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bstract

he ns-laser ablation characteristics of tetragonal 3YSZ versus cubic 8YSZ have been investigated to minimize a transfer of particulates in the
ulsed laser deposition process. 3YSZ is significantly less prone to the exfoliation of �m-sized fragments than 8YSZ due to its enhanced fracture
oughness, which allows the deposition of particulate-free films in a fluence range of 1.2–1.5 J/cm2. The influence of the PLD process parameters
n the film microstructure and stoichiometry have been investigated with respect to the growth of dense 3YSZ layers with adequate adhesion to
he c-cut sapphire single crystals. Dense 3YSZ films are obtained below a threshold pressure of ∼0.025 mbar. At 600 ◦C polycrystalline layers
ith a preferential (1 0 1) and (0 0 1) orientation and a columnar microstructure are formed while deposition at room temperature yields uniform
morphous layers. Strongly oxygen deficient films of the metastable t′ ′ phase are obtained at a low background pressure of 10−3 mbar. The meta
hase films exhibit a low activation energy of 0.77± 0.02 eV and an enhanced d.c. electrical conductivity, e.g. 9× 10−5 S/cm at 400 ◦C, comparable
r even higher than for 8YSZ films and bulk at temperatures up to 500 ◦C.

2009 Elsevier Ltd. All rights reserved.
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. Introduction

High temperature tetragonal and cubic zirconia phases (see
q. (1)) are stabilized at room temperature by doping with sol-
ble aliovalent oxides such as CaO, MgO, or Y2O3. The doping
ntroduces oxygen vacancies in the lattice, resulting in improved
onic conductivity at elevated temperatures.

-ZrO2
1170 ◦C←→ t-ZrO2

2370 ◦C←→ c-ZrO2
2680 ◦C←→ melt (1)

The tetragonal-monoclinic transformation accompanied by a
olume expansion of 3–5% may be triggered by external stress
n partially stabilized zirconia (PSZ) opposing crack expansion
n the material which results in excellent fracture toughness.1
ully stabilized, i.e. single phase cubic zirconia (FSZ) present at
igh dopant concentration, is attractive due to its enhanced ionic
onductivity compared to the other phases.2 Yttria-stabilized zir-
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onia (YSZ) in particular exhibits a remarkable thermal stability,
orrosion resistance, and interesting optical properties such as a
igh refractive index and low losses. A variety of thin film depo-
ition techniques, i.e. spin coating,3 r.f. sputtering,4 pulsed laser
eposition,5–7 chemical vapor deposition,8 and spray pyrolysis9

as been applied to deposit YSZ layers as high-k dielectrics in
etal-oxide-semiconductor technology,5,10 optical or anti-wear

oatings, buffer layers in superconductor thin film growth,4 and
n miniaturized gas sensors and solid oxide fuel cells (SOFCs).11

educing the electrolyte thickness to the sub-�m level is a
ey approach to minimize ohmic losses in SOFCs, which has
ecently been demonstrated to improve the cell performance
ignificantly,12 and allows for miniaturized micro-SOFCs.11

Pulsed laser deposition (PLD) represents an effective tech-
ique for the thin film deposition of complex oxides. This is due
o a prevalent congruent material transfer from the target to the

lm, its flexibility that enables a comprehensive microstructural
ontrol, and straightforward deposition of multilayer systems.

drawback frequently encountered in PLD is the transfer of
roplets and particles.13

mailto:thomas.lippert@psi.ch
dx.doi.org/10.1016/j.jeurceramsoc.2009.06.012
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roughening of the surface. The tetragonal 3YSZ target exhibits
consistently only shallow micro-cracks and a stronger coherence
of the grains, yielding smoother surfaces with hardly any indi-
cation of flake detachment (Fig. 1b). A comparison of SEM
90 S. Heiroth et al. / Journal of the Euro

