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ABSTRACT: This study focuses on the ultrafast improve-
ment of surface wettability, electrical, and room temperature
magnetic characteristics of cubic zirconia single crystalline thin
films after laser annealing. The point defects generated by the
laser treatment are envisaged to play a critical role in altering
the above properties. Yttria stabilized zirconia (YSZ) thin films [,4ser Ann ealing
were epitaxially grown on Si(100) substrates by pulsed laser
deposition technique and subsequently annealed by a KrF
excimer laser beam (7 = 2S5 ns) using low-energy laser pulses.
An atomically sharp interface, parallel to the film free surface, I L
between laser annealed layer and the pristine region was

observed. The single crystalline nature of thin films was e
preserved following the laser treatment. The laser—solid

interaction with YSZ led to the introduction of point defects, i.e., oxygen vacancies, resulting in a strained structure which, in
turn, resulted in the formation of a tetragonal-like zirconia. With the increase of number of laser pulses the laser treated films got
highly disordered due to the high concentration of the point defects, while maintaining their crystalline nature. Although the
surface of the pristine sample showed weak hydrophilic characteristics (contact angle ~ 73°), the laser annealed samples
exhibited significantly improved hydrophilic characteristics. It was found that there is an optimum number of laser pulses where
the maximum hydrophilicity (contact angle ~ 22°) is obtained. The carrier concentration in the sample with the highest
hydrophilicity was determined to be higher by about 5 orders of magnitude compared to the pristine sample. This sample
possessed the lowest electrical resistivity. The laser annealed YSZ epilayers showed a superior room-temperature ferromagnetic
behavior, compared to the pristine samples. A 2-fold enhancement in the magnetization of the samples was observed following
the laser treatment which is a clear demonstration of the key role of defects and their transient distribution throughout the lattice.
All these observations were correlated with the formation of point defects due to the photon interaction with YSZ and absorption
of energy of the KrF laser photons to produce defects.
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1. INTRODUCTION

Zirconium dioxide, also known as zirconia (ZrO,), is a material
of utmost importance, that is widely used in various
applications including: catalysis,"* catalyst supports,>* dielectric
materials,>° high-performance ceramic materials,”® chemical
sensors,”*? solid oxide fuel cells,"* ™" thermal barrier coatings,
and biomedical implants."*™'® It exhibits an n-type electrical
conductivity'”'® that originates from the existence of oxygen
vacancy and zirconium interstitial defects. Because zirconium

-4 ACS Publications  © 2014 American Chemical Society

interstitial defects require a high formation energy compared to
all other defects,”®® it can be assumed that only oxygen
vacancies are responsible for the n-type conductivity. The
formation of other point defects, including zirconium antisite,

zirconium vacancy, oxygen interstitial, oxygen antisite, results in
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a p-type electrical conductivity."”” The lattice defects usually
introduce localized energy levels within the band gap, which
result in the energy emissions other than band-to-band
transitions. This phenomenon leads to a smaller effective
band gap if the density of energy levels is very high near the
band edges.u’22

Pure zirconia (ZrO,) crystallizes in three different poly-
morphs: monoclinic, tetragonal, and cubic. Its monoclinic
structure is the thermodynamically stable state at room
temperatures (T < 1170 °C). Monoclinic zirconia transforms
to tetragonal and cubic zirconia at temperatures above 1170
and 2370 °C, respectively. Of course, the tetragonal and cubic
phases of zirconia, which are of practical importance, can be
stabilized at room temperature via doping with other oxides.
Different oxides, such as yttrium oxide (Y,03), calcium oxide
(Ca0), or magnesium oxide (MgO), can be added to zirconia
as a stabilizer. For instance, the tetragonal state can be stabilized
at room temperature by doping with 3 to 5 mol % of yttria.
Lattice parameters of tetragonal yttria-stabilized zirconia, which
belongs to the P4,/nmc space group, are a = 3.6067 A and ¢ =
5.1758 A (for a 3 mol % yttria-doped ZrO,). Yttria content of 8
mol % or higher leads to the cubic phase of zirconia stable at
room temperature. Cubic yttria-stabilized zirconia has a
fluorite-type structure with the space group Fm3m. Its lattice
parameter is 5.1289 A (for a 15 mol % yttria-doped ZrO,).'***
The thermal expansion coefficient of yttria-stabilized zirconia
(called YSZ hereafter) is about 11.4 X 107 K™*. YSZ has a high
dielectric constant of 25 and a large band gap of 7.8 eV.****
The values reported for the band gap energy (Eg) of YSZ range
from 4.23 to 4.86 (YSZ) eV.”** The relatively wide band gap
along with the high negative value of the conduction band
potential makes this material a catalyst for the 6production of
hydrogen through splitting of water molecules.***’

