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Strontium (Sr) and barium (Ba) are components of
many important thin filmmaterials.1 Thewidely used film
growth techniques chemical vapor deposition2 (CVD)
and atomic layer deposition3 (ALD) require molecular
precursors that volatilize at moderate temperatures with-
out decomposition. In addition, ALD requires precursors
that are thermally stable at the substrate temperature to
avoid loss of the self-limited growth mechanism.3 As a
result, there has been considerable effort over many years
directed toward the development of volatile precursors
containing Sr and Ba.1 The high atomic weights, small
charge-to-size ratios, and attendant low Lewis acidities of
Sr and Ba afford low volatility, poor thermal stability,
and inappropriate reactivity for most existing classes of
CVD and ALD precursors. State of the art CVD pre-
cursors include fluorinated β-diketonate complexes con-
taining neutral polydentate ether ligands4 and
β-ketoiminato complexes with pendant polyether substit-
uents.5 The former class sublimes between 120 and 160 �C
at low pressures, but fluorine incorporation in the film
may lead to changes in materials properties. The

β-ketoiminato complexes decompose in the solid state
concurrently with sublimation and thus lack thermal
stability.5 Because of the strict precursor thermal
stability requirement, only Sr and Ba β-diketonate6 and
metallocene7 complexes have been demonstrated in ALD
growth. [M(thd)2]n complexes (M= Sr, n= 3; M= Ba,
n = 4; thd = 1,1,5,5-tetramethylheptane-3,5-dionate)
have very low vapor pressures due to their oligomeric
structures8 and are not reactive enough toward water or
dioxygen to allow self-limitedmetal oxide growthwithout
plasma activation or use of ozone.6 The metallocenes
Sr(C5H2iPr3)2 and Ba(C5H2tBu3)2 or tetrahydrofuran
adducts thereof permitted the ALD growth of SrTiO3,
BaTiO3, SrS, and BaS thin films.7 Ba(C5H2tBu3)2 was
employed for the ALD growth of BaTiO3 films at sub-
strate temperatures of up to 325 �C.7d Sr(C5H2iPr3)2
showed evidence for thermal decomposition at 300 �C
in SrTiO3 ALD film growth.7d

Herein, we report the ALD growth of BaB2O4 films
from the precursor bis(tris(3,5-diethylpyrazolyl)borate)-
barium (BaTpEt22) and water. This process exhibits self-
limited ALD growth up to 375 �C, which demonstrates
the exceptional thermal stability of BaTpEt22. ALD pre-
cursors with the highest thermal stability permit self-
limited growth over the widest possible temperature
range, may allow the growth of crystalline materials at
higher temperatures, and may deposit higher purity
materials because of the absence of decomposition path-
ways that incorporate undesired elements such as carbon
and hydrogen. BaTpEt22 also contains a 2:1 B/Ba ratio, and
this precursor stoichiometry is maintained in the BaB2O4
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films. Use of heterobimetallic precursors to control the
ratios of two different elements in thin films is rare in
ALD and generally affords poor stoichiometry control.9

Metal borates are important thin film materials,10 and
there are only a few reports of their growth by CVD.11

This is the first report of a metal borate film growth by
ALD.
ALD growth of BaB2O4 on silicon substrates was

studied using BaTpEt22 and water vapor. The synthesis
and properties of BaTpEt22 have been reported by our
group.12 BaTpEt22 sublimes at 210 �C/0.05 Torr with
0.1% residue and decomposes at ∼380 �C in the solid
state.12 The growth behavior was assessed by varying
precursor pulse lengths, substrate temperatures, and the
number of deposition cycles.13 Investigation of growth
rate as a function of BaTpEt22 pulse length was performed
at 325 �C (Figure 1a). The number of deposition cycles,
the water pulse length, and the length of the purge after
thewater pulse were held constant at 2000, 0.5 s, and 5.0 s,
respectively. The BaTpEt22 reservoir was maintained at
205 �C and the purge length after the BaTpEt22 pulse was
10.0 s. The growth rate was 0.23 Å/cycle with BaTpEt22
pulses of g1 s, which demonstrates self-limited ALD
growth.
The dependence of growth rate on substrate tempera-

