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a  b  s  t  r  a  c  t

Thin  film  growth  of  yttria  stabilized  zirconia  (YSZ)  using  atmospheric  aerosol  assisted  chemical  vapor
deposition  (AA-CVD)  from  ˇ-diketonates  is  studied.  The  influence  of  nature  and  concentration  of  metal
precursors  and  solvents  on  thin  film  growth,  microstructure  and  composition  is investigated  as  a func-
tion  of deposition  temperature.  AA-CVD  is able  to produce  smooth  and  homogeneous  YSZ  thin  films  of
controlled  thickness  and stoichiometry.  Amorphous,  nanocrystalline  or columnar  microstructures  can
eywords:
hin film deposition
A-CVD
eposition mechanism
OFC electrolyte

be obtained  at deposition  temperatures  between  300  and  650 ◦C. In  the  same  temperature  regime,  a
transition  from  surface  reaction  to diffusion  controlled  film  growth  is observed.  For  applications  as  gas
separating  membranes,  e.g. for micro-solid  oxide  fuel  cell  electrolytes,  randomly  oriented  nanocrystalline
microstructures  with  grain  sizes  in  the  range  of  10 nm  are  promising.

© 2011 Elsevier B.V. All rights reserved.

SZ

. Introduction

Yttria stabilized zirconia (YSZ) is widely used as electrolyte for
node supported thin film solid oxide fuel cells [1,2] and planar
icro-solid oxide fuel cells (�-SOFCs) [3]. For these applications,

he deposition of smooth and homogeneous layers of 50–750 nm
hickness is required ([3] and references therein). Processing tem-
eratures of such YSZ thin films should be kept low (e.g. <600 ◦C)

n order to avoid interface reactions and minimize inter-diffusion
etween substrate and different thin films [4],  while still providing
table microstructures at operating temperatures between 350 ◦C
nd 550 ◦C [3]. The application as oxygen conducting electrolyte
urther requires YSZ thin films to function as gas-separating mem-
ranes and avoid gas cross over through pores or pinholes.

Thin film deposition by aerosol assisted chemical vapor depo-
ition (AA-CVD) at atmospheric pressure combines advantages of
hemical vapor deposition and spray pyrolysis. This technique was
eveloped in the 1970s and is able to produce oxide, sulphide, and
ven metal thin films [5–7]. A review on CVD, AA-CVD and related
ethods like AA-CVD in an electric field [8] or pulsed-pressure
etalorganic CVD [9] is given by Choy [10]. Using a simple, non-

acuum spray pyrolysis setup, a gaseous reactive species containing

he thin film constituents is produced from a nebulized precursor
olution right above a heated substrate. Film growth occurs from
he gas phase resulting in smooth thin films of constant thickness

∗ Corresponding author. Tel.: +41 44 633 69 85; fax: +41 44 632 11 32.
E-mail address: Meike.Schlupp@mat.ethz.ch (M.V.F. Schlupp).

378-7753/$ – see front matter ©  2011 Elsevier B.V. All rights reserved.
oi:10.1016/j.jpowsour.2011.11.016
over large areas. The aerosol transport system also facilitates the
reproducible deposition of multi-element thin films of defined sto-
ichiometry. In literature, the terms pyrosol process [6,7], ultrasonic
spray pyrolysis [11,12],  spray deposition [13] and others [14] may
describe the same technique.

Zirconia and YSZ depositions by atmospheric AA-CVD were
first reported based on butoxide [6,7] and pentanedionate pre-
cursors [14]. Several recent papers give more details on YSZ film
growth using zirconium and yttrium pentanedionate [11,12,15]
or tetramethyl-heptanedionate [16,17]. These studies indicate that
AA-CVD thin films with variable properties are obtained depend-
ing on the deposition conditions. While amorphous YSZ films have
been obtained at substrate temperatures as high as 600 ◦C [16],
nanocrystalline microstructures of YSZ with grain sizes between
10 and 30 nm have been reported for temperatures between 300
and 525 ◦C in other studies [11,12]. Deposition of cubic YSZ with
good preferential orientation in the (1 1 1) direction has also been
observed [15]. Atmospheric AA-CVD has been applied to prepare
thin film solid oxide fuel cells by Meng et al. [18–20]. However,
cells based on YSZ electrolytes did not yield theoretical open cir-
cuit voltages, which was ascribed to pinholes in the columnar YSZ
electrolyte deposited at temperatures between 400 ◦C and 600 ◦C.