Recently, thin films of metal oxides have gained acceptance
for advanced devices, such as zirconium and vanadium oxides>*
and compound oxides such as LSMO,* CGO,*® and
LSMCO® in fuel cells, titanium dioxide for photocatalysis,*®
tantalum and titanium oxide in random access memories,>” zinc
oxide in super capacitors,*® zirconium oxide in radioactive
waste disposal,*' and nickel oxide in photochemical devices.**
The efficiency and performance of thin film heterostructures
are governed by materials science related aspects including
microstructure, defect content, and size. In particular, many of
the properties of a given material are dictated by the nature of
defects and can be altered via manipulation of its defect
content. To obtain desired properties, it is extremely important
to introduce stable defects into the crystalline lattice in a
controlled manner.

In this study, we have grown epitaxially cubic yttria-stabilized
zirconia (c-YSZ) thin films on a Si(100) substrate. Then,
defects are subsequently introduced in a controlled manner
through laser annealing with nanosecond laser pulses at lower
energies. This is a simple and fast technique influencing a thin
surface layer whose thickness can be controlled by the energy of
the laser pulse. We show that crystalline lattice structure and
epitaxy are preserved after laser treatment, but there is a
significant disorder in the oxygen lattice. It is further
demonstrated that the hydrophobicity characteristics of the
thin films can be changed from hydrophobic to hydrophilic by
laser annealing. Electrical conductivity and concentration of
charge carriers are significantly increased as well. We suggest
that these observations can be attributed to point defects, which
are formed due to the coupling of high energy laser photons

with the YSZ surface. Thus, controlled modification of surface
properties and electrical conductivity by introduction of defects
stand impact profoundly catalysis, solid state ionics, and fuel
cells.

2. EXPERIMENTAL SECTION

2.1. Thin Film Deposition and Laser Annealing. We employed
a pulsed laser deposition (PLD) technique to grow epitaxial yttria-
stabilized cubic zirconia (c-YSZ) thin films on Si(100) substrates. In
our previous works,”*~** we showed that zirconia can effectively
destroy and remove the native oxide (SiO,) layer from the surface of
silicon substrates. As a consequence, epitaxial zirconia is able to grow
directly on silicon and without the need for any buffer layer in between
the substrate and the c-YSZ thin film. The Si(100) substrates were
cleaned via a multistep process including degreasing in hot acetone for
S min, ultrasonic cleaning in acetone for S min, and ultrasonic cleaning
in methanol for 5 min at room temperature. Then, they were etched in
dilute hydrogen fluoride (HF) solution for 30 s at room temperature.
Immediately, these substrates were loaded into the PLD chamber. HF
etching removes the oxide layer from the surface of the substrates and
forms a hydrogen terminated surface, which prevents further oxidation
of the surface before the deposition chamber. The chamber was
evacuated to a background pressure of about 8 X 1077 Torr. A yttria-
stabilized ZrO, (8—10 mol % yttria) target was used as the sputtering
source. A Lambda Physik (LPX200) KrF excimer laser (4 = 248 nm, 7
= 25 ns) was employed to ablate the YSZ target as well as perform
laser annealing at lower energy densities. The laser energy density and
repetition rate were set at 3.0—3.5 J/ cm? and 10 Hz. The YSZ thin
films were deposited at 600 °C under an oxygen partial pressure of 5 X
10™* Torr using 2000 pulses.

The samples were laser annealed subsequently for 1, 5, 10, and 15
pulses using the KrF excimer laser at an energy density of about 0.35 J-
cm™ The dimensions of the laser affected region on the surface were
measured to be about 6 X 10 mm.

2.2. Characterization. A Rigaku diffractometer equipped with a
copper X-ray tube (Ka radiation, 4,,, = 0.154 nm) was used to collect
both regular and high resolution 6-26 patterns. A Philips X'Pert Pro X-
ray diffractometer was also employed to collect ¢ patterns. Cross
section transmission electron microscope (TEM) images and
corresponding selected area electron diffraction (SAED) patterns
were obtained using a JEOL 2010F transmission electron microscope
equipped with a Gatan image filter (GIF). This microscope has a
point-to-point resolution of 0.18 nm, while operating at 200 kV.
Raman measurements were performed on both pristine and laser
annealed films using a Renishaw Ramiscope. Spectra were recorded at
room temperature in the 2(--)-z backscattering configuration using a
514.5 nm excitation line of an Ar* laser at 20 mW output power. The
system was calibrated using the 520.6 cm™" Raman shift of Si, and the
accuracy of the spectra was estimated to be +1.5 cm™". An SPECS X-
ray photoelectron spectrometer with a Mg Ka source (1 = 1254 V)
and a PHOIBIS 150 hemispherical analyzer were used to assess the
surface stoichiometry of the films before and after the laser treatment.
These results were interpreted using Version 4.1 SDP software.

