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Abstract

Sub-micron thick yttria-stabilized zirconia (YSZ) layers (t = 400–700 nm) containing 3 (3YSZ) or 8 mol.% (8YSZ) Y2O3 with micro-
structures ranging from isotropic amorphous to columnar polycrystalline and a variable porosity can be grown by pulsed laser deposition
(PLD) varying the substrate temperature and oxygen background pressure. The dependence of the mechanical and optical properties on
the film microstructure and chemical composition was investigated by nanoindentation experiments and transmission spectrophotome-
try. Dense amorphous YSZ layers exhibit a higher optical transmissivity, 0.2 eV lower band gap energy (5.5 vs. 5.7 eV), and up to 25%
lower hardness (11.9 vs. 16.0 GPa) and reduced elastic moduli (231 vs. 278 GPa) compared with crystalline films, irrespective of the dop-
ant level. High refractive indices, n600 nm, in the range 2.18–2.23, i.e. close to single crystal reference data, are obtained for the low pres-
sure PLD regime. Within these boundaries the index decreases with increasing Y2O3 content and is consistently slightly smaller for
amorphous layers compared with crystalline films of the same composition, due to a lower atomic packing density. The gradual decrease
in the refractive index for YSZ layers grown at background pressures above 1.0 Pa marks the development of pores in the form of
inter-columnar voids and can be used for sensitive quantification of the film porosity. The lattice order affects the fracture behaviour,
as amorphous coatings show plastic deformation mediated by shear bands, while the crystalline layers yield hoop and surface cracks
upon indentation. The crystalline 3YSZ films exhibit an enhanced fracture toughness compared with 8YSZ, which is related to the
stress-induced transformation to the monoclinic phase in partially stabilized zirconia.
� 2011 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.
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1. Introduction

Yttria-stabilized zirconia (YSZ) is primarily known for
its ionic conductivity (fully stabilized zirconia (FSZ),
P8 mol.% Y2O3) [1–3] and its extraordinary thermal and
chemical stability, as well as its substantial hardness and
mechanical durability, forming the toughest single phase
ceramics available (partially stabilized zirconia (PSZ),
2–3 mol.% Y2O3) [4]. An increasing number of applications
utilize in particular the unique combination of outstanding
mechanical properties and optical characteristics, such as a
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high refractive index, large optical band gap and transpar-
ency from the near infrared (NIR) to the ultraviolet (UV),
of this material. For instance, zirconia-based layers are used
as high refractive index materials in UV and NIR laser mir-
rors, optical filters and protective coatings [5–9]. YSZ single
crystal waveguides have been developed for ultrahigh tem-
perature probes to monitor combustion processes [10,11].
Optical gas sensing under harsh environmental conditions
based on the surface plasmon resonance of Au nanoparticles
embedded in YSZ thin films has recently been demonstrated
[12,13]. Photoluminescent rare earth doped YSZ as thermo-
graphic phosphors enable the development of smart thermal
barrier or tribological coatings [14–16]. Efficient device engi-
neering and optimization requires knowledge about the
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dependence of the material’s physical properties on the
chemical composition and (micro)structure. Previous stud-
ies revealed, for example, pronounced effects of the crystal-
lite size on the optical properties of zirconia-based oxide
thin films [17,18], whereas a comprehensive understanding
of the effect of the lattice order on the material’s electronic
structure does not exist to date. In particular, a direct com-
parison of the optical, and also the mechanical, properties
of amorphous vs. crystalline YSZ films is missing, as existing
reports remain limited to a single type of microstructure
imposed by the respective deposition technique [19–24]. In
our previous work we have demonstrated the growth of
sub-micron thin coatings of 3 (3YSZ) and 8 mol.% (8YSZ)
Y2O3-doped zirconia covering microstructures from isotro-
pic amorphous to columnar polycrystalline with an adjust-
able porosity by pulsed laser deposition (PLD) [25,26].
This enables a comprehensive study with the aim of elucidat-
ing the effect of the microstructural parameters (crystallinity
and porosity) and chemical composition on the optical and
mechanical properties of YSZ films.