This indicates that in order to produce reliable YSZ electrolytes
for low temperature thin film SOFCs or free-standing micro-SOFC
membranes using AA-CVD at atmospheric pressure, it is neces-

sary to optimize the electrolyte microstructure. Therefore, in this
study we  thoroughly investigate the relevant deposition param-
eters and their effect on YSZ film growth and microstructure.
Notably, the influence of substrate temperature, precursor type and

dx.doi.org/10.1016/j.jpowsour.2011.11.016
http://www.sciencedirect.com/science/journal/03787753
http://www.elsevier.com/locate/jpowsour
mailto:Meike.Schlupp@mat.ethz.ch
dx.doi.org/10.1016/j.jpowsour.2011.11.016


48 M.V.F. Schlupp et al. / Journal of Pow

F
a

c
fi
s

2

t
p
p
s
e
p
2
S
e
a
0

s
s
t
u
a
s
o
p
t
t

−6

F
o

ig. 1. Experimental setup of ultrasonic aerosol assisted chemical vapor deposition
t  atmospheric pressure.

oncentration, solvent type, and post-deposition treatment on thin
lm grow rate, microstructure, crystallinity and elemental compo-
ition is examined.

. Experimental

Most AA-CVD experiments in this study were performed using
he ˇ-diketonates zirconium 2,4-pentanedionate [Zr(acac)4, 95%
urity, ABCR] and yttrium 2,4-pentanedionate [Y(acac)3, 99.9%
urity, Alfa Aesar] dissolved in anhydrous ethanol [A15 Alco-
uisse, >99.8% purity, boiling point 78 ◦C] or 50 vol.% anhydrous
thanol + 50 vol.% heptane [Brenntag Schweizerhall AG, boiling
oint ≈ 98 ◦C]. Deposition was also performed using zirconium
,2,6,6-tetramethyl 3,5-heptanedionate [Zr(tmhd)4, 99% purity,
trem Chemicals] and yttrium 2,4-pentanedionate dissolved in
thanol + heptane. Different yttrium:zirconium ratios between 0:1
nd 0.4:0.6 with total salt concentrations between 0.005 and
.025 M were investigated.

The precursor solutions were nebulized in a custom-made
pray setup (Fig. 1) based on a commercially available ultra-
onic nebulizer (Fogstar 600, Seliger, Germany) with 6 piezoelectric
ransducers (Ø 20 mm)  operating at a frequency of 1.7 MHz. The
ltrasonic nebulizer was water cooled by an external cooling cycle
t approximately 10 ◦C, which was separated from the precursor
olution by a polyimide membrane of 25 �m thickness. The fill level

f the precursor solution was maintained during deposition using a
urpose-built constant level burette, which also allowed to monitor
he average solution throughput during experiments. The solution
hroughput in this setup cannot be adjusted directly, but depends

ig. 2. (a) Deposition by wet  droplets at room temperature and (b) typical YSZ thin film by
f  the references to color in this figure legend, the reader is referred to the web version o
er Sources 202 (2012) 47– 55

on the nebulizer setup and the properties of the precursor solu-
tion like solution density and surface tension [21]. The precursor
nebula was transported to a heated substrate through a glass tube
using filtered air at a flow rate of 4 l min−1 as a carrier gas. The dis-
tance between tube outlet and substrate was kept at 6 mm  for all
depositions.

YSZ thin films were deposited on 〈1 0 0〉 oriented silicon wafers
(ABC, Germany, 500 �m thickness) and randomly oriented sap-
phire single crystals (Stettler, Switzerland, 500 �m thickness) at
substrate temperatures between 300 and 650 ◦C. To accurately
adjust the substrate temperature (Ts), a steel plate equipped with a
thermocouple (type K) was  placed on the hot plate, and the hot
plate temperature was controlled by this thermocouple using a
Eurotherm controller. The substrate temperature was  measured
with an external contact thermocouple, and the hot plate temper-
ature was  adjusted accordingly.

Top-view morphologies and film thicknesses of freshly frac-
tured cross sections were characterized using scanning electron
microscopy (FEG-SEM, Zeiss LEO Gemini 1530, Germany) with
an in-lens detector at 5 kV. Prior to imaging, the samples were
coated with a thin platinum coating to avoid charging and to allow
imaging at higher resolution. Film thicknesses were determined
from the cross sections as an average of at least three sample posi-
tions. The average roughness was determined using a Topometrix
2000 atomic force microscope (AFM) in contact mode. Transmis-
sion electron microscopy (TEM) investigations were performed on
cross-sectional thin film samples deposited on silicon using a FEI
Tecnai F-30 (field emission gun) with an accelerating voltage of
300 kV and post-column CCD camera. A traditional sample prepara-
tion technique based on polishing, dimpling and ion milling (Gatan
precision ion polishing system at 4 keV and 4◦ angle of incidence
from top and bottom) was applied. The phase content was  analyzed
by X-ray diffraction (XRD, X’pert Pro, Panalytical, Netherlands). The
setup was equipped with a copper radiation source operated at
45 kV and 40 mA  (K�1 = 1.5406Å) using a nickel filter. The average
crystallite size of randomly oriented YSZ was  derived by multi-
plying the volume weighted column length determined using the
software Topas Academic V4.1 by 4/3 for a spherical shape [22].
The cation composition of YSZ thin films was investigated by X-ray
photoelectron spectroscopy (XPS, Sigma2, Thermo Fisher Scien-
tific, UK). All spectra were acquired at 300 W with an AlK� X-ray