ture was also investigated (Figure 1b). Depositions were
carried out using BaTpEt22 and water pulse lengths of 3.0
and 0.5 s, respectively, and 2000 deposition cycles. Nitro-
gen purge lengths of 10.0 and 5.0 s were used after the
BaTpEt22 and water pulses, respectively. A growth rate of
0.23 Å/cycle was observed between 250 and 375 �C. An
area of constant growth rate within a specific temperature
range is termed the “ALD window,” and is characteristic
of a robust ALD process.3 Growth rates of 0.17 and 0.34
Å/cycle were observed at substrate temperatures of 240
and 400 �C, respectively, which are outside of the ALD
window.
Elastic-recoil detection analysis (ERDA) was per-

formed on 45-47 nm thick BaB2O4 films deposited at
325 and 350 �C to determine the elemental compositions
(Table 1). The B/Ba ratios were close to the expected ratio
for BaB2O4. Hydrogen concentrations for films grown at
325 and 350 �C were 1.2 ( 0.2 and 0.84 ( 0.1 at %,
respectively, and the carbon concentrations were 0.3 (
0.3 and <0.2 at %, respectively. For both samples, the
nitrogen concentration was below the detection limit of
0.2 at %.

X-ray photoelectron spectroscopy on a film deposited
at 325 �C revealed Ba 3d5/2 and Ba 3d3/2 binding energies
of 775.5 and 790.9 eV, respectively, with an O 1s ioniza-
tion at 530.8 eV. The B 1s and Ba 4p1/2 ionizations were
superimposed at 190.7 eV, and thus reliable B concentra-
tion data could not be obtained. After argon ion sputter-
ing for 1 min, the carbon and nitrogen ionizations were
below the detection limits. All films were amorphous as
determined by X-ray diffraction. Annealing of an amor-
phous film grown at 325 at 550 �C in an oxygen atmo-
sphere afforded crystalline β-BaB2O4.
Atomic force microscopy (AFM) and scanning elec-

tron microscopy (SEM) were used to probe the surface
morphology of the as-deposited films. Micrographs of
characteristic film surface featureswere collected for films
deposited at 325 and 350 �C, with thicknesses of 68 and
47 nm, respectively. Films deposited at both temperatures
were smooth and featureless. The AFM rms surface
roughnesses of typical 2� 2 μm2 areas in both films were
0.53 nm. SEM micrographs revealed smooth, pinhole-
free films at all magnifications.
The results described herein are significant from several

perspectives. Foremost, BaTpEt22 has high thermal
stability, which allows self-limited ALD film growth to
occur up to 375 �C. The decomposition temperature of
BaTpEt22 (∼380 �C in the solid state12) is much higher
than those of widely used CVD precursors.1,4,5 The most
thermally stable Ba ALD precursor reported to date is
Ba(C5H2tBu3)2, which may be thermally stable up to
350 �C as a solid.7d The upper temperature limit of
BaB2O4 ALD growth described herein exceeds that of

Table 1. Elemental Composition of Thin Films Deposited from BaTpEt22
and Water, As Determined by ERDA

T (�C) B:Ba ratio O:Ba ratio %H %C

325 2.1( 0.3 3.8( 0.4 1.2( 0.2 0.3 ( 0.3
350 2.2( 0.3 4.7( 0.4 0.84( 0.1 <0.2

Figure 1. Plots of (a) growth rate versus pulse length of BaTp2
Et2 at

325 �C and (b) growth rate versus substrate temperature.
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BaTiO3 ALD growth from Ba(C5H2tBu3)2, Ti(OiPr)4,
and water by 50 �C.7d Tris(pyrazolyl)borate ligands have
been coordinated to most metals in the periodic table.14

Ba is one of the most difficult elements in the periodic
table for which to prepare volatile and thermally stable
compounds, so the present success withBaTpEt22 suggests
that many other metal complexes containing tris-
(pyrazolyl)borate ligands should also combine volatility
and high thermal stability. Precursor thermal decomposi-
tion destroys self-limited ALD growth and low decom-
position temperatures represent a drawback of most
existing ALD precursors.3 Hence, complexes containing
tris(pyrazolyl)borate ligands may constitute a general
class of thermally stable ALD precursors. Dimeric
[BaTp2]2 (Tp = tris(pyrazolyl)borate) has been used as
a CVD precursor for BaB2O4 films,11c but it undergoes
thermal decomposition at 330 �C12 and does not offer
enhanced thermal stability compared to Ba(C5H2-
tBu3)2.