2. Experimental

2.1. Sample preparation

YSZ thin films were grown on both sides of polished
10 � 10 � 0.5 mm c-cut sapphire single crystal substrates
(Crystec GmbH) by PLD in a high vacuum chamber. Rotat-
ing ceramic targets of 3 mol.% (3YSZ, partially stabilized)
and 8 mol.% Y2O3-doped ZrO2 (8YSZ, fully stabilized) were
ablated with an ArF excimer laser (k = 193 nm, s = 25 ns,
repetition rate 10 Hz) with the beam incident at an angle
of 45� in an oxygen background atmosphere. The homoge-
neous central part of the beam was cut by an aperture
(5.0 � 5.0 mm) and projected onto the target surface using
a UV grade fused silica lens (f = +500 mm), yielding a spot
size of 1.0 mm2 and a fluence of 1.5 J cm�2 using an imaging
set-up. The ablated material was collected at normal inci-
dence on a substrate mounted on a rotary heatable sample
holder at a distance of 55 mm from the target. Two different
deposition temperatures were selected, yielding isotropic
amorphous films at room temperature and columnar poly-
crystalline films at a substrate temperature of 600 �C, respec-
tively, as reported previously [25,26]. Layers with a thickness
t of 400–500 nm were prepared at different background pres-
sures in the range 0.1–7.5 Pa for optical characterization. A
set of thicker layers (t � 700 nm) deposited at a fixed back-
ground pressure of 1.0 Pa was used for the nanoindentation
experiments. The substrates were rinsed with methanol and
acetone, dried in a N2 stream and annealed in air at 1000 �C
for 1 h prior to deposition, yielding atomically smooth ter-
raced surfaces [27].

2.2. Characterization

The microstructure and phase composition of the YSZ
films were analysed by scanning electron microscopy
(SEM), using a Zeiss Supra VP55 in variable pressure mode
to avoid specimen charging, and X-ray diffraction (XRD),
employing a Siemens D500 diffractometer with Bragg–
Brentano geometry and Cu Ka radiation. The root mean
square surface roughness Rq was measured with a stylus-
type Dektak 8 surface profilometer (Veeco Inc.).

The hardness H and reduced elastic moduli Er of the films
were derived from nanoindentation measurements using the
analysis procedure developed by Oliver and Pharr [28] by
averaging over 20 load–displacement curves taken at differ-
ent positions for each sample. The load controlled nanoind-
enter XP (MTS Systems Corp.) was equipped with a
Berkovich diamond tip. Each measurement consisted of a
single load sequence with a constant loading and unloading
rate of 135 lN s�1 and a holding period of 10 s at the peak
load to eliminate effects of time-dependent plasticity from
the unloading segment. The maximum applied load was kept
constant at 4 mN for all indentations, corresponding to
indentation contact depths in the range 95–115 nm, i.e.
�15% of the total film thickness, to warrant a negligible
influence of the substrate. The fracture behaviour of the films
was studied using a custom built indenter [29] equipped with
a diamond cube corner tip, which is operated within a Zeiss
DSM 962 scanning electron microscope for in situ observa-
tion. Considerable loads in the range�30–250 mN had to be
applied to induce crack formation. The in-plane crystallo-
graphic orientations of the c-cut sapphire substrate were
determined by electron backscatter diffraction (EBSD).

To characterize the optical properties, transmittance spec-
tra were acquired at room temperature in the UV–NIR range
(k = 200–2000 nm) using a dual beam Varian Cary 500 spec-
trophotometer with a step increment of 0.5 nm and an inte-
gration time of 0.3 s. The width of the probe beam was
adjusted by a circular aperture of�5 mm diameter to restrict
the analysed area to the centre of the YSZ film samples and to
avoid edge effects. Purging with N2 for 15 min prior to each
measurement minimized absorption losses in the deep UV
due to atmospheric gases. The transmittance spectra were
analysed according to the method introduced by Swanepoel
[30], following the scheme suggested by Ramirez-Malo et al.
[31] to extract the layer’s optical parameters, i.e. the refractive
index n(k) and the absorption coefficient a(k) from the inter-
ference fringes and the calculated interference-free transmit-
tance, respectively. An uncoated sapphire substrate and
10 � 10 � 0.5 mm 9.5 mol% Y2O3-doped ZrO2 (1 0 0) single
crystal polished on both sides (Crystal GmbH) were used as
reference samples. Sapphire was selected as a suitable sub-
strate material since it is chemically inert under the deposi-
tion conditions and is transparent over the whole
investigated spectral range [32].

The optical band gap energy Eg is derived from an anal-
ysis of the photon energy (hm) dependence of a(k), which is
given by Eq. (1) in the region of a valence conduction band
transition.

a � ðhm� EgÞq

hm
ð1Þ
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The value of the parameter q depends on the type of
transition, with q = 2 for an indirect band gap and
q = 0.5 for a direct band gap material such as zirconia.