source (1486.6 eV) and large area spot size at pressures <10 Pa.
On the basis of survey spectra, the following chemical species
were probed with high resolution (0.1 eV step size and 25 eV pass
energy): Zr 3d, Y 3d, O 1s, and C 1s. All data were analyzed using the

 AA-CVD on silicon (Ts = 450 ◦C) showing blue interference color. (For interpretation
f the article.)
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rogram CasaXPS (V2.3.15, Casa Software Ltd., UK). Prior to fitting of
he XPS detailed spectra, an iterated Shirley-Sherwood background
ubtraction was applied using a linear-least square algorithm, and
he spectra were referenced to the aliphatic hydrocarbon C 1s sig-
al at 285.0 eV. The whole peak area of Zr 3d and Y 3d was  used to
alculate the yttrium:zirconium ratio in the thin films.

. Results

.1. YSZ thin film deposition by AA-CVD

Thin film growth by AA-CVD only occurs at elevated tempera-
ures. For room temperature experiments, circular objects in the
ower micrometer range can be imaged by SEM after deposition
Fig. 2a). Most of these features have diameters between 0.5 and
.5 �m,  with only few larger ones up to 5 �m.  At this low temper-
ture, wet droplets reach the substrate and, after drying, deposit
he un-reacted metal precursor. These features therefore are an
ndication of the droplets size of the aerosol. At low substrate
emperatures between 50 ◦C and 250 ◦C, no deposits (neither film,
articles, nor droplets) are found on the substrates for deposition
imes up to 60 min.

Thin film deposition is observed for substrate temperatures of
00 ◦C and above. On silicon substrates, mirror-like YSZ layers are

btained with thickness dependent interference colors, indicating
mooth and homogeneous coatings over more than 10 cm2 (Fig. 2b).

Above 300 ◦C, increasing film growth rates are obtained for
ncreasing substrate temperatures (Fig. 3). While the growth

Fig. 4. Nanocrystalline microstructure of YSZ thin films deposited 
Fig. 3. YSZ growth rates for substrate temperatures Ts of 400, 450 and 600 ◦C from
a  solution of 0.025 M Zr(acac)4 + Y(acac)3 in ethanol.

rates are constant with time, rates of 12 nm min−1, 40 nm min−1

and 75 nm min−1 are determined for substrate temperatures of
400 ◦C, 450 ◦C and 600 ◦C, respectively. Based on the distribution
of interference colors, the thickness of films deposited at high tem-
peratures, e.g. at 600 ◦C, is less homogenous across the sample than
those deposited at lower temperatures, e.g. at 500 ◦C and below.

The deposition conditions also have a strong influence on the

resulting film microstructure. As shown in Fig. 4, smooth and homo-
geneous YSZ layers are obtained for deposition on silicon from
0.025 M Zr(acac)4 + Y(acac)3 in ethanol at 450 ◦C. No significant

on silicon at 450 ◦C (0.025 M Zr(acac)4 + Y(acac)3 in ethanol).
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of HRTEM in Fig. 4d. The crystallite size obtained from 0.025 M
at 600 ◦C is around 10 nm.  For deposition from a 0.005 M solution
(Fig. 7), the films show a preferred (1 1 1) orientation for substrate
temperatures of 600 ◦C (corresponding to the microstructures in
Fig. 5. Columnar microstructure of YSZ thin films deposit

eatures are visible by SEM overview images (Fig. 4a and b), and cor-
esponding AFM measurements yield average roughnesses below

 nm (not shown). TEM images of the same sample (Fig. 4c and d)
eveal that the material consists of randomly oriented nanocrystals
ith diameters in the range of 5 nm.  This nanocrystalline struc-

ure is confirmed by selected area diffraction (not shown). For films
eposited on silicon, an amorphous interlayer with bright TEM con-
rast is found between substrate and thin film. This is ascribed to
ative silicon oxide which has a thickness of few nanometers after
eposition.

