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We  report  the  formation  of  yttria  stabilized  zirconia  (YSZ)  thin  films  by  supercritical  fluid  deposition  (SFD)
in carbon  dioxide  at 20 MPa  and  a stage  temperature  of  300 ◦C via  hydrolysis  of zirconium(IV)  hexafluo-
roacetylacetonate  and  yttrium(III)  hexafluoroacetylacetonate.  Post-deposition  annealing  of  the  films  at
800 ◦C  yields  crystalline  films  having  the expected  fluorite  structure  as  evidenced  by  X-ray  diffraction.
Such  films  are  suitable  for the fabrication  of  electrolyte  thin  films  for  micro-solid  oxide fuel  cells  (�-SOFC).
We  show  that  a  cyclic  co-deposition  process  in  which  aliquots  of  precursor  are  introduced  sequentially
enables  the  depostion  of  YSZ  thin  films  with  uniform  composition  as  evidenced  by X-ray  photoelectron
arbon dioxide
ttria stabilized zirconia thin films
icro-SOFC

yclic deposition

spectroscopy.  In  each  cycle,  the  mixed  precursor  solution  in  CO2 is introduced  to  the reactor  and  then
purged  following  a short  reaction  interval.  By  contrast,  simple  batch  SFD  processes  that  employ  hydroly-
sis of  the  mixed  precursors  introduced  at the  onset  of  the  depositions  lead  to  non-uniform  distributions
of  the  cations  throughout  the  thickness  of the  films.  The  cyclic  deposition  approach  extends  supercritical
fluid  deposition  to  materials  such  as  multi-cations  oxides  for  which  precise  control  of stoichiometry  is
required.
. Introduction

The development of efficient alternative energy sources is both
imely and important. Solid oxide fuel cells (SOFC) offer several
dvantages over conventional energy sources, including control of
ower, good efficiency and the absence of harmful emissions [1–3].
ttria stabilized zirconia (YSZ) is the state of the art electrolyte
aterial in SOFC due to the high O2− ionic conductivity of the

uorite crystal structure at high temperature [4,5]. However, the
igh operating temperature (900–1000 ◦C) of these devices causes
echanical and chemical stability issues, neccesitating the use of

xpensive materials and reducing lifetimes of the cell. In order to
ake commercialization viable, it is crucial to reduce cost. One
eans to achieve this is to reduce the operating temperature to

round 600 ◦C and move towards intermediate temperature SOFC
IT-SOFC) [6].  Thin film components are attractive for integration
nto these devices, especially in the field of micro SOFC (�-SOFC).
-SOFC are under development for applications in portable elec-
ronics such as laptops, cell phones or tablet computers [7–9] for
hich they offer compact design with higher efficiency at inter-
ediate temperatures. YSZ thin films have been deposited via
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various methods such as electron beam evaporation [10], pulsed
laser deposition [11], and chemical vapor deposition [12]. In this
study, we  demonstrate a new way  to deposit YSZ thin films
with controlled composition and thickness using supercritical fluid
deposition in carbon dioxide at 15–20 MPa  and a stage temperature
of 300 ◦C.

Supercritical fluid deposition (SFD) has proven to be an efficient
way  to deposit pure metal or metal oxide films at moderate tem-
perature and pressure with exceptional step coverage [13–15].  The
suitability of SFD films for SOFC has also been recently investigated
[16]. Supercritical fluids offer advantages such as high diffusivity,
low viscosity and high precursor concentrations in the fluid phase,
which mitigate or eliminate mass transport limitations to depo-
sition rate and provide conformal coverage in high aspect ratio
features. In this work, YSZ thin film deposition in supercritical CO2
(scCO2) was  performed in a cold wall reactor (with a stage tempera-
ture of 300 ◦C) using a cyclic precursor flow to obtain homogeneous
composition within the film. The approach can be extended to co-
depositions of other metals and metal oxides.