3. Results and discussion

3.1. Microstructure

The representative SEM micrographs in Fig. 1 illustrate
the major findings of the microstructural dependence of 3
and 8 mol.% yttria-stabilized zirconia films on the PLD
growth parameters, i.e. substrate temperature and oxygen
background pressure, which has been presented in detail
previously [25,26]. In the low pressure regime dense layers
are obtained, which exhibit either a uniform isotropic
structure in the case of room temperature deposition
(Fig. 1a) or an oriented columnar growth at substantially
higher substrate temperatures of 400–700 �C (Fig. 1c).
Shadowing and collisional moderation of the plume species
cause a transition to open porous structures with spacious
voids between the columnar features above a threshold
pressure of �2.5 Pa. The effect is particularly pronounced
at low deposition temperatures (Fig. 1b), where insufficient
adatom mobility prevents significant structural reorganiza-
tion and densification. In addition to the porosity, a less
ordered growth and the incorporation of agglomerates
(Fig. 1d), presumably formed in the plasma plume, contrib-
ute to the observed surface roughening with increasing
background pressure (compare Table 1). XRD (not shown)
Fig. 1. SEM top view and tilted angle cross-sectional (insets) images of �500 nm
7.5 Pa, (c) 600 �C and 1.0 Pa and (d) 600 �C and 7.5 Pa. X-ray diffraction showe
grown at 600 �C are polycrystalline.
revealed, moreover, that the layers grown at room temper-
ature are amorphous irrespective of the dopant concentra-
tion or background pressure. On the other hand, YSZ
coatings deposited at 600 �C are polycrystalline, with dif-
fraction patterns indicative of the cubic (8YSZ) and tetrag-
onal phases (3YSZ) (t0 and t00), respectively.

3.2. Optical properties

Fig. 2 illustrates the effect of the deposition conditions
and the resulting microstructural characteristics on the
UV–visible transmittance spectra for 3YSZ films. The amor-
phous layers (Fig. 2a) exhibit a high degree of transparency
down to a wavelength of�300 nm. Below 300 nm they show
a weak onset of absorption, followed by a sharp absorption
edge, which is attributed to electronic interband transitions,
shifting from�245 nm for dense layers (1.0 Pa) to�215 nm
for porous layers (7.5 Pa). The absorption edge is found at
�220 nm for the crystalline YSZ coatings (Fig. 2b), indepen-
dent of the deposition conditions. Its appearance at a signif-
icantly longer wavelength of �325 nm in the case of a bulk
9.5YSZ single crystal, included as a reference in Fig. 2b), is
discussed later in the context of the optical band gap energy.
The crystalline YSZ films (Fig. 2b) reveal, in contrast to the
amorphous layers, the development of a broad shoulder of
reduced transmittance in the spectral region 220–500 nm,
which is accompanied by a transition from a transparent
to an opaque visual appearance. The attenuation of the inci-
dent light can be caused by absorption and/or scattering,
thick 3YSZ films deposited by PLD at (a) 25 �C and 1.0 Pa, (b) 25 �C and
d that the films deposited at room temperature are amorphous, while those



Table 1
Structural data and optical properties for a selection of the YSZ films investigated.

Film pO2
(Pa) Rq (Å)a t (nm) n600 nm Eg (eV)

c-3YSZ 0.1 4.1 ± 0.3 493 ± 7 2.23 ± 0.02 5.72 ± 0.03
c-3YSZ 1.0 5.2 ± 0.8 456 ± 6 2.23 ± 0.02 5.71 ± 0.03
c-3YSZ 2.5 6.9 ± 0.7 477 ± 8 2.18 ± 0.02 5.73 ± 0.03
c-3YSZ 7.5 56.5 ± 11.3 382 ± 16 n.a. 5.71 ± 0.03
a-3YSZ 1.0 6.2 ± 0.5 477 ± 6 2.21 ± 0.02 5.50 ± 0.03
a-3YSZ 7.5 73.5 ± 11.5 398 ± 7 1.95 ± 0.02 5.92 ± 0.03
c-8YSZ 1.0 5.1 ± 0.7 446 ± 16 2.18 ± 0.02 5.69 ± 0.03
a-8YSZ 1.0 5.7 ± 0.7 422 ± 6 2.18 ± 0.02 5.51 ± 0.03

The crystalline layers (index c) were deposited at a substrate temperature of 600 �C, the amorphous ones (index a) without external heating.
a For comparison Rq (substrate) = 4.3 ± 0.4 Å.

Fig. 2. Transmittance spectra of (a) amorphous and (b) crystalline 3YSZ
films (t = 400–500 nm) deposited on sapphire at different oxygen back-
ground pressures in the UV–visual region. Transmittance spectra of an
uncoated sapphire substrate and a 9.5YSZ single crystal are included as
references. The spectra of 8YSZ films are similar and exhibit the same
qualitative characteristics.
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which cannot be separated by transmission mode measure-
ments. However, it is unlikely that the absorptivity of the
material changes significantly as the films’ chemical compo-
sition reveals no pronounced variations within the investi-
gated range of deposition parameters [25,26]. The missing
analogous behaviour of the amorphous state rather suggests
that scattering at grain boundaries is mainly responsible for
the additional optical losses. The effect intensifies with the
applied deposition pressure (Fig. 2b) due to the increasing
internal disorder observed in the columnar film structures,
as seen in Fig. 1d). Rayleigh theory, which is applicable to
sizes of scattering defects much smaller than the wavelength,
moreover predicts a k�x (x = 1–3) dependence of the scatter-
ing coefficient kscat [33], i.e. the scattering contribution to the
extinction coefficient. This accounts qualitatively for the
observed enhancement of the optical losses towards shorter
wavelengths. Furthermore, an increase in the scattering
coefficient due to the increasing surface roughness

kscat � R2
q

� �
and the incorporation of agglomerates in the

high pressure regime (compare Section 3.1 and Table 1)
has to be taken into account.