2.3. Electrical Properties and Hall Measurement. The effect of
laser annealing on the concentration of charge carriers and electrical
conductivity was studied by Hall measurements where the measure-
ments were performed at room temperature under a magnetic field of
0.55 T (5500 G). The Ohmic contacts to the YSZ thin films were
made using gold wires attached to the films by freshly cleaved indium
pads where the pads were arranged in a square geometry. The distance
between the pads was about 5 mm. The temperature and humidity
were controlled at about 70 and 50% during the electrical
measurements, respectively.

2.4. Wettability. Hydrophobicity of the pristine and laser annealed
YSZ surfaces under ambient conditions was monitored using a Rame-
Hart Model 200 contact angle goniometer with deionized (DI) water
as the liquid at room temperature. Special care was taken to keep a
dust-free environment with low humidity.
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Figure 1. (a) XRD 6-20 patterns collected from the pristine and the sample annealed for S pulses, (b) high resolution scans through c-YSZ{002}
peak for the sample laser treated for several number of pulses, and (c) ¢ patterns taken from c-YSZ{202} and Si{202} reflections.

Pristine YSZ
layer

Figure 2. (a) Cross section TEM micrograph acquired from the sample annealed for S pulses. The corresponding SAED patterns, belonging to c-
YSZ{110} and Si{110} zones, is shown in the inset. (b) High resolution image from the interface between pristine and laser annealed layers. The
interface is shown by arrows. (c) Cross section image from the sample annealed for 15 pulses. The corresponding SAED pattern (from the c-
YSZ{110} and Si{110} zones) is presented in the inset. (d) High resolution image from the interface between the pristine and the laser treated
regions in the sample annealed for 15 pulses. The results clearly show that the crystalline nature has been preserved following laser treatment and no
amorphous region has formed.
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2.5. Magnetic Properties. Magnetic-field dependent magnet-
ization (M-H) measurements were carried out using a physical
property measurement system (PPMS) in conjunction with an
Evercool-2 vibrating sample magnetometer (VSM) attachment
(Quantum Design). For magnetization measurements, rectangular
sample strips of 3 X S mm were used. Hysteresis measurements were
performed by scanning the magnetic field from —10 to +10 kOe. The
magnetic field was applied parallel to the film plane and great care was
exercised not to contaminate the samples by handling them with clean
nonmagnetic plastic tweezers during the entire measurement cycle.

3. RESULTS AND DISCUSSION

The 6-20 X-ray diffraction patterns of the pristine and the 5-
pulse laser annealed c-YSZ thin films are shown in Figure la.
Both samples have the same out-of-plane orientations of (100).
No new out-of-plane orientations are observed after the laser
treatment. However, a shoulder is observed on the right-hand
side of the c-YSZ{002} reflection in the high resolution X-ray
patterns of the laser annealed samples, depicted in Figure 1b.
These patterns belong to those from a pristine sample and
samples that were laser treated by S, 10, and 15 laser pulses.
The reason why a shoulder is seen besides the main peak is that
there are actually two distinct regions in the films contributing
in the diffraction, i.e., laser treated region at the surface and an
underlying portion of the pristine film that is not affected by the
laser beam. These two regions exist after laser annealing that
are associated with the absorption depth of the laser beam. The
presence of these two different regions will be corroborated by
cross section TEM micrographs (Figure 2). The laser annealed
layer has different interplanar spacings due to the formation of
point defects. Thus, there are actually two separate 6-2 signals,
originating from the pristine and the annealed regions, which
merge with each other to form a single peak on the high
resolution XRD patterns. Three features are worth noticing in
Figure 1b. First, the full width at half-maximum (FWHM) of
the c-YSZ{002} peak increases with number of laser pulses due
to the strain in the lattice originating from the formation of
point defects. Second, the peak intensity decreases significantly,
as the number of pulse increases. The reason behind this
observation is that the point defects decrease the structure
factor of the planes and, hence, the XRD signal intensities.
Third, a small Bragg peak shift toward lower 260 values is
observed in the laser treated samples. This shows that there is a
tensile strain normal to the film surface, and the compressive
strain in the film plane is corroborated from the Raman
measurements shown in Figure 3. The strain along the normal
direction to the surface in the samples laser annealed for S, 10,
and 15 pulses were calculated to be 0.01, 0.13, and 0.40%,
respectively. These observations are attributed to the formation
of lattice point defects due to the interaction of a high-power
energy laser beam with the material.**~* The formation of
point defects leads to a residual strain in the crystallographic
lattice altering the interplanar spacing which, in turn, results in
the XRD peak shift. The results indicate that a highly
disordered regions form after 10 and 15 laser pulses. Our
HRTEM studies (Figure 2) imply that no amorphous phase is
formed and the overall crystalline structure of the laser
annealed region is preserved. This point will be discussed in
more detail later.