This work aims at an elucidation of the laser ablation char-
cteristics of t-3YSZ versus c-8YSZ and to investigate the
nfluence of PLD process parameters on the film microstructure
nd composition particularly with regard to the deposition of
ense, crack-free YSZ films with good adhesion to the substrate
nd of high ionic electrical conductivity. The electrical proper-
ies are analyzed and discussed with respect to the microstructure
nd stoichiometry of the films and their potential integration as
lectrolyte membranes in SOFCs. Due to the considerable reduc-
ion of the electrical resistance in sub-�m electrolyte membranes
ompared to conventional SOFC electrolytes (30–100 �m), even
aterials with slightly lower electrical bulk conductivity than

tate-of-the-art FSZ, like PSZ may be an eligible electrolyte
aterial in thin film based SOFCs if they may provide advan-

ages, e.g. in processing. To date, conductivity data for PSZ is
carce and limited to bulk ceramics samples.

. Experimental

The YSZ thin films (450–550 nm) have been deposited
y pulsed laser deposition on c-cut sapphire single crystals
10 mm× 10 mm× 0.5 mm) using a KrF or ArF excimer laser
eam focused to a spotsize of 2 mm2 at a repetition rate of 10 Hz
nd 45◦ incident angle on the revolving target. The cylindri-
al targets were obtained by uniaxial pressing of 8 respectively
mol% Y2O3-doped ZrO2 powder (Tosoh Corp., Japan) at
.0 kbar and subsequent sintering for 10 h at 1600 ◦C respec-
ively 4 h at 1400 ◦C. The substrates were mounted on a heatable
otary sample holder positioned at a fixed distance of 55 mm
o the target. The applied substrate temperatures ranged from
mbient temperature to 600 ◦C in an oxygen background (pO2 )
f 10−3–0.5 mbar which was adjusted after evacuation of the
acuum chamber to a base pressure of 2× 10−5 mbar. The opti-
um laser parameters in terms of wavelength and fluence were

elected based on the ablation characteristics with regard to a
inimization of particulates. The target morphology after an

xposure to 100 pulses/spot and the ablated material collected
n a substrate were analyzed by SEM for a range of fluences
0.7–5.3 J/cm2).

The microstructure of the PLD grown layers was investigated
y scanning electron microscopy using a Zeiss Supra VP55
n variable pressure mode or prior sputtering of a 10 nm Pd
ayer to avoid charging. The crystallographic phase composition
as analyzed on a Siemens D500 diffractometer with Bragg-
rentano geometry using Cu K� radiation. Raman spectra were
cquired using a microscope setup (Witec, Germany) with a
ocal spot of ∼300 nm diameter at an excitation wavelength
f 442 nm and 15 mW output power of the He–Cd laser. The
lm roughness was measured using a Dektak 8 surface profiler.
hickness data derived from profilometry, Rutherford backscat-

ering spectra and SEM cross-sectional images were consistent
ithin ∼10%.

Rutherford Backscattering Spectroscopy (RBS) and Parti-

le Induced X-ray Emission (PIXE) using 2 MeV 4He ions
espectively 3 MeV protons were applied as analytical tools to
etermine the chemical composition of the films.14

F
p
0
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d.c. electrical resistivity measurements were conducted
etween 20 and 700 ◦C in air, N2, H2 and humidified H2
tmospheres at a flow rate of 20 sccm for three temperature
ycles at a rate of 3 ◦C/min in a tube furnace using a Keithley
400 source meter. The thin films were measured in a two-
oint in-plane probe configuration. For this, two Pt-electrodes
0.5 mm× 10 mm) of 5 mm spacing were sputtered on top of the
lm and contacted with Pt paste and wires. A ceramic glue was
pplied to fix the contacts.

Cylindrical polycrystalline bulk samples (Ø: 5 mm, length:
0 mm) fabricated analogously to the PLD targets and contacted
ith Pt paste and wires were investigated for comparison in a

our-point probe configuration.