The amplitude of the interference fringes decreases sig-
nificantly with increasing deposition pressure for crystalline
as well as amorphous layers, which qualitatively indicates a
decrease in the films’ refractive index, since the oscillation
amplitude relates to the difference in the refractive indices
of substrate and film. Fig. 3 presents the dispersion of the
refractive index as derived from a quantitative analysis of
the interference patterns for selected 3YSZ and 8YSZ films
deposited at two different oxygen background pressures
and, for comparison, a 9.5YSZ single crystal. The refrac-
tive index exhibits a plateau in the IR, increases slightly
within the visible spectral range by �5% and is significantly
more pronounced in the UV. The wavelength dependence
of the refractive index can be described by the expression
n(k) = A + B/k + C/k2 with A, B and C as fitting variables.
This trend has previously been observed for YSZ layers
deposited by different techniques, such as spin coating
[21] or chemical vapour deposition (CVD) [5], and repre-
sents the expected dispersion in the vicinity of the funda-
mental absorption band in the deep UV. A comparison
of the refractive index data of the dense films, i.e. those



Fig. 3. Dispersion of the refractive index n of amorphous and crystalline
3YSZ and 8YSZ films, respectively (t = 400–500 nm) deposited on
sapphire substrates at two different oxygen background pressures. Data
for a 9.5YSZ single crystal is included as a reference. The solid lines
represent least square fits according to n(k) = A + B/k + C/k2.
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deposited at 1.0 Pa, and the single crystal reference data in
Fig. 3 shows, moreover, that n decreases with increasing
Y2O3 content, which agrees with previous reports [22,34].
This finding can be rationalized by considering that oxygen
vacancies are incorporated in the zirconia lattice propor-
tionally to the stabilizer, i.e. Y2O3, concentration, which
lowers the material density and thereby the refractive
index. The absolute values of n closely match the data pub-
lished for dense bulk YSZ. For instance, the values at a
wavelength of 600 nm (Table 1) of 2.23 ± 0.02 (crystalline
3YSZ film), 2.18 ± 0.02 (crystalline 8YSZ film) and
2.17 ± 0.02 (9.5YSZ single crystal) are very similar to the
reference values of 2.20 [22], 2.19 and 2.18 [34], respec-
tively. The amorphous dense YSZ layers exhibit consis-
tently slightly lower refractive indices compared with
their crystalline counterparts. This can be assigned to the
lower packing density on an atomic level in the glassy state
and a high density of defects if the amorphous state is con-
sidered a strongly disturbed lattice, and has been observed
analogously for thin films of different metal oxides [35–37].
Accordingly, Zhao et al. [38] could show that the refractive
index of bias sputtered pure zirconia films decreases if a
considerable number of lattice defects are incorporated
into the layers by ion bombardment.

The more obvious decrease in n with increasing deposi-
tion pressure (Fig. 3 and Table 1) can be attributed to an
evolving film porosity, taking into account the pressure-
induced transition to open microstructures observed by
electron microscopy (Fig. 1). The effective refractive index
of a porous medium n(k) can be described by a simple mix-
ture rule assuming a volume fraction of the dense film
1 � P with a refractive index corresponding to the dense
bulk material nd(k) and the volume fraction of the pores
P with n = 1 (air). Diaz-Parralejo et al. [39] demonstrated
that among the commonly used analytical expressions
based upon this model the equation given by Yoldas [40],
i.e.

P ¼ 1� n2ðkÞ � 1

n2
dðkÞ � 1

ð2Þ

is the most accurate to estimate the porosity in thin films
from optical transmittance data. Based on the index value
of 1.95 ± 0.02 for the amorphous 3YSZ layer deposited at
7.5 Pa, porosities up to �30% are obtained within the
investigated microstructural range. The refractive index
thus provides a probe to trace the porosity of thin films,
which is more sensitive than, for example, SEM inspection,
especially in the lower percentage range. The observed
close agreement of the refractive indices in the low deposi-
tion pressure regime pO2

6 1:0 Pa
� �

with the bulk reference
data verifies that those films approach the theoretical den-
sity. Accordingly, PLD gives access to high index YSZ
coatings even at room temperature. Refractive index data
published so far for YSZ coatings deposited by a variety
of techniques, such as spin coating [21], electron beam
evaporation [22] and CVD [5,19] are typically lower
(n600 nm = 1.8–2.1), which suggests an inherent residual
porosity. Boulouz et al. [41] reported on 8YSZ coatings
with a high refractive index of 2.20 and a packing density
of �0.98 deposited by radio frequency magnetron sputter-
ing at a substrate temperature of 400 �C. However, unlike
PLD, the refractive index decreased significantly for lower
deposition temperatures.