2. Material and methods
Zirconium(IV) hexafluoroacetylacetonate (Zr(hfac)4) and
yttrium(III) hexafluoroacetylacetonate (Y(hfac)3) were purchased
from Strem Chemicals. We  developed a cyclic deposition set up

dx.doi.org/10.1016/j.supflu.2011.11.018
http://www.sciencedirect.com/science/journal/08968446
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Fig. 1. Schematic of the cyclic supercritical fluid deposition setup. The 100 mL high
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cycles (10 min  instead of 30 min) and slowly injecting the precur-
ressure reactor is connected via a 10 mL  sample loop to the 60 mL  precursor cham-
er where Zr and Y precursors are soaked in scCO2 at 60 ◦C and 14 MPa.

Fig. 1) based on the cold wall reactor used to perform standard
etal oxide depositions [13], the main difference consisting of the

ddition of one precursor chamber, wherein the precursors were
olubilized in scCO2 to provide a reservoir of precursor solution.
he precursor chamber is divided in two sections separated by

 piston ring, one containing the precursors in solution in scCO2
nd the other containing ethanol. One end of the chamber is
onnected to a high pressure syringe pump (Teledyne ISCO Inc.)
lled with CO2 and to a sample loop used to inject a precise volume
10 mL)  of the precursor solution in the reactor. The second end
f the chamber is connected to another high pressure syringe
ump (Teledyne ISCO Inc.) filled with ethanol. Ethanol is a nearly

ncompressible fluid at the conditions used and setting the ethanol
ump at a certain pressure (14 MPa) ensures that the pressure

n both sections of the precursor chamber will remain constant
ven as the volume of the precursor solution diminishes after each
njection cycle.

The solid precursors (0.085 mmol  of Zr(hfac)4, 0.2 wt.% in CO2,
.015 mmol  of Y(hfac)3, 0.03 wt.% in CO2) were introduced in the
0 mL  precursor chamber subsequently filled with CO2. The pre-
ursors were solubilized at 60 ◦C and 14 MPa  (above CO2 critical
oordinates) for 60 min. The reactor, a 100 mL  stainless steel vessel
quipped with a heated stage, was first sealed with the substrate
Si wafer) mounted on the stage and flushed with nitrogen for an
our at 60 ◦C. The stage temperature was then set to 300 ◦C while
he wall temperature remained set at 60 ◦C and scCO2 was added
ntil the pressure reached 10 MPa. At the beginning of each cycle,

 specific volume (10 mL)  of the precursor solution was injected
ia the sample loop into the cold wall reactor and a small volume
f water (10 �L) was injected via the second sample loop to initi-
te the hydrolysis reaction. The deposition took place at 300 ◦C and
0 MPa  for 10–30 min, H2O/(Zr + Y) molar ratio is 30. At the end of
ach cycle the reactor was vented to remove by-products and any
n-reacted precursors and then filled with scCO2 in preparation
or another cycle. The deposition was typically stopped after 5–6
ycles.

Film composition was characterized by X-ray photoelectron
pectroscopy (XPS) using a Quantum 2000 scanning ESCA micro-
robe (Physical Electronics) coupled with an Ar+ ion-sputtering gun
nd charge neutralizing system. Film thickness was measured with

 Veeco Dektak 3 mechanical profilometer. Film crystallinity was
haracterized by X-ray diffraction (XRD) using PANalytical X’Pert

iffractometer (Cu K� radiation) in 2� mode with an incident X-ray
eam angle fixed at 0.5◦, and the detector 2� angle varying step by
tep from 25◦ to 110◦.
ical Fluids 66 (2012) 328– 332 329

3. Results and discussion

Brightly colored films were deposited onto the silicon wafers.
Film thicknesses, measured by profilometry, varied between 170
and 250 nm depending on the number of cycles. The films showed
slight color variations that are attributed to thickness variations
[13]. At the reaction conditions studied, each cycle resulted in the
deposition of an oxide layer (containing both cations) about 35 nm
thick. The thickness of each layer can be controlled by the amount
of precursors and water introduced and the reaction time.

Cyclic depositions via SFD were previously reported by
Gougousi et al. [17]. Their work, inspired by atomic layer depo-
sition (ALD) processes that rely on a self-limiting surface reaction
via alternating monolayers, focused on low temperature (≤100 ◦C)
deposition of single oxides using oxidizers (organic peroxides) to
facilitate deposition. Here our objective was not to mimic ALD, but
rather to provide a means for controlling or eliminating composi-
tion gradients normal to the film surface during SFD depositions
that are not self-limiting. The high temperature (300 ◦C) cyclic co-
deposition of metal oxide films via precursor hydrolysis in scCO2
enables precise control of the stoichiometry in the films for mixed
depositions in which the inherent deposition rates from the metal
oxide precursors differ markedly.