In contrast, the coatings deposited on silicon from 0.005 M
r(acac)4 + Y(acac)3 in ethanol at 600 ◦C exhibit a granular morphol-
gy with pyramidal features around 20 nm in SEM top view images
Fig. 5a). Corresponding bright field (BF) and dark field (DF) TEM
mages (Fig. 5c and d) reveal a skewed, but columnar microstruc-
ure with crystals stretching from the bottom to the top of the thin
lm. This structure is hardly visible in cross sectional SEM images
Fig. 5b), which show the morphology of the fracture surface.

This temperature and concentration dependent change in
icrostructure can also be observed by X-ray diffraction

Figs. 6 and 7), which reveals a cubic (or tetragonal) zirconia phase
or all samples deposited at and above 400 ◦C. All films grown
t 300 ◦C are XRD amorphous (not shown). Similar results are
btained for deposition on sapphire and silicon substrates. For

eposition from a 0.025 M solution (Fig. 6), randomly oriented
tructures are obtained for substrate temperatures of 450 ◦C and
00 ◦C. The XRD crystallite size of the nanocrystalline material
eposited at 450 ◦C is 3–4 nm,  which corresponds well to the results
silicon at 600 ◦C (0.005 M Zr(acac)4 + Y(acac)3 in ethanol).
Fig. 6. Influence of substrate nature and temperature on XRD patterns of YSZ thin
films. Deposition from 0.025 M Zr(acac)4 + Y(acac)3 in ethanol on (a) silicon and (b)
sapphire substrates. (h k l) indices of cubic YSZ; ∗XRD signals of silicon and sapphire
substrate, respectively.
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lms. Deposition from 0.005 M Zr(acac)4 + Y(acac)3 in ethanol on (a) silicon and (b)
apphire substrates. (h k l) indices of cubic YSZ; ∗XRD signals of silicon and sapphire
ubstrate, respectively.

ig. 5). For deposition at 450 ◦C, the (1 0 0) orientation is more pro-
ounced.

The randomly oriented vs. columnar character formed during
eposition is preserved on post-deposition annealing at 600 ◦C for
0 h. However, a decrease in full-width-at-half-maximum of XRD
atterns is observed for samples deposited at 450 ◦C and 600 ◦C
rom a 0.025 M solution (not shown). For the randomly oriented

aterial deposited at 450 ◦C, a crystallite size of approximately
 nm is obtained after annealing. The corresponding TEM cross sec-
ions (Fig. 8) also indicate an increase in crystallinity of the material
fter annealing (compare to Fig. 4).

.2. Cation transfer from solution to thin film

As different metal precursors often exhibit different growth
ates in chemical vapor deposition, the yttrium to zirconium ratio

f thin films produced under varying process conditions was mea-
ured by XPS. The actual cation concentration of the yttrium
nd zirconium precursors was determined by thermogravimetry
not shown). Precursor solutions containing 0–40 at.% of yttrium

ig. 8. Conservation of nanocrystalline microstructure of YSZ thin films deposited on s
thanol).
er Sources 202 (2012) 47– 55 51

(relative to zirconium) and total metal concentrations of
0.005–0.02 M were prepared using ethanol as a solvent. Thin films
were deposited at substrate temperatures between 450 and 600 ◦C
using carrier gas flows of 2 and 4 Nl min−1. Fig. 9 shows the yttrium
content of these thin films compared to that of their correspond-
ing precursor solutions. Less yttrium than present in the precursor
solutions is incorporated in the thin films. However, the same
transfer ratio is obtained for all process parameters applied. As
determined by a linear fit of all data, the yttrium transfer ratio from
solution to thin film is 0.79 ± 0.02 in our region of interest between
0 and 30% yttrium. According to this, precursor solutions containing
20 at.% of yttrium should be used to deposit 8YSZ (Zr0.84Y0.16O2−ı).

The yttrium transfer ratio is also found to be independent of the
substrate material (sapphire, silicon, or silicon nitride coated sili-
con), and of deposition times between 5 and 30 min corresponding
to film thicknesses between 50 and 270 nm (not shown). There is,
however, a strong influence of the precursor solution temperature
in the nebulizer. The yttrium transfer ratio decreases to 0.54 for a
sample deposited with the water cooling switched off, to even 0.13
after further warming of the precursor solution in the ultrasonic
nebulizer.

3.3. YSZ film growth kinetics

For a closer study on the temperature dependence of AA-
CVD film growth, depositions were performed in 33 ◦C steps
between 300 and 633 ◦C for different precursor solutions. YSZ film
growth from different metal precursors [Zr(acac)4+Y(acac)3 vs.
Zr(tmhd)4+Y(acac)3], metal concentrations [0.005 M vs. 0.025 M],
and solvent systems [pure ethanol vs. heptane + ethanol] was  inves-
tigated. Based on the yttrium transfer rate for 2,4-pentanedionates,
solutions containing 20 at.% yttrium and 80 at.% zirconium were
applied. Film growth of un-doped zirconia was also studied.