. Results and discussion

.1. Laser ablation characteristics

SEM micrographs of YSZ targets exposed to 100 pulses per
pot reveal the formation of micro-cracks, which is most pro-
ounced for low fluences ∼1 J/cm2. In the case of the 8YSZ
arget (Fig. 1a) deep cracks appear which apparently cause the
etachment of flake-like �m-sized fragments and a significant
ig. 1. Surface morphology of (a) a polycrystalline 8YSZ target and (b) a
olycrystalline 3YSZ target after exposure to 100 laser pulses (λ: 193 nm,
.75 J/cm2).
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Fig. 2. X-ray diffraction patterns of 3YSZ films deposited at different substrate
temperatures and oxygen background pressures on a logarithmic scale. Reflexes
from the sapphire substrate are marked with an asterisk. The diffraction pattern
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icrographs of PLD films grown under identical conditions
rom 3YSZ and 8YSZ targets (not shown) reveals a significantly
ower areal density of incorporated �m-sized particles for 3YSZ
t all fluences applied, which is in agreement with the analysis
f the targets. Contrary to 8YSZ almost particulate-free 3YSZ
lms are obtained in a narrow fluence range of∼1.2–1.5 J/cm2.
t higher fluences spherical sub-�m droplets are detected in the
lms. A more detailed analysis of the ns-laser ablation charac-

eristics of YSZ than this qualitative evaluation is beyond the
cope of this paper. However, it should be mentioned that the
xcitation UV wavelength had no principal effect on the phe-
omena described beforehand, in agreement with results from
anchez et al. for single crystalline YSZ.15

Cracking and subsequent fragmentation of the target in terms
f exfoliation has previously been related to the thermal stress
enerated by rapid repetitive temperature jumps upon pulsed
s-laser irradiation.13 Similar to other refractory materials with
high thermal expansion coefficient and elastic modulus, e.g.

ungsten and alumina, YSZ is prone to the expulsion of �m-sized
articles of arbitrary shape after ns-laser irradiation. In the case
f t-3YSZ the laser-induced stress may trigger a transformation
o the monoclinic phase which hinders crack propagation due
o the compressive strain generated by the associated volume
xpansion. An analogous process is not possible for the cubic
hase which can explain the observed superior ablation charac-
eristics of 3YSZ compared to 8YSZ. Therefore 3YSZ was used
s the preferable target material in the subsequent PLD experi-
ents to obtain YSZ films devoid of macroscopic defects. The
rF laser was employed at a fluence of 1.5 J/cm2 since it pro-
ided a ∼1.5 times higher deposition rate compared to the KrF
aser.

.2. Stoichiometry and phase composition of 3YSZ films

The chemical composition of the 3YSZ layers was
nalyzed by a combination of Rutherford Backscattering
pectroscopy (RBS) and Particle Induced X-ray Emission
escribed in detail elsewhere.14,16 The film stoichiome-
ries, normalized to the sum of cationic mole fractions,
re Zr0.93±0.01Y0.06±0.01Hf0.013±0.001O1.77–1.97±0.04. Hafnium
s detected as the only element in addition to Zr, Y and O, on

level of 1.6–2.0 wt.% which is common for zirconia-based
ompounds.17 The cations consistently yield stoichiometric
atios close to the values expected for a congruent transfer. The
xygen content however, depends clearly on the background
ressure:

Above ∼0.05 mbar stoichiometric or only slightly oxygen
deficient films with stoichiometry factors x(O) = 1.96–1.97
result.
A strongly increasing oxygen deficiency reaching a stoi-
chiometry factor as low as x(O) = 1.77± 0.04 at 10−3 mbar
is found for the low pressure domain
The observed pressure dependency can be interpreted in
erms of the availability of oxygen background gas species as
n additional source of oxygen in the film growth process. Light

a
l
a
i

f t-3YSZ powder as listed in the PDF-2 database of the International Centre
or Diffraction Data (ICDD) is included as a reference. The abrupt rising edges
f the most intense peaks are an artifact of the Ni filter used.

lements, such as oxygen, tend not to “stick” to the surface or
hey are preferentially sputtered from the growing film by arriv-
ng highly energetic species due to the absence of collisional

oderation.
The effect of the PLD process parameters on the resulting

rystallographic phase composition of the 3YSZ films is illus-
rated in Fig. 2 presenting exemplary X-ray diffraction patterns
f three films deposited at different substrate temperatures and
xygen background pressures.