The linear absorption coefficients a (Fig. 4) of the amor-
phous PLD grown YSZ layers are negligible above
�300 nm and show a strong increase to values of the order
of 105 cm�1 below a wavelength of �240 nm. The apparent
blue shift for the layer deposited at 7.5 Pa is related to the
above discussed film porosity, which results not only in a
lower effective refractive index but also a lower effective
absorptivity compared with dense films of similar thick-
ness. In the case of the crystalline coatings the increase in
a is sharper than for the amorphous films and occurs at
a fixed wavelength of �220 nm. Moreover, optical losses
that become more significant with increasing deposition
pressure are observed in a broad spectral region above
220 nm. As discussed previously, these losses are not
related to absorption, but originate from scattering, mainly
at grain boundaries, which is promoted by a pressure-
induced disorder in the columnar structures (Fig. 1d).
Values of a of the order of 105–106 cm�1 are typical for
interband transitions. In this case the strong increase in
absorption below �240 nm can be attributed to the photo-
excitation of electrons from the O 2p valence band (VB) to
the Zr 4d conduction band (CB). Analysis of the functional
dependence of the absorption coefficient on the photon
energy in the region of the VB–CB transition allows a
determination of the band gap energy Eg according to
Eq. (1) by extrapolation of the linear section of a plot



Fig. 4. Linear optical absorption coefficient a of amorphous and
crystalline 3YSZ films (t = 400–500 nm) deposited at oxygen background
pressures of 1.0 and 7.5 Pa, respectively, as a function of the wavelength k.
(Inset) Semi-logarithmic plot of the linear optical absorption coefficient vs.
the photon energy, hm, in the sub-band gap spectral range for dense
pO2
¼ 1:0 Pa amorphous YSZ films (i.e. no significant scattering losses)

and a 9.5YSZ bulk single crystal.

Fig. 5. Plot of (ahm)2 vs. hm for amorphous and crystalline 3YSZ and
8YSZ films (t = 400–500 nm) deposited at an oxygen background pressure
of 1.0 Pa. The optical band gap is given by the intersection of the
extrapolated linear section of the curve with the abscissa. The inset shows
the change in the band gap of the as-deposited amorphous 8YSZ layer
after annealing to subsequently increased peak temperatures (atmosphere,
air; dwell time 20 h at each peak temperature; heating/cooling rate
3 K min�1). The crystallization temperature of the amorphous 8YSZ
layers was found to be �230 �C by in situ XRD experiments (not shown).
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(ahm)2 vs. hm to the abscissa. This is shown in Fig. 5 for
dense amorphous and crystalline YSZ layers with 3 and
8 mol.% Y2O3 contents. The different slopes suggest a
different distribution and density of the electronic states.
Consistent with previous reports [20,38], the band gap
energy is found to be independent of the dopant level.
However, Eg is affected by the film microstructure, i.e.
increasing from an average value of 5.51 ± 0.03 eV for
dense amorphous films to 5.72 ± 0.05 eV for as-deposited
crystalline layers (compare also Table 1). As depicted in
the inset in Fig. 5, an analogous shift of Eg is observed
upon post-deposition annealing of initially amorphous
8YSZ layers to temperatures above 200–250 �C. This is
consistent with the XRD and thermal analysis results,
which indicate the onset of crystallization at �230 �C.
The smaller band gap of the amorphous layers may be
attributed to a broad distribution of bond angles and
distances that result in a widened range of bond energies
present in the glassy state, which can be classified as a
strongly disturbed crystal lattice. Modreanu et al. [42],
who investigated hafnia as a system that is physically and
chemically closely related to zirconia, reported an analo-
gous band gap of 5.51 eV for amorphous HfO2, which
increases upon thermally induced crystallization to
5.85 eV. In contrast, Kosacki et al. [17] found a band gap
energy of 5.62 eV for microcrystalline YSZ coatings, which
increases by 0.25 eV in nanocrystalline films with a grain
size as low as 1 nm. Similarly, Ramana et al. [18] reported
an increase in Eg from 5.78 to 6.07 eV in ZrO2 films with
grain sizes decreasing from 20 to 7 nm, following a linear
inverse relationship. However, Petrovsky et al. [33] showed
that such an apparent blue shift of Eg, often interpreted as
a quantum size effect, can be an artefact of the film poros-
ity. This effect accounts, for example, for the deviating Eg

value of 5.92 ± 0.03 eV determined for the amorphous
3YSZ layer deposited at a pressure of 7.5 Pa (Table 1),
for which a porosity of �30% was ascertained.