Fig. 10a  shows the film growth rates of two spray solutions with
different metal precursor concentrations, which are based on zirco-
nium and yttrium 2,4-pentanedionates dissolved in pure ethanol.
In addition, the growth rates of the same precursors dissolved in a
mixture of heptane and ethanol at 0.005 M are shown.

Between 300 and 400 ◦C, the growth rates are independent
of the precursor concentration and choice of solvent. They show

the same, Arrhenius-type dependence on the deposition temper-
ature with apparent activation energies of 76 ± 20 kJ mol−1. At
higher temperatures, the growth rates are strongly influenced
by the precursor concentration, but show only weak dependence

ilicon at 450 ◦C after annealing at 600 ◦C for 20 h (0.025 M Zr(acac)4 + Y(acac)3 in
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ig. 9. Yttrium transfer from solution to thin film as measured by XPS. A constant
ttrium transfer ratio of 0.8 is obtained for varying process parameters.

n the substrate temperature. At and above 500 ◦C, growth rates
round 60 nm min−1 are obtained for ethanol solutions with metal
oncentrations of 0.025 M,  while growth rates of approximately

 nm min−1 are obtained for concentrations of 0.005 M between
33 and 633 ◦C. A very similar behavior of growth rates is also
ound for deposition of pure ZrO2 from Zr(acac)4 in ethanol. While

he same thermally activated regime is found at lower tempera-
ures, slightly higher growth rates than for YSZ are obtained in the
igh temperature regime (not shown). Besides the metal precur-
or concentration, the type of solvent also has an influence on YSZ

ig. 10. Influence of (a) metal precursor concentration and solvent system and
b)  type of metal precursor on thin film growth rates and apparent activation
nergies of YSZ film growth. The average solution throughput determined for all
thanol solutions was  2.5 ml  min−1, while that for all ethanol + heptane solutions
as  4.9 ml  min−1.
er Sources 202 (2012) 47– 55

growth rates above 400 ◦C. For the same metal concentration of
0.005 M,  the deposition rates double from roughly 7 nm min−1 for
pure ethanol solutions to about 15 nm min−1 for ethanol + heptane
as solvent (Fig. 10a). At the same time, the precursor solution
throughput of the ultrasonic nebulizer unit is about twice as high for
ethanol + heptane (4.9 ml  min−1 on average) than for pure ethanol
solutions (2.5 ml  min−1). The average solution throughput of the
ultrasonic nebulizer does not depend on the dissolved precursor
salts.

In contrast to films deposited from 2,4-pentanedionates, the
growth rates based on Zr(tmhd)4 show a higher temperature
dependence in the upper temperature regime (Fig. 10b). Two
regimes with different activation energies can be identified for
temperatures below and above 450 ◦C. At low temperatures,
the apparent activation energy of 72 ± 16 kJ mol−1 is similar to
that of the pentanedionate precursors. The growth rates of the
tetramethyl-heptanedionate solution are, however, by a factor of
two lower in this regime. Above 450 ◦C, a second thermally acti-
vated process with Ea = 30 ± 2 kJ mol−1 can be identified with good
accuracy. As a consequence, the growth rates reach those of 0.005 M
pentanedione in ethanol + heptane around 600 ◦C.

4. Discussion

4.1. YSZ thin film deposition and microstructure

Thin film deposition of YSZ is only possible at temperatures at
and above 300 ◦C in our experiments. Between room temperature
and approximately 100 ◦C, solution droplets reach the substrate
according to a wet spray pyrolysis deposition mechanism. How-
ever, with the temperatures being so low, no decomposition of the
metal precursor occurs. Between 100 ◦C and 300 ◦C, no deposits
are found on the substrate at all. In this regime, the ethanol solvent
evaporates well above the substrate, leaving finely divided metal
precursor precipitates in the gas stream. However, thermophoretic
forces drive the particles away from the hot substrate [23], and the
particles are vented away with the gas flow. At and above 300 ◦C,
film growth by chemical vapor deposition occurs. This minimal film
growth temperature was also reported for the deposition of zirco-
nia by rapid thermal CVD from Zr-t-butoxide with oxygen under
reduced pressure [24].