Layers deposited at room temperature exhibit irrespectively
f the background pressure only reflexes originating from the
apphire substrate indicating their amorphous nature which is in
greement with previous reports for 8YSZ layers.7,16,18

Polycrystalline films are obtained at a substantially higher
ubstrate temperature of 600 ◦C due to the enhanced surface
obility during the growth process. At background pressures

bove 10−2 mbar the diffraction patterns match the reference
attern for the tetragonal ZrO2 phase with a characteristic dou-
let splitting of the (X 0 0) and (0 0 X) lines at 2θ∼ 35◦ and
2–75◦. The axial ratio, c/a, of the pseudocubic lattice parame-
ers decreases with the pressure to unity for the film deposited
t 10−3 mbar, as shown in Fig. 3. The corresponding diffraction
attern consists only of singlet peaks and reveals a strong prefer-
ntial (1 0 1) and (0 0 1) orientation. This pattern can be assigned
o the metastable t′′ phase (P42/nmc) with an axial ratio c/a of
nity and alternate oxygen displacements along the c-axis19 or
o the cubic (Fm3̄m) fluorite structure.

X-ray diffraction provides no means to distinguish both
hases owing to the small scattering factor of the oxygen atom
nd the resulting insensitivity to oxygen displacements. Raman
pectroscopy as a probe to local bond distances and angles is par-
icularly effective in the discrimination of zirconia polymorphs

19,20
nd allows a differentiation. The Raman spectrum of the
ayer deposited at 10−3 mbar shown in Fig. 4, reveals five char-
cteristic bands at 255, 328, 470, 607 and 640 cm−1 which are
ndicative of a tetragonal phase confirming the formation of the
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ig. 3. Variation of the pseudocubic lattice parameters and the axial ratio, c/a,
s a function of the oxygen background pressure applied for the deposition of
rystalline 3YSZ films at 600 ◦C. Lines are included to guide the eye.

etastable t′′ phase at low oxygen background pressure. The
omparison of the reference spectra obtained on bulk YSZ sam-
les indicates that the Raman spectrum of cubic zirconia on the
ther hand consists of a single broad peak at ∼617 cm−1.

The t′′ phase is stabilized by large dopant concentrations in
rO2 solid solutions and is normally detected for 7 and 9 mol%
2O3 in yttria-stabilized zirconia.19 However, a shift of the

etragonal–cubic phase boundary to smaller dopant concentra-
ion has been noted for decreasing oxygen content in the system
rO2–CeO2.21 The strong oxygen deficiency detected for films
eposited in the low pressure regime may therefore be the origin
f the t′′ phase in layers containing just 3 mol% Y2O3. More-
ver, the non-equilibrium conditions in PLD, in particular the
igh kinetic energy of the ablated species at low background
ressure favor the growth of metastable phases.22
.3. Microstructure of 3YSZ films

The dependency of the film microstructure on the applied
ubstrate temperature and oxygen background pressure in the

ig. 4. Micro-Raman spectra of a crystalline 3YSZ film deposited at 600 ◦C,
0−3 mbar and, for comparison, of sintered bulk t-3YSZ and c-8YSZ sam-
les. Raman bands of the sapphire substrate are marked with an asterisk, those
ndicative of a tetragonal phase with a t.
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ig. 5. Cross-sectional SEM images of 3YSZ films deposited at 0.01 mbar and
substrate temperature of (a) ambient temperature respectively (b) 600 ◦C. Tilt
ngle = 15◦.