The large discrepancy among published optical band
gap data for YSZ, which cover a range of �4–6 eV, origi-
nates from a frequent misinterpretation of the rise in
absorption at sub-band gap photon energies in the range
3–5 eV in terms of an interband transition. This is highly
questionable due to the corresponding low absorption
coefficients, which are of the order of 100 cm�1, yielding
low Eg values (<5 eV). In these studies thick samples or
thin films on incompletely transparent substrates were
employed [21,43–45]. Analogously, analysis of the trans-
mittance data for the 9.5YSZ single crystalline reference
sample used in this work, which shows an apparent absorp-
tion edge at a wavelength of �325 nm (Fig. 2b), yields a
band gap value of 4.2 ± 0.1 eV. However, the inset in
Fig. 4, depicting the absorption at sub-band gap energies,
reveals that the absorption coefficients, on which the anal-
ysis is based, are limited to a maximum of �250 cm�1,
which is 3–4 orders of magnitude smaller than values that
are characteristic of an interband transition. Accordingly,
the limited dynamic range of conventional spectrophotom-
eters renders bulk or thick film (lm to mm range) samples
inadequate for measurements in the high absorption
region. Reliable determination of the true optical band
gap in transmission mode therefore requires thin film
samples. The derived Eg value of �5.7 eV for crystalline



Fig. 6. Proposed energy level diagram of YSZ and the photoelectronic
transitions: (a) interband transition due to the fundamental intrinsic
absorption (dashed arrow); (b) transition to localized intragap defect
states, i.e. disorder-induced extrinsic absorption (dotted arrow).
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PLD grown YSZ layers accordingly agrees well with opti-
cal band gap data published previously for crystalline
YSZ thin films obtained by different deposition techniques,
which range from 5.45 to 5.8 eV [17,20,46], and values for
crystalline ZrO2 films of 5.65–5.74 eV [38]. The validity of
these results is supported by the closely related experimen-
tal value of �6 eV derived for the band gap energy by
photoelectron spectroscopy [47].

The notable absorption detected at sub-band gap pho-
ton energies is illustrated in the inset in Fig. 4 for dense
amorphous YSZ films that exhibit no significant scattering.
The linear dependence in the semi-logarithmic representa-
tion reveals Urbach-type behaviour, which has been found
previously for YSZ [20,46]. Urbach-type behaviour is
attributed to a structural or thermal disorder causing an
exponentially decaying density of localized states at the
band edges (“band tailing”). Structural disorder is induced
by the Y2O3 stabilizer and the high concentration of charge
compensating oxygen vacancies V��O introduced in the zirco-
nia lattice. The Y 4p and Y 4d states, which are introduced
by the dissolved Y3+ ions, lie energetically well below the
O 2p valence band and above the Zr 4d conduction band,
respectively, as visible–UV spectroscopy and valence band
X-ray photoelectron spectroscopy results indicate. Thus
they may not be responsible for absorption at sub-band
gap photon energies. On the other hand, oxygen vacancies
introduce defect bands in the valence band as well as local-
ized states in the vicinity of the conduction band edge [47].
Energy minimization favours the formation of more com-
plex point defects than simple oxygen vacancies, for
instance defect pairs. FA centres in particular, i.e. a com-
plex of an F+ centre, which consist of a singly ionized
V��O, which has been detected in YSZ [48], and Y3+ have
been suggested as being responsible for sub-band gap
absorption. This has been assigned to photoelectronic exci-
tation from the conduction band to localized F�A excited
states centred 0.73 eV below the conduction band [43].
The data in Fig. 4 (inset) allow no conclusions about the
precise nature of the absorbing species. However, the
observed decrease in the Urbach slopes with increasing
Y2O3 concentration, which was also reported by Nicoloso
et al. [20], means that the extent of band tailing increases
with the number of oxygen vacancies incorporated in the
lattice. This supports the involvement of oxygen vacancy-
related defects in the absorption mechanism.

The previously discussed findings are summarized in the
proposed energy level diagram for YSZ depicted in Fig. 6.
The band gap separating the O 2p valence band and the
Zr 4d conduction band depends on the distribution of local
bond environments in the zirconia lattice, widening from
�5.5 eV for a broad distribution of bond angles and dis-
tances in the amorphous state to �5.7 eV for the narrowly
defined conditions in the crystalline state. It may be consid-
ered as intrinsic to the zirconia lattice and gives rise to the
fundamental interband transition at photon energies equal
to or greater than Eg. Extrinsic defects, introduced by the
Y2O3 doping, yield localized states in the gap close to the
conduction band edge, which are responsible for the nota-
ble absorption at sub-band gap photon energies equal to or
greater than �4 eV.

3.3. Mechanical properties

The mechanical properties were analysed for YSZ films
with a dense microstructure, i.e. those grown in the low
pressure regime (1.0 Pa). This allows a comparison between
amorphous and crystalline layers, as well as those contain-
ing 3 vs. 8 mol.% Y2O3, without additional effects from
varying sample porosity. Tests on porous YSZ films
revealed a significantly degraded hardness and lower
Young’s moduli, as expected from previous findings [23].
Fig. 7 shows average load (P)–displacement (h) curves for
the investigated dense amorphous and crystalline YSZ
coatings. The crystalline 3YSZ (tetragonal t0 phase) and
8YSZ (cubic t00 phase) films exhibit practically identical
mechanical responses. Accordingly, the hardness and
reduced elastic moduli values deduced from the P–h curves
for the crystalline films are very similar, with differences
smaller than the statistical error, which is included as the
standard deviation in Table 2.