In the CVD regime, film microstructures depend on substrate
temperature and precursor concentration, and are thereby influ-
enced by the film growth rate. This is due to an interplay between
nucleation and growth kinetics during deposition [10], which are
in turn influenced by the precursor supersaturation and mobility
of adsorbed precursor species on the substrate surface. At very low
deposition temperatures, e.g. at 300 ◦C, the mobility of adsorbed
precursor species on the substrate surface is so low that nucleation
occurs without detectable grain growth, and amorphous deposits
are obtained. At intermediate temperatures, e.g. 450 ◦C, both nucle-
ation and grain growth occur. At this temperature, the different
precursor concentrations in ethanol correspond to growth rates of
roughly 7 nm min−1 for the 0.005 M solution and 40 nm min−1 for
the 0.025 M solution. The different growth rates also influence the
resulting microstructure (Figs. 6 and 7). While randomly oriented
nanocrystals are obtained for deposition at 40 nm min−1, slightly
larger crystallites with some degree of preferred orientation in
(1 0 0) are obtained for the slower growth rate. This reflects the
migration of gaseous reactants to preferred lattice sites correspond-
ing to the fast growing (1 0 0) planes. At even higher temperatures,

e.g. 600 ◦C, surface diffusion is high enough to allow migration
of precursor molecules to the (1 1 1) lattice planes of lowest sur-
face energy for slow deposition. Columnar grains are obtained
from 0.005 M solutions (growth rate around 7 nm min−1) on both
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apphire and silicon. For fast deposition from 0.025 M solutions
roughly 70 nm min−1), more randomly oriented crystals are again
btained.

The film thickness increases linearly with deposition time at
ll temperatures, and continuous films have been produced with
hicknesses down to the detection limit of SEM (approximately
5 nm). In our experiments, film growth occurs on off-axis oriented
rystalline sapphire substrates and on silicon wafers. The substrate
urface of silicon is amorphous, because native silicon oxide grows
o several nanometers thickness at the elevated substrate tem-
eratures. No significant influence of the substrate material was
bserved for YSZ film growth. However, diffusion of silicon to YSZ
rain boundaries may  impede grain growth on silicon substrates at
emperatures as low as 600 ◦C [4].

.2. Cation transfer from solution to thin film

The ability to deliver a spray of fixed metal precursor ratio
nd concentration is advantageous in AA-CVD as compared to
onventional CVD, because it allows reproducible deposition of
ulti-elemental thin films with constant composition. In our study,

n yttrium transfer ratio of 0.8 is always obtained for a fixed choice
f metal precursors [Zr(acac)4 + Y(acac)3] and solvent [ethanol].
his ratio is constant for different process parameters like sub-
trate choice, deposition time, deposition temperature, total metal
recursor concentration, and carrier gas flow. It is thus also not

nfluenced by the film growth rate. However, the temperature of
he spray solution in the nebulizer does have a strong influence
n the yttrium transfer. In our setup, both the ultrasonic neb-
lizer unit and the precursor solution are water cooled. This is
one to assure a transport of the precursor solution (in form of an
erosol) at room temperature. Because the vaporization of metal
recursors occurs only directly above the heated substrate, very
eproducible transfer ratios are obtained. The literature available
n yttrium transfer in AA-CVD of YSZ holds differing results. Based
n the same Zr(acac)4 + Y(acac)3 precursors dissolved in methanol
ith varying concentrations, Ramirez et al. [12] obtained values

cattered around a congruent yttrium transfer (transfer ratio = 1)
or deposition at 525 ◦C. Similarly, an (almost) congruent trans-
er was reported by Wang et al. [15] for one composition of
.05 M Zr(acac)4 + Y(acac)3 in dimethylformamide (DMF) at 550
nd 700 ◦C. This, however, changed drastically for a deposition tem-
erature of 450 ◦C, where a transfer ratio of only 0.19 was  obtained.

For AA-CVD deposition from Zr(tmhd)4 and Y(tmhd)3 in toluene,
ong et al. [16] report a constant transfer ratio of 0.92 in the
ubstrate temperature range of 400–600 ◦C. The same group also
btained ratios of 0.84 at 600 ◦C and 0.82 at 800 ◦C for the same
aterials but slightly different experimental settings [25]. After the

ddition of halogen lights between nozzle and sample holder, pref-
rential incorporation of yttrium was observed at 650 ◦C with a
ransfer ratio of 2.30 using the same solutions as before [17]. This
as explained by a change in the rate limiting deposition mech-

nism caused by higher temperatures in the gas phase above the
ubstrate. Besides the solution and aerosol temperature, the exact
xperimental setup and especially the temperature distribution
bove the heated substrate therefore have a significant influence
n the cation transfer. This makes AA-CVD cation transfer ratios
eported in literature difficult to compare.