LD process was investigated. Up to ∼0.025 mbar, dense films
ith good adhesion to the substrate were obtained, which exhibit

n isotropic, uniform microstructure in the case of amorphous
ayers (Fig. 5a) grown at room temperature, or, for crystalline
lms grown at 600 ◦C, a columnar microstructure (Fig. 5b). The
ean column width increases with the pressure from ∼10 nm

at 10−3 mbar) to ∼20 nm (at 10−2 mbar) and to ∼45 nm (at
.025 mbar) together with the surface roughness rising from
q < 0.5 nm at 10−3 mbar to 3.3 nm at 0.025 mbar, which is con-
istent with previous results.16 3YSZ layers grown at higher
ressures reveal an inferior adhesion to the substrate and an
ncreasing porosity, especially in the case of amorphous lay-
rs (Fig. 6). As can be seen in Fig. 6, the structures are an
ssembly of spherical agglomerates with a diameter of typi-
ally 10–20 nm at 0.075 mbar which increases to 50–100 nm at
.5 mbar. The spherical agglomerates probably originate from
ondensation in the plume since droplets from a molten target
urface typically have a size of several hundred nm to microm-
ters.

The microstructural dependence on the deposition parame-
ers, described above, agrees well with results published recently
y Infortuna et al. on 8YSZ and Gd-doped ceria PLD films

xcept that they obtained no amorphous films at ambient depo-
ition temperature.23 Dense fibrous columnar structures were
bserved below a threshold pressure of 0.05 mbar which is close
o the value of 0.025 mbar found in this work.
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ig. 6. Cross-sectional SEM image of an amorphous 3YSZ layer deposited at
0 ◦C and 0.075 mbar. The porous structure with large voids between columnar
eatures is clearly visible. Tilt angle = 15◦.

Di Fonzo et al. observed a transition from columnar struc-
ures to cluster assemblies with increasing pressure, p, and target
o substrate distance, d, for alumina films grown on Si(1 0 0)
ubstrates by PLD.24 They proposed an empirical scaling law
f p0.5× d to predict a change from columnar dense to porous
tructures at 0.4 Pa0.5 m. Our experimental data of 0.34 Pa0.5 m
or this transition suggests that this scaling law for microstruc-
ural growth characteristics is at least also valid for chemically
imilar systems.

.4. Electrical conductivity of 3YSZ films

The electrical conductivity data of 3YSZ thin films are com-
ared to bulk ceramic samples with grain sizes in the micron
ange (Fig. 7). Table 1 summarizes the conductivities of the
nvestigated samples at selected temperatures of 400 and 600 ◦C
s well as the derived activation energies and includes the respec-
ive oxygen stoichiometry factor. The conductivity of the t-3YSZ
lm deposited at 0.02 mbar and the bulk sample are similar, and
s expected consistently lower compared to 8YSZ samples. The
ifference increases for higher temperatures due to the lower
ctivation energies of 0.84± 0.02 eV for t-3YSZ films respec-
ively 0.92± 0.01 eV for bulk t-3YSZ, compared to the∼1.1 eV
ommonly found for 8YSZ.3,6,16 To date, published conductiv-
ty data on 3YSZ is scarce and limited to bulk samples,25 but
hows a reasonable agreement to the results discussed above as

ig. 7 indicates.

The films deposited at 10−3 mbar which consist of the t′′
hase, exhibit an enhanced electrical conductivity of e.g. σ400 ◦C:
9× 10−5 S/cm as shown in Table 1. Comparable or even

e
o
n
t

able 1
lectrical conductivities at selected temperatures, activation energies and oxygen stoi

ample σ600 ◦C (mS/cm)

YSZ bulk 1.2
YSZ film (T: 600 ◦C, pO2 : 0.02 mbar) 1.1
YSZ film (T: 600 ◦C, pO2 : 10−3 mbar) 1.9
YSZ bulk 4.9
YSZ film (T: 600 ◦C, pO2 : 0.01 mbar) 2.3
ig. 7. Temperature-dependent d.c. electrical conductivity in air for bulk
eramic samples and crystalline YSZ films deposited at different oxygen back-
round pressures and 600 ◦C.

igher conductivities than for 8YSZ bulk samples are obtained
n the low temperature domain up to ∼500 ◦C, due to the small
ctivation energy of 0.77± 0.02 eV. These characteristics may
riginate from the pronounced oxygen deficiency in the t′′ phase
ample (compare Table 1) which yields a substantially increased
oncentration of oxygen vacancies as charge carriers in the film.
dditionally, interfacial strain resulting from the lattice mis-
atch between film and substrate has recently been shown to

nhance the ionic conductivity and lower the activation energy
onsiderably in ultrathin, highly textured or heteroepitaxial YSZ
ayers.26,27 This effect is certainly relaxed by the granular growth
nd higher thickness of the films investigated here, but could still
xplain the lower activation energies compared to bulk samples,
n particular for the t′′ phase films which exhibit the strongest
exture.