7d The higher thermal stability of BaTpEt22, rela-
tive to [BaTp2]2, highlights the importance of careful
ALD precursor optimization.12

Bimetallic precursors with 1:2 Sr/Ta ratios have been
used for the ALD growth of Sr-Ta-O films.9a,b Variable
Sr/Ta ratios (0.5-1.5) were observed depending upon the
deposition conditions, possibly because of loss of volatile
tantalum species from the growing film.9bALDgrowth of
PrAlOx and NdAlOx films was demonstrated using
bimetallic isopropoxide precursors with 1:1 metal ratios,
but substoichiometric Pr/Al and Nd/Al ratios (0.30-
0.71) were obtained.9c Bi(CH2SiMe3)3 was employedwith
ozone for the ALD growth of Bi-Si-O films.9d The Si/Bi
ratio increased from about 1.5 at 200 �C to about 5 at
450 �C. In the present work, the 2:1 B/Ba stoichiometry of
BaTpEt22 is maintained in the BaB2O4 thin films, within
the uncertainty of the ERDA measurements. Such stoi-
chiometry control implies that two TpEt2 ligands remain
coordinated to the surface-bound Ba species, and that
hydrolysis of BaTpEt22 is rapid and very efficient.
[BaTp2]2

11c and MgTp2
11d have been employed with

dioxygen as precursors for the CVD growth of BaB2O4

and Mg2B2O5 films, respectively, at 750-900 �C.
Although the 2:1 B/Ba ratio of [BaTp2]2 was retained in
BaB2O4, Mg2B2O5 has a 1:1 B/Mg ratio, which differs
from the 2:1 ratio in MgTp2. The high CVD growth
temperatures probably afford decomposition products
that can lead to variable B/metal ratios in the thin films.
ALD growth of B2O3 and BN films has been reported,15

as has boron phosphate on silica surfaces.16

β-BaB2O4 is an important thin film material, and has
many applications because of its nonlinear optical prop-
erties.10,11 Thin films of BaB2O4 have not been previously
grown by ALD, presumably because of the difficulty in
controlling the B/Ba ratio with separate precursors. CVD
growth of BaB2O4 films required a 2.5:1 ratio of B to Ba
precursors for optimum depositions.11a BaB2O4 must
possess the crystalline β-phase to exhibit nonlinear opti-
cal properties. The present work provides a solution to
controlling the B/Ba stoichiometry in BaB2O4, but films
grown at 375 �C (the upper limit of the ALD window) on
silicon remain amorphous. SrTiO3 and BaTiO3 are also
important thin film materials that must be crystalline to
exhibit the desired ferroelectric properties.6,7 The ALD
growth of BaTiO3 films from Ba(C5H2tBu3)2, Ti(OiPr)4,
and water has an upper limit of 325 �C,7d but affords
amorphous material. It is not clear if BaTpEt22 is an
appropriate precursor for BaTiO3 growth, due to the
facile B incorporation described herein. An oxygen pre-
cursor other than water may avoid B incorporation, and
experiments are in progress to probe this issue. Hwang
and co-workers showed that use of a 3 nm thick crystal-
line SrTiO3 seed layer led to the subsequent growth of a
crystalline SrTiO3 layer at 370 �C with the desired perov-
skite structure using an ALD process with [Sr(thd)2]3,
Ti(OiPr)2(thd)2, and water.6d This process may not pro-
ceed by a true ALDmechanism, because [Sr(thd)2]3 lacks
sufficient reactivity towardwater to form SrO films below
its decomposition temperature,6e,7d and Ti(OiPr)2(thd)2
undergoes thermal decomposition at ∼230 �C.17 It is
possible that other crystalline substrates may lead to
growth of β-BaB2O4 at temperatures as low as 375 �C,
without having to resort to postdeposition annealing.
In summary, the present work describes a significant

enhancement of thermal stability in a Ba ALD precursor,
relative to existing BaALDandCVDprecursors, through
use of a tris(pyrazolyl)borate-based ligand. BaTpEt22
also confers a precise 2:1 B/Ba ratio in the BaB2O4 films.
Precursors containing tris(pyrazolyl)borate ligands should
allow the ALD growth of a variety of metal borate films,
and similar B/metal stoichiometry control should be pos-
sible. Precursor-based composition control, as documented
herein, is largely unprecedented in the ALD growth of
ternary materials.
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