Fig. 2 shows a comparison of XPS sputter depth profiles of
YSZ films deposited in identical experimental conditions (300 ◦C,
20 MPa, H2O/(Zr + Y) molar ratio = 30), albeit one was deposited
using a standard batch process (Fig. 2a) and the other was deposited
by cyclic deposition (Fig. 2b). A simple batch SFD co-deposition
of Y and Zr oxides using a standard (non-cyclic) process leads to
significant composition gradients that result from different depo-
sition rates. The XPS profile shows that the atomic concentration
of yttrium varies along the film thickness. The Y concentration is
high in the vicinity of the substrate (Si wafer) and diminishes until
becoming negligible at the surface of the film. On the contrary, Zr
concentration is higher at the film surface. This suggests that the
hydrolysis of Y precursor to form the oxide (Y2O3) is faster than
the hydrolysis of the Zr precursor to yield ZrO2. A second possi-
bility is that the liberated hexafluoroacetylacetone can react with
the incipient YSZ surface to selectively etch Zr over Y. However, an
experiment exposing a previously deposited YSZ film to hexafluo-
roacetone in scCO2 in conditions similar to a deposition experiment
(300 ◦C, 20 MPa, 0.385 mmol  of hexafluoroacetylacetone, 50 �L of
H2O) ruled out this possibility. Indeed the film composition was
identical before and after the experiment, no etching was  observed.
Therefore we  attribute the composition gradient in the film to the
different hydrolysis rates of the precursors.

Fig. 2b shows XPS results for a film deposited by the cyclic
deposition process in which the same quantity of precursor and
water as used in batch experiment (Fig. 2a) is introduced using
six cycles of 30 min  of deposition (compared to a single injection
followed by 30 min  of deposition for the batch experiment). From
the XPS results one can easily notice that each injection cycle is
characterized by a rise of Y concentration in the film composition,
followed by simultaneous decrease in the Y content and increase
in Zr content. This pseudo-sinusoidal evolution of film composition
provides verification of the concept: indeed, cyclic injection leads
to an overall steadier film composition with Y percentage remain-
ing between 10 and 20%; however, the impact of the difference in
reaction kinetics between the precursors is still noticeable. Control-
ling the number of cycles also allows adjusting the thickness of the
films.

Refinement of the experimental process using shorter reaction
sor solution as well as water into the reactor resulted in much
more uniform film composition as illustrated in Fig. 3b. The film
composition is consistent all along the depth of the film as there
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Fig. 2. XPS sputter depth profiles of Y and Zr oxides thin films deposited w

s no variation in the Zr:Y stoichiometry. The cation stoichiome-
ry is determined experimentally using XPS and found to be 86:14,
hich is in good agreement with the 85:15 Zr:Y molar ratio intro-
uced in the precursor mixture. Therefore in addition to yielding a
niform film composition, this technique allows fine control of the
lm composition by adjusting the composition of components in
he precursor solution.

The films were then annealed in air at 400 ◦C for 6 h to remove
mpurities (carbon and ligand residues). Further annealing at 800 ◦C
or 6 h was required to initiate YSZ crystallization (the as-deposited
nd annealed at 400 ◦C films are amorphous). The XRD pattern
hown in Fig. 3a indicates the presence of the expected phase:

SZ fluorite type structure (face-centered cubic: Fm-3m, JCPDS 30-
468).

