reaction tube
was filled with an orange gas, which deposited V2O5 at
210 Å/min when the reactor was maintained at 300 °C. A
substantial amount of the unreacted precursor was col-
lected in a liquid nitrogen cooled trap, located between the
reactor tube and the vacuum pump. When the precursor
vessel was cooled to 0 °C or 15 °C, the deposition rate de-
creased to 40 or 100 Å/min, respectively. Although RBS in-
dicated an oxygen-to-metal ratio that ranged from 2.5 to

2.7 for films deposited as low as 300 °C, only those films de-
posited at 500 °C were crystalline (Fig. 2c). Reflections at
20.3° and 41.2° corresponded to the 001 and 002 reflections
of V2O5. At 300 °C, CrO2(NO3)2 deposited a red powdery
film which rapidly decomposed to a water-soluble solid
upon exposure to the atmosphere. This chemical behavior
is characteristic of CrO3 which reacts with atmospheric
moisture to form water-soluble hydrous oxides of Cr(III).
Upon raising the reactor temperature to 500 °C, no deposi-
tion was observed within the hot zone. Instead, a film
formed at the cooler exit and entrance regions. This behav-
ior is also consistent with the conversion of CrO2(NO3)2

into CrO3; the latter is known to sublime under vacuum at
temperatures greater than 200 °C.

Glassy oxide films of SnO2 deposited using Sn(NO3)4

were somewhat oxygen rich. RBS indicated that as-depos-
ited films had oxygen-to-metal ratios ranging from 2.1 to
2.7. Films deposited at 500 °C were polycrystalline. Anneal-
ing all films in air at 700 °C for 2 h reduced the O:M ratio,
and in the case of crystalline films an O:M ratio of 2.0 was
achieved.

Previous studies had suggested that solid Ga(NO3)3⋅N2O5

was an ionic compound formulated as [NO2][Ga(NO3)4].[7]

Single crystal X-ray crystallography has verified that as-
signment (Fig. 3). Four monodentate nitrate ligands are
bound to the gallium in a slightly distorted tetrahedron.
The Ga–O bond length of 1.888(2) Å is within the sum of
the covalent radii of Ga and O. At 1.320(3) Å, N(1)–O(1) is
lengthened relative to N(1)–O(3) and N(1)–O(2)
(1.214(3) Å and 1.210(3) Å, respectively). It is also slightly
longer than the N–O bond length (1.22 Å) for a typical ion-
ic nitrate.[13] The nitronium ion sits on a special position
and extends along channels parallel to the crystallographic
c-axis. The equivalent N–O bond lengths are 1.112(9) Å,
and the distance between nonbonded oxygens of neighbor-
ing [NO2]+ cations is 3.89(1) Å. The FTIR spectrum of
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Fig. 2. a) Cubic ZrO2 deposited using Zr(NO3)4 on Si(100) at 400 °C. Re-
flections at 30.5°, 35.1°, 50.7°, 60.0° and 74.4° correspond to the 111, 200,
220, 311, and 400 reflections. b) Co3O4 deposited using Co(NO3)3 on
Si(100) at 400 °C. Reflections at 19.1°, 31.4°, 37.0°, 38.7°, 44.9°, 55.7°, 59.5°,
65.4°, and 77.3° correspond to the 111, 220, 311, 222, 400, 422, 511, 440, and
533 reflections. c) Oriented, crystalline films of V2O5 deposited using
VO(NO3)3 on Si(100) at 500 °C. Reflections at 20.3° and 41.2° correspond to
the 001 and 002 reflections ofV2O5.