Figure 1c displays ¢ patterns from the ¢-YSZ thin film and Si
substrate in the sample laser annealed for S pulses. Both
patterns were collected from the {202} family of planes. The
crystallographic parameters used to collect these patterns are
summarized in Table 1. The appearance of four strong and
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Figure 3. Raman spectra for pristine and laser annealed c-YSZ
epilayers grown on Si(100) substrates.

Table 1. 20 and y Angles Used to Acquire @ Patterns from
c-YSZ{202} and Si{202} Reflections

reflection 20 (deg) Y (deg)
Si{202} 47.57 45
YSZ{202} 5037 45

sharp peaks from the c-YSZ thin film confirms a cube-on-cube
epitaxial growth. As is seen, the peaks from c¢-YSZ and Si
crystals have 90° azimuthal distances and appear at the same ¢
angles. Considering both 6-20 and ¢ patterns as well as the 4-
fold symmetry of these two crystals, a cube-on-cube growth
with the epitaxial alignment between ¢-YSZ thin film and
Si(100) substrate as (100){100}.ys||{100){100} is estab-
lished.

A cross section TEM micrograph taken from the sample laser
annealed with 5 pulses and the corresponding SAED pattern
are depicted in Figure 2a. The interface between annealed and
pristine regions is flat and parallel to the free surface. The
reason behind this observation is the short thermal diffusion
distances and the large dimensions of the laser beam compared
to the melt depth which limits the thermal gradients parallel to
the interface to many orders of magnitude less than the
gradients present perpendicular to the interface; as a
consequence, heat flows essentially along a single direction
normal to the surface.*>*’ The SAED pattern shown in the
inset belongs to Si(110) and c¢-YSZ(110) zones. All spots on
this pattern originate from these two zones, revealing that the
initial structure of the c-YSZ thin film did not change following
laser annealing with 5 pulses and the epitaxial relationship of
the film to the substrate was maintained. The high resolution
image in Figure 2b was acquired from the interface between
pristine and the laser annealed layers. The interface has been
underlined by arrows. It is clearly observed that the laser treated
region has a crystalline structure. Figure 2c shows a low
magnification cross section micrograph and the corresponding
SAED pattern from the sample laser annealed for 15 pulses. A
high resolution image from the interface between the laser
affected region and the pristine region is depicted in Figure 2d.
Both images ascertain that the crystalline nature has been
maintained even after laser annealing by 15 pulses. An
atomically sharp interface is observed between the pristine
and the laser annealed layers. There are two possible reasons:
(1) the surface did not melt at all, and (2) the surface melted,
solidified, and the crystalline structure was maintained due to

dx.doi.org/10.1021/am506298y | ACS Appl. Mater. Interfaces 2014, 6, 22316—22325
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Table 2. Summary of Raman Data for Pristine and Laser Annealed c-YSZ Thin Films

Raman mode reference (cm™) [see ref 48]  pristine (cm™)
Si 520.659 520.659
E, stretch 2564 225
Byg coupled bend and stretch 3182 29722
E, coupled bend and stretch 460.7 421.73
Ay, symmetric stretch 603.4
cubic F,; symmetric stretch 617.2 614.88
E, asymmetric stretch 640 659.19

“Unable to discern due to high signal background.

1 pulse (cm™) 5 pulses (cm™) 10 pulses (cm™) 15 pulses (cm™)
521.84 520.659 520.659 520.659
227.47 225 213.94 not observed”
299.66 299.66 293.56 not observed”
425.33 42293 418.13 not observed”
613.68 611.335 604.31 not observed”
658.03 656.86 not observed” not observed”

the templating effect of the underlying pristine region. Of
course, we will show later that the wettability, electrical, and
magnetic properties of the annealed samples change as a
function of number of pulses, further confirming that all
experiments were conducted in solid-state regime and melting
did not happen. In the solid state regime, the properties change
as a function of number of pulses; in contrast, in the melt
regime, the first pulse makes all changes and no further change
is observed after the subsequent pulses.