Fig. 8 depicts the measured temperature-dependent d.c. con-
uctivity curves of the t′′ phase film in different atmospheres.
he reproducibility of the conductivity curves over multiple
eating–cooling cycles is an indication that the t′′ phase is stable
ver a large oxygen partial pressure range from air to hydrogen.

decrease of the conductivity and an increase of the activa-
ion energy from 0.77± 0.02 to 0.90± 0.02 eV is observed for a
hange from oxidizing to strongly reducing atmospheres. For an

lectronic contribution due to a potential reduction an increase
f the total conductivity would be expected at low pO2 which is
ot observed, therefore proving a predominantly ionic conduc-
ion. A decrease of the electrical conductivity at low pO2 was

chiometry factors for the investigated YSZ films and bulk samples.

σ400 ◦C (mS/cm) EA (eV) x (O)

0.03 0.92 1.97
0.04 0.84 1.90
0.09 0.77 1.77
0.07 1.04 1.92

<0.03 1.08 1.91
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ig. 8. Temperature-dependent d.c. electrical conductivity of a crystalline 3YSZ
lm deposited at pO2 : 10−3 mbar and 600 ◦C (t′ ′ phase) in different atmospheres.

lso observed by Kosacki et al. who postulated a change in the
echanism of charge carrier compensation, which reduces the

harge carrier concentration.28

Our data suggest that 3YSZ thin films can be applied as solid
lectrolyte membranes with an electrical performance compa-
able or even better than for 8YSZ in the low temperature range
p to ∼500 ◦C. The superior fracture toughness of the tetrag-
nal 3YSZ could prove a particular asset to prevent thermal
racking29 by the mismatch of thermal expansion coefficients
f the different materials, which is typically encountered in
OFCs. However, the operational conditions must not allow for
spontaneous phase transition to the monoclinic phase.

. Conclusions

The laser ablation characteristics of yttria-stabilized zirco-
ia are characterized by an exfoliation of �m-sized fragments
ue to thermal cracking especially at low fluences while droplet
jection from the molten surface starts at fluences >∼1.5 J/cm2.
etragonal 3YSZ provides a superior fracture toughness due

o the laser-induced martensite phase transformation enabling
he deposition of practically particulate-free PLD thin films
n a fluence range of 1.2–1.5 J/cm2 contrary to cubic 8YSZ,
here particulates are always observed. Microstructural analy-

is reveals that films of high density, as required in various fields
f application, are only obtained below a threshold pressure of
.025 mbar. At ambient temperature amorphous layers with an
sotropic, uniform microstructure are formed. Polycrystalline
YSZ films of the tetragonal phase with a preferential (1 0 1)
nd (0 0 1) orientation and a columnar microstructure form at a
eposition temperature of 600 ◦C. The mean column width can
e adjusted between ∼10 and ∼45 nm by variation of the pres-
ure. At 10−3 mbar the metastable t′′ phase with an axial ratio c/a
f unity is obtained. Its formation and stabilization are probably

ue to the observed substantial oxygen deficiency and the high
inetic energies of the plasma species arriving at the substrate
t low pO2 . The electrical conductivity is comparable or slightly
igher than for 8YSZ in a temperature range up to 500 ◦C with a

1

Ceramic Society 30 (2010) 489–495

eversible increase of the activation energy from 0.77± 0.02 eV
n oxidizing to 0.90± 0.02 eV in strongly reducing atmospheres.
he excellent additional mechanical characteristics of 3YSZ lay-
rs suggest a high potential for an application as solid electrolyte
embranes in low temperature SOFCs.
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