In order to study the effect of precursor concentration on
lms deposition, another YSZ film was deposited in standard

ig. 3. XRD pattern (a) of a YSZ film (annealed at 800 ◦C for 6 h), XPS sputter depth profil
annealed at 400 ◦C for 6 h).
 standard (a) and cyclic (b) co-deposition process (after annealing 400 ◦C).

batch conditions with a precursor concentration 6 times lower
(0.0142 mmol  of Zr(hfac)4 and 0.0025 mmol  of Y(hfac)3) to mimic
1 deposition cycle. Indeed the total amount of Zr and Y precur-
sor was identical for standard and cyclic depositions; the fluid
phase precursor concentration during reaction is 6 times higher
for standard deposition compared to cyclic deposition with 6 reac-
tion cycles. The corresponding film is about 35 nm thick and XPS
analysis (Fig. 4b) does not show evidence of faster deposition of Y
compared to Zr. This result suggests that the differences in kinet-
ics become negligible at very low concentrations or precursor,
which is consistent with the results obtained for cyclic deposi-
tions.
The possibility that high temperature annealing leads to cation
diffusion was also investigated. Fig. 4 shows Zr and Y composi-
tion profiles of annealed films deposited using the standard batch
technique with high (a) and low (b) concentrations and cyclic

e (b) and XPS energy survey (c) of a YSZ film obtained with 10 min  reaction cycles
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Fig. 4. XPS Zr and Y composition profiles of YSZ films annealed at 800 ◦C for 6 h (a) standard deposition, (b) standard deposition with low precursor concentration, (c) cyclic
d ycles.
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eposition with 30 min  reaction cycles, (d) cyclic deposition with 10 min  reaction c
xcept (b) from 0.0142 mol Zr(hfac)4 and 0.0025 mol  Y(hfac)3.

epositions with 30 min  (c) and 10 min  (d) cycles. Annealing at
00 ◦C results in elimination of the carbon content of the film but
as no influence on the cation stoichiometry. Annealing at 800 ◦C
as negligible effect on the Zr:Y ratio on all samples with the
otable exception of the film deposited with 30 min cycles (Fig. 4c).

nstead of the pseudo-sinusoidal evolution of the film composi-
ion (see Fig. 2b), Zr and Y remain nearly constant throughout the
epth of the film. However, this effect from diffusion is limited
nd film composition remains slightly less uniform than for the
lm obtained with 10 min  deposition cycles (Fig. 4d). Composi-
ion profiles for the samples deposited with the standard approach
Fig. 4a and b) are largely unaffected by the high temperature treat-

ent.
Moreover, the cyclic co-deposition leads to thicker oxide films

ompared to the standard batch deposition (230 nm and 140 nm
espectively at 300 ◦C, 20 MPa, H2O/(Zr + Y) molar ratio = 30). In
act, injecting the overall same amount of precursors and water
n multiple cycles of 10 min  instead of injecting all at once for
0 min  of reaction achieves better deposition rate. Water is injected
long with the precursors at the beginning of each cycle which
nsures a constant presence of water to react with the precur-
ors; precursor concentration during the hydrolysis reaction in
umidified CO2 is lower and by-products and un-reacted pre-
ursors are flushed out of the reactor between each cycle which

rovides optimized conditions for further reaction cycles. Short
eposition cycles are also likely to stop the reaction in its early
hase when homogeneous deposition is easier to achieve (see
ig. 2a in which the film composition nearly stays constant close
 All depositions at 300 ◦C, 20 MPa  from 0.085 mol Zr(hfac)4 and 0.015 mol  Y(hfac)3

to the surface of the substrate, especially compared to the outer
part of the film which is rich in Zr and poor in Y because
there is only Zr left to react in the end of the batch experi-
ment).

As a result, we  believe cyclic deposition of oxides with controlled
stoichiometry opens the field of SFD to new applications such as
�-SOFC. The film quality associated with this low-temperature
technique coupled with precise control of the stoichiometry via
cyclic deposition make it a suitable technique for the deposition of
dense ionic conductor oxide films. Those co-depositions have to be
further studied in the future, to evaluate the effect of film composi-
tion and film thickness and to assess the electrochemical behavior
of such thin films.

4. Conclusions

In summary, SFD is an efficient means for the deposition of a
multi-component oxide thin film. In this paper we demonstrated
the efficiency of the cyclic deposition towards well-controlled film
composition, illustrated by the co-deposition of YSZ films with
definite Zr:Y stoichiometry as a model system. The technique con-
stitutes a useful alternative to the existing methods to deposit high
quality metal oxide films and could be used in the future to create
high efficiency �-SOFCs. More generally, cyclic deposition pro-

vides a solution to the differences in deposition kinetics and could
be extended to other systems enabling the deposition of multi-
component materials which could not previously be deposited by
SFD.
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