The mean hardness of 16.0 ± 2.0 GPa and the reduced
elastic modulus of 277.9 ± 40.4 GPa do not depend on the
yttria dopant concentration or the crystallographic phase
composition. This is in agreement with reports from Kondoh
et al. [49] and Sakuma and Yoshizawa [50], who reported a
negligible variance of Young’s modulus with the Y2O3 con-
centration, and an almost constant hardness of �14.5 GPa
for bulk YSZ polycrystals with an yttria content equal to
or greater than 3 mol.%. The derived mean hardness of
16.0 ± 2.0 GPa agrees well with nanoindentation data pub-
lished for single crystalline YSZ with a hardness in the range
15.3–18.3 GPa, depending on the crystal orientation [51],



Fig. 7. Load–displacement (P–h) curves of dense amorphous and
crystalline 3YSZ and 8YSZ coatings (t � 700 nm) deposited on sapphire
substrates at an oxygen background pressure of 1.0 Pa.
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and 16.1 ± 4.6 GPa reported for dense YSZ films of compa-
rable thickness deposited by combustion CVD [24]. The
mean reduced elastic modulus of 277.9 ± 40.4 GPa found
for the crystalline YSZ layers is slightly larger than the Er val-
ues of 214–237 GPa reported by Kurosaki et al. [52] for YSZ
single crystals. The reduced elastic modulus Er accounts for
the compliance of the indenter, as can be seen from its defini-
tion (Eq. (3)).

1

Er

¼ 1� v2

E
þ 1� v2

i

Ei

ð3Þ

Herein Ei and mi represent the elastic modulus and Poisson’s
ratio of the indenter (1140 GPa and 0.07, respectively, in the
case of diamond). The elastic modulus of the film E can be
calculated in principle from the experimental Er value
according to Eq. (3), if its Poisson ratio m is known. How-
ever, Fujikane et al. [51] demonstrated a large anisotropy
of the Poisson’s ratio with values ranging from �0.07 to
+0.80 depending on the orientation of YSZ single crystals.
The common use of average values in the case of polycrys-
talline samples is, therefore, not encouraged, due to large
possible errors in the calculation of E. Consequently, the
reduced elastic moduli should preferably be used for com-
parisons. If, nevertheless, an average value of m = 0.32 is
Table 2
Maximum indentation contact depths(dindent), hardness values (H) and redu
indentation experiments.

Film t (nm) dinden

c-3YSZ (tetragonal) 740 ± 9 98
a-3YSZ 713 ± 9 112
c-8YSZ (cubic) 696 ± 17 97
a-8YSZ 684 ± 7 115

pO2
¼ 1:0 Pa, Tsubstrate = 25 �C for the amorphous state (index a) and 600 �C
used, as suggested by Selcuk and Atkinson [53] and Jang
and Matsubara [23], elastic moduli �15% higher than the
Er values listed in Table 2 are obtained.

The larger displacements in Fig. 7 for the amorphous
films at identical peak load translate to �25% lower hard-
ness values, i.e. 11.5 ± 0.6 (3YSZ) and 12.2 ± 0.4 GPa
(8YSZ), respectively, compared with the crystalline films.
The reduced elastic moduli, as deduced from the upper part
of the purely elastic unload cycle, of 229.4 ± 14.3 (3YSZ)
and 232.4 ± 10.0 GPa (8YSZ), respectively, are also smal-
ler than for the crystalline films. No reference data on the
mechanical properties of amorphous YSZ coatings are
available, however, a significant reduction in hardness
and elastic modulus compared with the crystalline state is
well-known for amorphous alumina films [54]. This is most
probably related to the lower order and atomic packing
density in the amorphous state, following the argument
by Lian et al. [55]. They explain the observed easier yielding
of grains boundaries due to their highly defective lattice
structure relative to the grain interior.

In situ indentation experiments using a cube corner
indenter at a load of approximately 30 mN showed sub-
stantial differences in the deformation mechanisms of the
amorphous and crystalline films (Fig. 8). The amorphous
YSZ films are plastically deformed by the formation of
shear bands (compare Fig. 8a and b), a typical deformation
mechanism of amorphous materials [56,57], while the crys-
talline films exhibit brittle behaviour and accommodate the
load by cracking (Fig. 8c and d). Hoop cracks, confined to
the film, are visible at the edges of the imprints for both
crystalline films (Fig. 9). At 30–40 mN maximum load only
the crystalline 8YSZ film shows additional cracks, which
start from the indentation corners and point radially out-
wards (Fig. 8c). These cracks are indicative of Palmqvist-
type surface cracking [58], which was previously found to
be the prevailing cracking mode of polycrystalline bulk
YSZ upon indentation [59]. A reliable quantitative deter-
mination of the fracture toughness from the radial crack
dimensions [60] requires, in the case of thin films, a
maximum indentation depth which does not exceed 10%
of the total layer thickness [61]. The loads that had to be
applied to the YSZ thin films to induce radial cracking,
however, resulted in indentation depths of the order of
the film thickness, which allows only a qualitative
interpretation of the data. Since the cracks are influenced
by the sapphire substrate and the strength of sapphire is
ced elastic moduli (Er) of dense 700 nm thick YSZ films () used for the

t (nm) H (GPa) Er (GPa)