Figure 3 shows the Raman spectra for the pristine film and
for the films that were laser annealed for 1, 5, 10, and 1S5 pulses.
In the pristine film, Raman shifts were observed at 225.0, 297.2,
421.7, 614.9, and 659.2 cm™’, indicating the presence of both c-
YSZ and tetragonal YSZ (t-YSZ). The t-YSZ phase is actually
the t” YSZ phase. This has been noted previously.**™>° The
appearance of more Raman active modes in the tetragonal form
is related to its lower symmetry. Of course, the intensity of
Raman peaks from tetragonal YSZ is far smaller than that of c-
YSZ. The crystallographic structure of YSZ remarkably depends
on the concentration of the stabilizer agent (yttria, herein), so
even small deviations in the yttria content might result in the
formation of tetragonal YSZ. These deviations might occur
during the sputtering of the c¢-YSZ target during the film
deposition. There are no diffraction spots from the tetragonal
YSZ in the SAED pattern shown in Figure 2a, indicating t-ysz
fraction to be small. In our previous works,**! we showed that
the tetragonal YSZ rotates by 45° when integrated epitaxially
with Si{100} substrates. As is seen in Figure lc, there is no ¢-
peak from YSZ at angular distances of 45° from those of silicon.
Note that the patterns in Figure 1c are plotted in a log-scale
where even tiny peaks can be easily seen. In addition, the Bragg
peak from tetragonal YSZ(002) planes appears at 26 of about
33.995°, which is not seen on the patterns shown in Figure la.
We wish to emphasize that the initial content of the tetragonal
YSZ is negligible compared to the c-YSZ and the tetragonal
YSZ formed locally in the regions where there are some
deviations in the yttria concentration. Of course, we will discuss
that a pseudotetragonal YSZ forms following the laser
treatment. Comparing our Raman shifts to those of stress-
free YSZ compiled by Heiroth, et al,,*® we note that our films
are under tension, the magnitude of which is relatively constant
for the pristine sample and those samples annealed for up to §
laser pulses. Beyond this, however, the laser annealed portion of
the film becomes more tensile as evidenced by the increased
tensile shift in the cubic F,, frequency. This is consistent with
the high resolution XRD patterns (Figure 1b) where a peak
shift toward lower 26’s was observed as the number of laser
pulses increased. The shift toward smaller 26 values confirms a
tensile strain along the out-of-plane direction. In addition, the
large background observed in samples laser annealed for 10 and
15 pulses indicate that the laser annealed regions have been

22320

disordered, which is consistent with low intensity and large
FWHM of the X-ray signals from these two samples shown in
Figure 1b.

A summary of the relevant Raman peaks is given in Table 2.
For the laser treated samples, we note that immediately beneath
the laser annealed region, which was measured to be ~43 nm
after S laser pulses, a portion of the grown film which remains
unannealed exists (pristine region). There are several
observations that one can make from the Raman spectra in
Figure 3 with regard to the frequency shifts and relative
intensities of the observed Raman modes. First, the presence of
clear Raman peaks indicate that our pristine and laser annealed
films are crystalline. This observation is consistent with the X-
ray spectra in Figure 1. The X-ray spectra also show a specific
epitaxial orientational relationship of the YSZ film to the Si
substrate. Second, the negative shifts in the E, stretch and B,
and E, coupled bend and stretch tetragonal modes as well as
the cubic F,, symmetric stretch relative to their stress-free
signatures indicate that the films are under tension. For all
samples investigated, the Si Raman peak from the substrate is
constant at 520.6 cm™}, as expected, which confirms that the
observed YSZ Raman shifts compared to the reference strain-
free data are real. Also, within the uncertainty of the data, the
magnitude of the shift is relatively independent of whether the
sample is pristine or laser annealed after 1 or S pulses.
However, as Table 2 reveals that the strain in the c-YSZ films
becomes more tensile as the number of laser anneal pulses is
increased beyond S pulses. For the spectra shown in Figure 3,
we have intentionally offset via background subtraction the
signal intensity for samples that were laser annealed for 10 and
1S pulses relative to the pristine and 1 and S pulse laser
annealed samples to amplify that those measurements had high
backgrounds resulting in a poor resolution of the high
symmetry cubic stretch mode at 617.2 cm™ as well as the
other Raman active modes. The structural disorder from laser
annealing with 10 pulses leads to a wider than expected fwhm
of the F,, mode. Further laser annealing with 1S pulses creates
additional disorder such that the frequency shift of the
tetragonal modes as well as cubic mode are difficult to discern
due to the high signal background. As is seen in Figure 3, the
Raman shifts from tetragonal YSZ become more intense in the
laser annealed samples which is attributed to the formation of
point defects and strain along the out-plane-orientation, as
discussed earlier. The laser annealed layer is confined along the
in-plane directions by the pristine layer; however, the unit cell
can freely shrink or expand along the out-of-plane orientation.
Hence, the in-plane dimensions of the YSZ unit cell cannot
change following the incorporation of the point defects,
whereas its out-of-plane dimensions does change; as a
consequence, a pseudo tetragonal YSZ forms in the laser
treated region. Laser-induced rapid heating and quenching

