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In this work we report on an ultrashort pulsed laser annealing-driven devitrification of thin film Cug;Zrs3
metallic glass characterized by micro-beam X-ray diffraction and electron microscopy techniques. The es-
sential feature of ultrashort pulsed laser annealing is ultrafast heating (10'* K/s) by femtosecond optical
excitation followed by extremely rapid cooling (10'°-12 K/s) due to heat dissipation into the film substrate.
During repetitive optical excitation, we take X-ray diffraction snapshots of the intermediate, frozen-in
stages of the glass-crystal transformation to study its kinetics. A quantitative analysis of the diffraction
patterns supported by electron microscopy result shows that the glass-crystal transformation proceeds by a
rapid formation of an energetically favourable layer of crystalline ZrO, on the free surface of the glassy film
accompanied by nucleation and growth of fcc-Cu in the residual amorphous matrix. We demonstrate that at
low effective annealing temperatures the devitrification kinetics of both products is correlated, while at
high temperatures they decouple and ZrO, forms an order of magnitude faster than Cu.
© 2021 The Authors. Published by Elsevier B.V.
CC_BY_NC_ND_4.0
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1. Introduction (critical cooling rate) in metallic systems is usually high. However, by

carefully tuning the composition of the multicomponent systems,

Metallic glasses (MGs) [1] are solids which lack long-range order
in their atomic arrangement characteristic for crystalline metals. The
amorphous and homogeneous nature of MGs is responsible for their
numerous attractive mechanical properties, such as high yield
strength and hardness, exceptional elasticity as well as an excellent
wear and corrosion resistance. MGs are typically obtained by
quenching a liquid alloy at a rate fast enough to bypass nucleation
and growth of the competing crystalline phases and freeze the dis-
ordered atomic arrangement at the glass transition temperature. The
cooling rate necessary to avoid crystallization and to form a glass
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the glass forming ability of metallic alloys can be significantly en-
hanced. The critical cooling rate for bulk metallic glass-formers [2]
can be as low as 107'K/s. On the other hand, single-element MGs [3]
require ultra-fast quenching at 10" K/s to be amorphized on
cooling [4].

An alternative route to obtain a metallic glass is physical vapor
deposition (PVD), which can be used to produce thin amorphous
films. In a PVD process such as magnetron sputtering, the effective
cooling rate is typically in the order 10'? K/s, which makes deposi-
tion a powerful tool to obtain a variety of glassy materials [5]. Due to
size effects, thin film MGs (TFMGs) are often superior to their bulk
counterparts in terms of mechanical properties which makes them
attractive materials for applications such as mechanically resilient
coatings, biomaterials, flexible electronics or high sensitivity


http://www.sciencedirect.com/science/journal/09258388
https://www.elsevier.com/locate/jalcom
https://doi.org/10.1016/j.jallcom.2021.161437
https://doi.org/10.1016/j.jallcom.2021.161437
http://crossmark.crossref.org/dialog/?doi=10.1016/j.jallcom.2021.161437&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1016/j.jallcom.2021.161437&domain=pdf
mailto:jerzy.antonowicz@pw.edu.pl
https://doi.org/10.1016/j.jallcom.2021.161437

J. Antonowicz, P. Zalden, K. Sokolowski-Tinten et al.

microelectromechanical system (MEMS) (see [6] and references
therein). One of the main factors limiting applications of glassy
metals is their thermodynamically metastable state, which poses the
risk of transformation to a low-energy, crystalline state at elevated
temperature. Furthermore, during normal operation a functional
material is usually exposed to air and thus might be prone to surface
oxidation. Oxidation can be particularly important for TFMGs since
the surface fraction is significantly larger than in the case of a bulk
material [7]. Therefore, avoiding crystallization and oxidation of
TFMGs under atmosphere and at elevated temperature is crucial for
their practical implementation. Besides TFMGs, surface oxidation is
also important in bulk metallic glasses used in nanodevices since
thin oxide layer strongly affects their mechanical and tribological
properties [8].