.3. Film growth processes in aerosol assisted CVD

Most of the literature data on zirconia and YSZ film growth

y metal organic chemical vapor deposition (MOCVD) [26–30]
nd AA-CVD [11,16,25,31] show a transition from a thermally
ctivated regime at low temperatures to a regime with weak tem-
erature dependence at high temperatures as observed in Fig. 10.
er Sources 202 (2012) 47– 55 53

For MOCVD, there is a huge scatter of reported data with growth
rates between 10 and 1000 nm min−1 and apparent activation ener-
gies (Ea) between 50 kJ mol−1 [26] and 150 kJ mol−1 [28] in the
low temperature regime. For AA-CVD, growth rates from several
to 100 nm min−1 are reported with apparent activation energies
between 30 kJ mol−1 [16] and 60 kJ mol−1 [11].

The dependence of film growth rates on process parameters can
be used to identify the processes limiting deposition [10,23,32].  The
different rate limiting regimes applicable to AA-CVD are discussed
in the following. Fig. 11 shows a schematic sketch of deposition pro-
cesses in AA-CVD together with the dependence of gaseous species
and temperature on their distance to the substrate surface.

4.3.1. Feed rate limited deposition
In AA-CVD, the feed rate is a result of (I.i) aerosol delivery to

the reaction zone and (I.ii) vaporization of the metal precursor [23]
(Fig. 11).

Aerosol delivery (I.i) is determined by the properties of the
aerosol (flow rate, droplet size, etc.) and the spray solution (e.g.
chemical composition and precursor concentration). Because the
aerosol delivery rates by ultrasonic nebulizers are quite high, deliv-
ery limited deposition can usually be avoided [23]. In our setup,
aerosol delivery corresponds to the precursor solution through-
put, which can be used to estimate the efficiency of precursor
conversion. It is around 4% for 0.005 M ethanol and 4.5% for
ethanol + heptane solutions, while 7% are obtained for 0.025 M
ethanol solutions. Aerosol delivery is therefore not expected to limit
film growth. Furthermore, the thermally activated regime obtained
for deposition from heptanedionate (Ea = 30 ± 2 kJ mol−1) cannot be
explained by limitation through aerosol delivery.

Precursor vaporization (I.ii) depends mainly on the choice of
metal precursor and the temperature regime. Close to the heated
substrate, where the temperature is increased to the vaporization
temperature Tv, the low boiling point solvent of the aerosol droplets
evaporates, and the metal precursor is vaporized. Its evaporation
rate v is related to temperature in an Arrhenius type behavior,
where the thermal activation energy Ea can be approximated by
the vaporization enthalpy �Hv of the precursor [33], and v0 and R
have their usual meanings:

v = v0 e−(�Hv/RTv). (1)

Precursor vaporization limited deposition has been reported for
the deposition of copper at 140 ◦C, which showed a dependency
on the temperature of a preheating zone (40–80 ◦C) for the nebu-
lized precursor [34]. The vaporization enthalpy �Hv of Zr(acac)4
as determined by differential scanning calorimetry is around
132 kJ mol−1 [35], while the activation energy measured for evap-
oration of Zr(tmhd)4 from a crucible is 107 kJ mol−1 [36]. These
values do not correspond to the apparent activation energies
obtained for the pentanedionate and heptanedionate precursors in
Fig. 10.  For our experiments, film growth limitations due to insuf-
ficient precursor feed rates are therefore not expected.

4.3.2. Gas phase diffusion limited deposition
Once in the reaction chamber, both the transport of the gaseous

precursor to, and of gaseous reaction by-products away from the
substrate surface have to be considered. To assess these diffusion
processes, it is generally assumed that the total resistance to mass
transport is contained within a relatively thin layer of gas adjacent
to the substrate surface [32] (see Fig. 11).

For dilute non-polar gases, the dependence of the diffusion coef-

ficient on the diffusion temperature Td can be approximated using
the Chapman–Enskog theory [37], where

D ∝ T3/2
d

. (2)
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Fig. 11. Schematic representation of deposition processes in substrate heated AA-CVD. The (I) feed rate is determined by (I.i) aerosol delivery and (I.ii) precursor vaporization.
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as  phase diffusion (II) implies the transport of (a) active gaseous species to, and of (b
ayer.  Surface reactions (III) include (1) adsorption, (2) surface diffusion, (3) chemic
y-products as well as the temperature forms a gradients above the hot substrate.

his dependence on temperatures is rather weak, especially when
lotted in an Arrhenius diagram. The gas phase diffusion lim-

ted regime is typical for high temperatures and high pressures
orresponding to high surface reaction rates and slow diffusion.
t atmospheric pressure, the concentration gradient within the
oundary layer is decreased and mass transport is slowed down.
iffusion processes in the gas phase are therefore expected to play
n important role in AA-CVD. While the deposition rates are high in
his regime, non-uniform coatings may  result due to local precursor
epletion [10].