dx.doi.org/10.1021/am506298y | ACS Appl. Mater. Interfaces 2014, 6, 22316—22325
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Figure 5. XPS survey scan acquired from the samples laser treated for: (a) S pulses and (b) 15 pulses.

seem to cause the formation of tetragonal phase. The
pseudotetragonal YSZ is totally different from the t” YSZ
phase, as explained above.

Perhaps the most intriguing aspect of the Raman data relates
to the spectra for 10 and 15 laser pulses. As we indicated above,
the high background for the 10 and 15 laser pulses necessitated
background subtraction; otherwise, it is difficult to discern the
Raman peaks associated with the c-YSZ films such that
essentially no c-YSZ peaks exist after laser annealing after 15
pulses. We attribute the large signal background observed in the
10 and 1S pulse samples to structural disorder in the laser
annealed portion of the YSZ crystal. This assignment is also
consistent with the X-ray data in Figure 1b, in which the
YSZ(002) peak becomes significantly less intense and shifts to
lower 26 values, indicating increased strain in the films. Further
examination of the mode assignments that have been reported
in the literature (see, for example, Heiroth et al.*® and Bouvier
and Lucazeau®®) provides additional insight on the impact of
laser annealing. The E, stretch (256 cm™) is attributed to
displacements of O and Zr in the (x,y) plane whereas the By,
(318 cm™) coupled bend and stretch mode involves O, Zr
displacements along the z-direction.***® The Ay (603 cm™)
symmetric and E, asymmetric (640 cm™') stretches both
involve O—Zr—O stretches. The mode (617 cm™) associated
with the ¢-YSZ modification is also a symmetric O—Zr—O
stretch. We should note that the E; coupled bend and stretch at
461 cm™!, which Heiroth, et al.* associated with a Zr—O bend
and stretch mode, was attributed to O displacements along the

22321

z-direction only by Bouvier and Lucazeau.> It is this mode that
exhibits the largest shift from the reference strain-free value.
Because the mode assignments involve coupled displacements
in both the O and Zr sublattices, one can, thus, conclude that
the structural disorder observed in the Raman and X-ray
diffraction data with 10 and 15 laser pulses is most likely
associated with general disorder within the laser annealed
region due to formation of a heavily defective YSZ.

Results of wettability measurements are shown in Figure 4.
While the pristine sample exhibits an almost hydrophobic
behavior with a contact angle of ~73° the laser annealed
samples, for example the sample laser treated for S shots,
become more hydrophilic with a contact angle ~22°. The
hydrophilicity behavior is suppressed in the samples annealed
for 10 and 15 pulses where the contact angles were measured to
be about 39 and 54°, respectively. The commonly accepted
mechanism of hydrophilicity in oxide materials is based upon
the generation of e”—h" pairs at the conduction and valence
bands which initiate various redox reactions at the surface. The
photogenerated charge carriers are trapped by surface O*~ ions
to create oxygen vacancies:

ZrO, + ho > ¢ + I (1)

)

The formation energy of oxygen vacancies in YSZ is negative
under low oxygen pressure conditions and a few electron volts
in oxygen-rich atmospheres; therefore, this defect can form very

05 + 2k — 1/20, + V,
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Figure 6. XPS O(1s) core level binding energy in YSZ{100} epilayers (a) Pristine sample and the samples laser treated for (b) 1 pulse, (c) S pulses,

(d) 10 pulses, and (e) 15 pulses.