Alloys of zirconium and transition metals are one of the most
extensively studied family of MGs and have found numerous com-
mercial applications [9]. In particular, binary Cu-Zr MGs have been
widely investigated over the past decades [10-16]. Those alloys tend
to form a glass upon quenching in a wide composition range
[12,15,16] and can be obtained in the form of thin films by various
deposition techniques [17-19]. Cu-Zr MGs are known to suffer from
rapid oxidation which proceeds by formation of a crystalline ZrO, on
the free surface and Cu-enrichment of the sub-oxide layer [20-23].
Small addition of Be were found to stabilize an amorphous Zr oxide
and inhibit oxidation of the Cu-Zr MGs [24,25]. Since the diffusivity
deduced from oxidation kinetics matches that of oxygen in ZrO, [26],
it is believed that the transformation is controlled by diffusion of
oxygen towards the ZrO,/glass interface [20]. The oxidation of Cu-Zr
MGs takes place even during storage at room temperature and
manifests in form of a well-known change of color of melt-spun Cu-
Zr ribbons from silver to a copper-like red [27]. At elevated tem-
peratures, the diffusivity increases and thus the oxidation process
becomes significantly more rapid.

The thermal stability of MGs is usually studied experimentally by
following the crystallization during annealing of the glass at tem-
peratures of a few or a few tens of degrees above the glass transition
temperature. In this temperature regime the transformation kinetics
can be resolved only when the timescale of the measurement (ty-
pically seconds or minutes) matches that of the transformation ki-
netics [28,29]. Due to this limitation, fast, high-temperature
devitrification kinetics of MG’s [30,31] is extremely difficult to assess
experimentally by conventional characterization techniques.

This obstacle for accessing the high-temperature glass-crystal
transformation kinetics can be overcome by an approach based on
ultrashort pulsed laser annealing (UPLA) which is well-suited for
thin films. Optical reflectance has been used by Zalden et al. [32] to
probe the frozen-in, intermediate stages of transformation to resolve
ultra-fast crystal growth rates of up to 100 m/s in chalcogenide
phase-change materials. The essential feature of UPLA is an ultra-fast
heating (10'* K/s) by femtosecond optical excitation followed by
extremely rapid cooling (10'°-'2 K/s) due to heat dissipation into the
film substrate. This specific sample temperature profile leaves only
an extremely short time window for transformation which can, due
to the exponential temperature-dependence, occur effectively only
at elevated temperature. The actual width of the temperature-time
profile depends on the details of the film and substrate material and
thicknesses but is typically of the order of nano- to microseconds.

In our current work we employ a similar UPLA approach using X-
rays and electrons to probe the atomic structure of the Cug;Zrss3
metallic glass. Pulsed pico- and nanosecond laser annealing has been
known for many decades, and was previously used to quench me-
tallic alloys into a glassy state [33-35] and to study phase transfor-
mations in thin film amorphous alloys [35-38]. Those studies
indicate that, due to the high cooling rates, pulsed laser annealing
may lead to formation of metastable amorphous or crystalline
phases which cannot be formed by conventional liquid quenching.
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While the concept of exploiting short laser pulses for fast heating
and quenching of thin metallic films is not new, there are important
advantages of the current approach. Firstly, the thickness of the
samples for the current study has been chosen to ensure a uniform
heating of the MG film upon absorption of the laser pulse. Secondly,
the conditions of the glass-crystal transformation (the effective an-
nealing temperature and time) were systematically controlled by
tuning the fluence and the number of irradiated laser pulses. This
allows quasi time-resolved studies and provides a unique opportu-
nity to study the frozen-in stages of transformations occurring on a
nanosecond time scale. Finally, X-ray scattering techniques at a
state-of-the-art synchrotron allow to directly monitor in situ the
structural changes of the thin film samples caused by repetitive
femtosecond laser irradiation.

The aim of the current work is to probe the kinetics of rapid
devitrification, i.e. a process involving both oxidation and crystal-
lization, of Cug;Zr33 TFMG in a wide range of the effective annealing
temperatures and time scales, spreading over five orders of magni-
tude from nanoseconds up to hundreds of microseconds. By taking
advantage of the opportunities offered by UPLA and microbeam X-
ray diffraction we could independently follow rapid formation ki-
netics of different crystalline phases and propose a consistent model
of thin-film Cug;Zr33 MG transformation at high temperatures and
ultrafast heating rates.