In fact, the high temperature film growth rates from all solutions
n this study could be explained by diffusion limited deposition.
lthough the gas diffusion temperature Td forms a gradient above

he substrate (Fig. 11)  and is not known for our experiments, it
s assumed to be lower than the substrate temperature Ts by a
onstant value �T  as a first approximation: Td = Ts − �T. The line
ts inserted in the high temperature regime of pentanedionate
eposition in Fig. 10a  correspond to Chapman–Enskog diffusion
ith growth rates proportional to (Ts − �T)3/2. However, due to

he limited accuracy of the experimental data, it is not possible to
niquely determine �T.  The larger growth rates for higher pre-
ursor concentration and enhanced droplet delivery (through the
igher nebulization rate of the heptane + ethanol solution) can then
e explained by enhanced diffusion through an increased concen-
ration gradient according to Fick’s first law. As a result of local
recursor depletion, the thickness of coatings deposited from pen-
anedionate precursors does become more inhomogeneous at high
ubstrate temperatures.

For the Zr(tmhd)4 based solution, a higher apparent activa-
ion energy of 30 ± 2 kJ mol−1 is determined above approximately
50 ◦C. This value is in excellent agreement with the results on AA-
VD deposition from Zr(tmhd)4 and Y(tmhd)3 in toluene obtained
y Song et al. [16], who report an activation energy of 31 kJ mol−1

or film growth due to diffusion limitations. The deviation from
he Chapman–Enskog theory could be due to the different diffu-
ion behavior of the larger tetramethyl-heptanedionate molecules,
eading again to an Arrhenius-type dependence on temperature.

Based on these observations, we suggest a diffusion limited
egime for the high temperature depositions of our experiments.
.3.3. Surface reaction limited deposition
The surface reactions comprise several highly temperature

ependent processes: (1) adsorption of the gaseous precursor,
2) surface diffusion, (3) chemical reaction and lattice formation,
tion by-products away from the substrate surface through a concentration boundary
tion, lattice formation, (4) desorption. The concentration of (a) reactant gas and (b)

and (4) desorption of gaseous reaction by-products. Generally,
the rate constant k of a chemical reaction is considered to have
an Arrhenius-type dependence on temperature [38], which corre-
sponds to the substrate temperature Ts in this case.

Overall deposition is often limited by surface reactions at low
substrate temperatures and slow reaction rates. While the depo-
sition rates are low, abundant reactants are available near the
substrate surface. This enables the deposition of films of uniform
thickness.

The thermally activated regimes between 300 and 400 ◦C
in Fig. 10 show the same apparent activation energy of
76 ± 20 kJ mol−1 for different solvents and different precursor con-
centrations and are assigned to surface reaction limitation. The fact
that the same activation energy is also obtained for the two differ-
ent ˇ-diketonate precursors suggests that YSZ lattice formation (3)
is the rate limiting step. The decreased absolute growth rate of the
tetramethyl-heptanedionate precursor as compared to pentane-
dionates in the low temperature regime could be due to the larger
size of the Zr(tmhd)4 molecules. Because of their bulky ligands,
a lower density of adsorbed species is obtained on the substrate
surface, which leads to lower growth rates.

5. Conclusions

Based on a detailed understanding of the deposition mechanism,
thin film growth by chemical vapor deposition can be obtained
using a simple, non vacuum ultrasonic nebulizer setup. In this
study, smooth and homogeneous YSZ films are produced at sub-
strate temperatures between 300 and 650 ◦C. Depending on the
deposition temperature, amorphous, nanocrystalline, or columnar
microstructures develop. For our deposition conditions, the yttrium
transfer ratio from solution to thin film for Zr(acac)4 + Y(acac)3 in
ethanol is 0.8 for varying process parameters. The desired cation
composition can be obtained by adjusting the composition of the
precursor solution.

The thin film growth rates are influenced by deposition
temperature and solution composition. At low temperatures
(300–400/500 ◦C depending on the precursor concentration), film
growth is limited by surface reactions: similar apparent activation
energies in the range of 70 or 80 kJ mol−1 are obtained for pen-

tanedionate and tetramethyl-heptanedionate precursors. At higher
substrate temperatures (above 400/500 ◦C), deposition becomes
gas phase diffusion limited. For Zr(acac)4 + Y(acac)3, growth rates
are proportional to T3/2 according to the Chapman–Enskog theory;
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or the tetramethyl-heptanedionate precursor, an apparent activa-
ion energy of 30 ± 2 kJ mol−1 is obtained.

For application as gas tight electrolytes, the randomly oriented
anocrystalline YSZ thin films obtained by AA-CVD at intermediate
emperatures (e.g. 450 ◦C) and fast deposition rates are promising.
or this purpose, further studies will be conducted to evaluate the
as tightness and electrical conductivity of the films. Furthermore,
he thermomechanical stability of free standing membranes will be
nvestigated.
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