easily.'” It is worth mentioning that the reported values for the
band gap of YSZ are mainly below 5 eV,****7>¥%% 50 energy of
KrF excimer laser photon (4 = 248 nm, Eg = ~5 eV) can be
absorbed by the electronic structure of YSZ. According to this
model, water molecules are dissociatively adsorbed at the defect
sites.>>* In other studies by our group, we demonstrated that
the photochemical, electrical, magnetic, and optical properties
of metal oxides can be systematically altered in a controlled
manner by laser irradiation.***>*° It was revealed that oxygen
vacancies that are generated by laser treatments play a critical
role in altering the properties of the material. Oxygen vacancies,
as prerequisites for hydrophilicity, form via two mechanisms.
First, energy of the laser photons is absorbed by zirconia via
photoexcitation of the valence electrons to the conduction band
giving rise to the formation of oxygen vacancies, as explained
above. Second, temperature of the surface is raised due to the
coupling of the high energy laser beam with the surface giving
rise to the reduction of ZrO, and, thus, the formation of oxygen
vacancies. In this case, laser-sold interactions cause rapid
heating via transient transfer of energy from laser photons to
phonons in times of the order of a picosecond.””*® Considering
the energy density used for laser annealing (0.35 J-cm™), the
actual surface temperature is time dependent and may increase
over 1000 °C.* Following the formation of oxygen vacancies
on the surface, water molecules adsorb on the defect sites
dissociatively. As a result, a new hydroxyl group is produced,
which is responsible for the highly hydrophilic surface. It should
be noted that the laser energy, in all experiments, is below the
melting threshold of YSZ and our experiments were performed
in the solid-state regime where the surface morphology does
not significantly change. Therefore, the surface morphology of
all samples is almost similar and its effect on hydrophilicity can
be neglected.

Figure S displays XPS survey spectra collected from the
samples annealed for 5 and 1S5 samples. The patterns clearly
show that the samples contained O, Zr, Y, and C elements.

The formation of oxygen vacancies due to laser annealing
was confirmed by XPS. Figure 6 shows the O(1s) core level
binding energy of c-YSZ epitaxial thin films that were laser
annealed for varying number of shots. In all interpretations, the
binding energy of C(1s) peak was set at 285.0 eV as a reference.
The peak was deconvoluted into four distinct peaks. Peaks A
and B with binding energies of about ~532.9 and 531.7 eV
represent oxygen in water and hydroxyl groups attached to
defect sites at the surface. Water molecules and hydroxyl groups
are almost always present on oxide free surfaces. The surface of
metal oxides becomes hydrated when exposed to the
atmosphere. Hydroxyl groups couple with surface oxygen
vacancies and, then, water molecules interact with these groups
by means of hydrogen bonds.> So, the concentration of surface
oxygen vacancies can be indirectly estimated by the portion of
peak B. Peak C, located at a binding energy of ~530.1 eV is
assigned to the oxygen in YSZ lattice; in other words, it
represents the perfection of YSZ. Finally, peak D with a binding
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energy of about 528.2—528.6 eV is attributed to oxygen in
nonstoichiometric zirconia. The results show that the portion
of peak B initially increases, reaches a maximum in the sample
annealed by five laser pulses, and then decreases. The portion
of peak C shows a reverse behavior. Its portion was calculated
to be about 73.5, 60.0, 71.5, and 75.5% in the samples annealed
for 1, 5, 10, and 15 laser pulses. The portion of peak C was
measured to be about 77.3% in the pristine sample. Taking the
XPS results into consideration, it can be deduced that the
sample annealed by S pulses possesses the highest defect
concentration near the surface.

Results of electrical measurements are displayed in Figure 7
where all laser treated samples show higher carrier concen-
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Figure 7. Effect of KrF laser annealing on electrical conductivity and
charge carrier concentration in c-YSZ{100} epilayers.

tration and conductivity than the pristine sample. Being in
complete agreement with wettability results, the sample
annealed with 5 laser pulses shows the highest carrier
concentration and the lowest resistivity. It is worth reminding
this sample had the largest number of oxygen vacancies at the
surface (Figure 6). Because the change in properties depends
on the number of pulses, it is deduced that all experiments were
done in the solid state regime; in other words, the energy of the
laser photons were below the melting threshold of YSZ and,
therefore, the surface of the samples was not melted following
the laser treatment. In the liquid regime, only a single pulse is
enough to make all the changes and the number of pulses does
not influence the properties. All samples showed n-type
electrical conductivity, ie. negative Hall coefficients. It
necessarily means that oxygen vacancies and zirconium
interstitials are the dominant point defects in all the samples
in this study. It has been already shown that oxygen vacancies
and zirconium interstitials are the origin of n-type conductivity,
while the formation of other point defects, including zirconium
antisite, zirconium vacancy, oxygen interstitial, oxygen antisite,
results in a p-type electrical conductivity."” Zirconium
interstitial requires the creation of two oxygen vacancies and
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displacing a zirconium cation from its original lattice site to an
interstitial site. Generally speaking, zirconium interstitials have
high formation energies compared with all other native
defects®® and their formation is unlikely. As a consequence, it
can be deduced that oxygen vacancies are the dominant point
defects in our samples.