2. Experimental

Metallic glass films were prepared by means of planar magnetron
direct current sputtering from a Cug;Zr33 (composition in at%) target
of 99.5% purity. The sputtering was carried out at room temperature.
The base pressure in the sputtering chamber was approximately
8 x 107 mbar. During deposition, pure (99.999%) Ar gas was used at
the working pressure of ~4 x 107 mbar. The deposition rate of
CugyZr33 amorphous layer was ~0.4 Afs. Optical-grade polished
(0.2 nm roughness) monocrystalline silicon wafers were used as a
substrate. The 500 pm thick wafers were (100)-oriented. The or-
ientation of the Si substrate was chosen to avoid strong Bragg re-
flections in the X-ray diffraction pattern. Since thermal conductivity
of Si crystal is at least two orders of magnitude higher than that of a
typical oxide glass (more suitable for X-ray diffraction due to its
amorphous structure) the monocrystalline Si substrate maximized
the cooling rate of the optically-excited metallic layer. The metallic
glass was sandwiched between silicon nitride layers reactively
sputtered from a Si target in the presence of Ar+N, gases mixture
(purity 99.999%). The bottom (buffer) layer protected the single
crystal Si substrate from melting under laser irradiation, since silicon
nitride has a higher melting temperature than silicon. The top
(capping) layer acted as a protection of the MG against oxidation
during sample storage. The effectiveness of the protection was
confirmed experimentally by X-ray photoelectron spectroscopy
(XPS) as well as by secondary-ion mass spectrometry (SIMS). SIMS
measurements carried out shortly after deposition showed that the
oxygen signal was lower than that of Zr and Cu by a factor of ap-
proximately 1000. The presence of oxygen in the metallic layer has
been also excluded for silicon nitride-capped samples after the
synchrotron experiment, several months after deposition. According
to XPS, the atomic composition of the metallic layer in those samples
was the same as that of the sputtering target. In particular, no
oxygen was detected above the XPS detection limit which was better
than 1 at%. The as-grown samples were characterized by means of X-
ray reflectometry (XRR) and X-ray diffraction (XRD) using a labora-
tory radiation source. Layer thicknesses of 43.6, 31.9 and 2.3 nm
were determined by XRR for silicon nitride buffer, MG and silicon
nitride capping, respectively, with densities of 3.0, 7.65 and 2.7 g/
cm? (£ 1.5% for MG and = 3.5% for silicon nitride layers), respec-
tively. The density of the metallic layer matches well with the values
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reported in the literature for Cu-Zr MGs of very similar composition
[16,39]. The estimated roughness of each layer was approximately
0.5 nm. As evidenced by XRD, the as-grown layers were amorphous.
Furthermore, the samples were characterized by means of ellipso-
metry providing information on their effective index of refraction
(n =3.16 + 3.82i) (measured for the whole coating structure) at the
wavelength of 1030 nm and incidence angle of 66° selected for
the UPLA.

The UPLA experiment was performed at beamline P08 of the
PETRA III synchrotron (DESY, Hamburg) [40]. For optical excitation, a
femtosecond laser, operating at a wavelength of 1030 nm emitting
250 fs long pulses at repetition rates up to 50 Hz, was used. The
optical beam was focused at the sample position down to a spot size
of ~350 um diameter corresponding to ~2.5 x 10° pm? effective area
of the beam footprint at the sample with an angle of incidence of
66 + 0.5° (with respect to the surface normal). The maximum in-
cident radiation fluence at the interaction point was ~60 mJ/cm? for
140 pJ pulse energy. To increase the absorption of the radiation, the
incident laser beam was p-polarized with respect to the reflection
plane. The X-ray photon energy was tuned to 25 keV. The diffracted
beam was measured with a 2D large area Perkin Elmer flat-panel
detector (size 41 x41 cm?) at a distance of 390 mm from the sample.
This gives access to a momentum transfer of up to 5 A=! (q = 4nsin@/
2 with @ is half of the scattering angle and 1 is the X-ray wavelength),
which is sufficient to capture the first and second structure factor
peaks of the MG. The XRD patterns were collected at a grazing in-
cidence angle of 1° (89° with respect to the surface normal) to in-
crease the scattering signal from metallic film over the background
caused by thermal diffuse scattering from the crystalline substrate.
The focused X-ray beam had a size of ~ 2 x 20 pm? (vertical x hor-
izontal direction, respectively). Its footprint on the sample at the
grazing incidence (~115 x20 pm?) was about 5 times smaller than the
laser spot size and thus the X-ray beam probed a uniformly laser-
affected region of the film. The experiment was performed at the
P08 Kohzu diffractometer under ambient conditions in air. The
single-image exposure time was set to 0.1 s and 10 consecutive
images were averaged to increase the signal-to-noise ratio resulting
in an effective acquisition time for a single XRD pattern of 1 s. The
laser repetition rate was adjusted to the required resolution in the
pulse number domain, with 50 Hz being chosen for long effective
annealing times and 1 Hz (or lower) for capturing the structural
changes from pulse-to-pulse.