Fig. 3. Structure of the anion of [NO2][Ga(NO3)4]. All of the nitrate ligands
are symmetry related. Selected distances [Å] and angles [°]: Ga(1)–O(1) =
1.888(2), O(1)–N(1) = 1.320(3), N(1)–O(2) = 1.210(3); O(1)–Ga(1)–O(1A)
= 104.84(6), O(1)–Ga(1)–O(1B) = 119.21(13), N(1)–O(1)–Ga(1) =
111.59(14), O(2)–N(1)–O(3) = 126.6(3), O(2)–N(1)–O(1) = 116.2(2), O(3)–
N(1)–O(1) = 117.2(2).
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[NO2][Ga(NO3)4] in a fluorolube mull revealed bands at
2369 and 2351 cm–1, consistent with the values reported
earlier.[7]

Upon heating a precursor vessel containing [NO2][Ga-
(NO3)4] to 78 °C, deposition rates in the range of 13–400 Å/
min were achieved. The higher deposition rates occurred
for runs where the precursor had sublimed over much of
the inner surface of the precursor vessel. This created a
higher surface area, which improved the sublimation effi-
ciency and subsequent delivery of the precursor to the re-
actor. All films grown using [NO2][Ga(NO3)4] were amor-
phous, and the oxygen-to-metal ratios (2.0–2.6) obtained
by RBS indicated the presence of excess oxygen.

None of the films contained detectable (approximately
2 at.-% by RBS) amounts of nitrogen; an observation at-
testing to the efficiency of cleavage of at least one N–O
bond of each nitrate. Based only on the stoichiometry of
the metal-containing products, some M–O bond cleavage is
also required. A possible stoichiometry for the thermolysis
of zirconium nitrate is shown in Equation 1.

Zr(NO3)4 –? ZrO2 + 4 NO2 + O2 (1)

In previous studies, NO–
3, preadsorbed on TiO2 powders

from aqueous solutions, produced NO, NO2 and O2 upon
heating under vacuum using temperature programmed de-
sorption methods.[14] The relevance of these results to the
current study must be considered with some caution be-
cause the depositions reported in the current study were
conducted under strictly anhydrous conditions. Preliminary
infrared spectral evidence obtained for the corresponding
titanium reaction[3] suggested NO2 was produced. It is pos-
sible that either the unstable molecule, NO3, or NO could
be directly formed during the deposition. Unfortunately,
the gas-phase reactions of NO3 (dissociates to NO + O2)
and NO (reacts with O2 to form NO2) could conceal their
appearance as primary products in the deposition. Efforts
to determine the kinetics and mechanisms of these deposi-
tions are under way.

With relatively little optimization, we have demonstrated
that anhydrous metal nitrates exhibit the volatility and re-
activity necessary for CVD applications. Given the obvious
absence of any carbon and hydrogen, and the presence of
an intrinsic oxidant in the form of the nitrate ligand, we be-
lieve that anhydrous metal nitrates represent a useful class
of single-source precursors for the CVD of metal oxide
films.

Experimental

A quartz, hot-wall reactor (2.6 cm × 35.0 cm) was equipped with a pre-
cursor vessel and a mechanical vacuum pump. Nitrogen carrier gas flow
(30 mL/min) was monitored using flowmeters, and pressure was measured
with a mercury manometer. The pressure of the CVD reactor during a
deposition ranged from 1.2 to 2.3 torr. The temperature reported for the de-

position was determined using a thermocouple, positioned between the re-
actor tube and the heating coils in the center of the furnace. The substrate
was p-doped Si(100), and each wafer was degreased and passivated prior to
use by immersion in the following baths for 10 min each: methylene chlo-
ride; 70 % H2SO4:30 % H2O2 solution at 80 °C; distilled water; 10 % (v/v)
HF solution; and distilled water. The substrates were placed parallel to the
gas flow at 2, 4, and 6 cm from the reactor inlet. Table 1 summarizes the film
deposition conditions and their characterization. Unless otherwise noted, all
films were visually smooth and adhered strongly to the substrates.
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Table 1. Typical results of CVD using anhydrous metal nitrates.

[a] P = polycrystalline; A = amorphous. [b] Annealed for 2 h under air.
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Atmospheric Pressure CVD of SnS and SnS2 on
Glass**

By Louise S. Price, Ivan P. Parkin,* Thomas G. Hibbert,
and Kieran C. Molloy

Tin forms a range of sulfides.[1] The two most widely
studied are SnS[2] and SnS2,[3] both materials are semicon-
ductors with band gaps of 1.3 and 2.18 eV respectively.[4,5]
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