Our results reveal that laser annealing increases the defect
concentration in our YSZ thin films, leading to an enhanced
hydrophilicity, carrier concentration, and electrical conductivity.
This is the case when the number of laser pulses is less than an
optimum value (5 shots); however, it adversely impacts these
properties when the number of pulses increases beyond the
optimum value. We attribute this observation to three factors.
First, when the concentration of point defects increases beyond
an optimum value, they act as scattering centers against charge
carriers giving rise to a decreased electrical conductivity.
Second, the energy level of point defects within the band gap
of materials is affected by their concentration. The energy level
of oxygen vacancies lies about 1 eV below the conduction band,
so it can trap the excited electrons and enhance the charge
separation which, in turn, improves the photochemical electrical
properties. However, this energy level approaches the Fermi
level at the middle of the band gap, when the concentration of
oxygen vacancies increases. The electrons can no longer get
trapped at these high defect contents. Meanwhile, under
particular circumstances, both electrons and holes are trapped
by the defects whose energy level resides at the middle of the
band gap. Such defects act as charge recombination centers. In
both cases, charge separation is suppressed. Third, the
clustering of vacancy defects occurs in samples annealed for
10 and 15 pluses, which results in deactivating the defects. The
clustered vacancies form vacancy loops lead to reduced carriers.

In addition, the laser treated samples exhibited room
temperature ferromagnetism (RTFM). The isothermal field
dependence of magnetic moment curves of pristine and laser
annealed YSZ films deposited on Si(100) substrates measured
at 300 K is plotted in Figure 8. The bottom inset of Figure 8 is
the low-field M-H hysteresis loops between +400 Oe clearly
showing considerable coercivity of about 200 Oe. The
diamagnetic contribution by silicon substrate has been
subtracted. The important and interesting aspect of the above
plot is that the saturation magnetization is enhanced
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Figure 8. Isothermal field dependence of magnetic moment curves of
pristine and laser annealed YSZ films deposited on Si(100) substrates
measured at 300 K. The inset is the low-field M-H hysteresis loops
between +400 Oe clearly showing considerable coercivity ~200 Oe.

significantly by more than 2-fold after laser irradiation
treatment. The room temperature ferromagnetism and a
significant increase in the saturation magnetization after the
pristine sample has been subjected to laser irradiation (S
pulses) ought to have its origin in the formation of native point
defects such as oxygen vacancies and other complexes, which
are created by the high power laser pulses. The 2-fold
enhancement in the magnetization of the samples is indeed a
clear demonstration of the key role played by the defects and
their mediation for three-dimensional ordering. In other words,
oxygen vacancy creation and their dynamic distribution across
the entire the lattice, result in the important changes in physical
properties especially in electrical and magnetic properties in a
significant way.

4. CONCLUSIONS

In summary, c-YSZ epitaxial thin films were grown on Si(100)
substrates and subsequently annealed by nanosecond KrF
excimer laser pulses. Our results showed that the single
crystalline nature and both in-plane and out-of-plane
orientations were preserved after the laser treatment. It was
shown that a tetragonal-lke YSZ formed due to the strain
originating from the incorporation of point defects to the
lattice. With the increase of number of laser pulses, the laser
treated YSZ film became highly disordered; however, its
crystalline nature was preserved and no amorphous phase
formed. The interface between laser annealed and the pristine
regions were atomically sharp, flat, and parallel to the surface.
The pristine sample showed poor hydrophilic characteristics,
while the laser annealed samples exhibited highly hydrophilic
characteristics and the contact angle decreased from about 73°
to about 22° following the laser annealing. It was found that
there is an optimum number of shots where the maximum
hydrophilicity is obtained. The carrier concentration in the
sample with the highest hydrophilicity was higher than that in
the pristine sample by about S orders of magnitude. This
sample treated with S pulses exhibited the lowest electrical
resistivity. An enhanced room temperature ferromagnetism
(RTFM) was observed in the laser treated samples. All these
observations were attributed to the formation of point defects
due to the coupling of high energy laser beam with YSZ
crystals.
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