16.0 ± 2.1 260.9 ± 36.0
11.5 ± 0.6 229.4 ± 14.3
16.0 ± 1.9 294.8 ± 44.8
12.2 ± 0.4 232.4 ± 10.0

for the crystalline state (index c).



Fig. 8. Cube corner imprints: (a) 23 mN maximum load (700 nm penetration depth) on an amorphous 8YSZ film (t = 685 nm); (b) 32 mN maximum load
(880 nm penetration depth) on an amorphous 3YSZ film (t = 715 nm); (c) 30 mN maximum load (710 nm penetration depth) on a crystalline 8YSZ film of
the cubic phase (t = 700 nm); (d) 39 mN maximum load (860 nm penetration depth) on a crystalline 3YSZ film of the tetragonal t0 phase (t = 740 nm). The
crystallographic orientation of the sapphire substrate is included for (c) and (d).

Fig. 9. Hoop crack at the edge of an imprint on a �700 nm thick
crystalline 3YSZ layer (maximum load 39 mN). Crack propagation inside
the film is indicated by the arrows. The level of the interface with the
substrate is marked by the hatched area.
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very dependent on its crystal orientation [62], the exact in-
plane crystallographic orientation of the c-cut sapphire
substrate was determined by the EBSD technique with
respect to the indenter imprint (Fig. 8). EBSD confirmed
that the side of the indent imprint had the same orientation
with respect to the sapphire lattice for the samples coated
with the crystalline 3YSZ and 8YSZ films, which is a pre-
requisite to a meaningful qualitative comparison of film
fracture toughness. The crystalline 3YSZ films sustained
a more than four times greater mechanical load of
132 mN without the formation of radial cracks compared
with the crystalline 8YSZ films. This implies a significantly
higher fracture toughness, which can be attributed to the
well-known stress-induced phase transformation from the
tetragonal to the monoclinic phase in partially stabilized
3YSZ that counteracts crack propagation [4,49,50].

4. Conclusions

Important mechanical and optical characteristics of sub-
micron thick PLD grown YSZ layers can be efficiently
deduced from nanoindentation experiments and spectro-
photometric transmission data, respectively. They are inti-
mately coupled to the film microstructure. The amorphous
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coatings are entirely transparent at wavelengths above
300 nm, while scattering, mainly at grain boundaries,
reduces the optical transmission in the spectral range 220–
500 nm for polycrystalline microstructures. In the absence
of scattering effects Urbach-type absorption prevails at
sub-band gap photon energies in the range 4–5 eV. It is
related to extrinsic defect states in the zirconia lattice, such
as oxygen vacancy-based colour centres. Determination
from transmittance measurements of the true optical band
gap energy from the fundamental absorption edge due to
the intrinsic VB–CB transition requires thin film samples.
The band gap energy shows a characteristic shift from
5.51 ± 0.03 eV in the case of the amorphous state to
5.72 ± 0.05 eV for crystalline films, but is independent of
the Y2O3 dopant level. High refractive index layers with
n600 nm in the range 2.18–2.23, which is close to single crystal
reference data, are obtained in the low pressure PLD regime.
Within these boundaries the index decreases with increasing
Y2O3 content, and is consistently slightly smaller for amor-
phous compared with crystalline layers of the same compo-
sition due to a lower atomic packing density. The gradual
decrease in the refractive index for YSZ layers grown at
background pressures above 1.0 Pa indicates the develop-
ment of pores in the form of inter-columnar voids and can
be used for sensitive quantification of the film porosity.
The hardness and reduced elastic moduli were found to be
invariant with the Y2O3 dopant level, but dependent on
the microstructure, attaining values of 16.0 ± 2.0 and
277.9 ± 40.4 GPa for dense crystalline YSZ layers, which
is similar to data published for bulk YSZ. Amorphous films
yield up to 25% lower mean values of 11.9 ± 0.5 and
230.9 ± 12.2 GPa for hardness and elastic moduli, respec-
tively. Major differences exist in the films’ fracture behav-
iour. While amorphous films deform plastically by shear
bands upon nanoindentation, the crystalline films reveal a
brittle behaviour and accommodate the load by the
formation of hoop and surface cracks. Crystalline 3YSZ
films exhibit significantly higher fracture toughness than
8YSZ films. This can be attributed to the toughening effect
of the stress-induced phase transformation from the
tetragonal to the monoclinic phase in partially stabilized
zirconia.
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