The irradiated spots were further investigated post-mortem by
means of laboratory techniques in a similar way to the one described
in reference [41]. The surface morphology was studied by means of
scanning electron microscopy (SEM). Following Liu’s approach [42],
the spatial fluence distribution of the laser pump beam (including
the effective beam area necessary to calculate the fluence) was de-
termined from an analysis of the modified surface area as a function
of laser pulse energy.

Selected spots on the sample were studied by means of trans-
mission electron microscopy (TEM) using a FEI Titan CUBED 80-300
microscope operating at 300 kV acceleration voltage equipped with
energy dispersive X-ray analysis (EDX) analyzer. Subsequent to laser
irradiation all samples were capped with a thin protective layer of Pt
and ~50 nm thick cross-sections were cut by a focused ion beam in
preparation for the TEM measurements.

3. Results
3.1. Ultra-short pulsed laser annealing

The general concept of UPLA is shown schematically in Fig. 1
where the process is divided into consecutive steps (A—D). In the

first step (A) the thin MG film deposited on a thick, thermally con-
ductive substrate is irradiated with a femtosecond optical laser
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pulse. The pulse energy is absorbed in the film and leads to its local
heating, typically within a few ps by relaxation of the photo-excited
carriers through electron-phonon coupling [43] (B). Due to the
transient increase of the atomic mobility at elevated temperatures,
the film can undergo (partial) structural transformations before the
excited volume cools down by rapid dissipation of heat into the
substrate (C). Therefore, the structure of the intermediate, partially
transformed state is frozen-in at room temperature and can be
probed at any time scale by X-rays or electrons (D). After capturing
the intermediate state of the sample, the A-B-C-D sequence can be
repeated any number of times, giving access to the subsequent
stages of devitrification. In this way, the material can by annealed in
a stepwise mode with the maximum annealing temperature de-
termined by the laser fluence F and the effective annealing time
proportional to the number of laser pulses N. As shown below by the
results of numerical modelling, a single pulse corresponds to an
effective annealing time of the order of a few nanoseconds. Thus, the
UPLA technique allows transformations to be probed on very short
time scales, which are not accessible via conventional experimental
methods.

For a given sample design and a given laser pulse fluence, the
time-dependent temperature distribution can be derived numeri-
cally under certain assumptions discussed in the following para-
graph. The first assumption concerns the distribution of the
absorbed laser pulse energy in the irradiated film. The in-depth
profile of the absorbed energy density can be calculated from the
optical constants of the material and the incident laser pulse fluence
[44]. Initially, within the metallic layer, it follows approximately the
exponential decrease with characteristic absorption depth of 17 nm
(with minor deviations related to the fact that the sample has a
layered structure and is not a bulk material). Before the energy ab-
sorbed by the electrons is transferred to the atoms (with the process
occurring on a time scale of a few ps), the heat disperses over the
thermal diffusion length of approximately 20-30 nm (calculation are
based on the thermodynamic data provided in Ref. [43]) leading to a
quasi-uniform temperature profile over the whole depth of the
metallic layer. Furthermore, the energy diffusion within the excited
electron gas is much faster than the typical heat transfer at a metal-
SiN interface [45], which occurs (according to our simulations de-
scribed below) on a time scale of hundreds of ps and longer. Thus,
we assume that the absorbed energy and the resulting initial tem-
perature for heat transport simulations are uniform throughout the
MG layer.

Fig. 2a presents the results of numerical simulations of the film
temperature evolution for selected laser fluence values corre-
sponding to the upper and lower boundaries of fluence used in the
current study. The simulated maximal temperature reached by the
film is around 570 K for F=9 mJ/cm? and around 1550 K for F= 60 m]/
cm?. Comparing these values to characteristic temperatures of
Cug;Zr33 alloy shows that the lowest F pulse heats the film to about
175 K below the glass transition temperature [46] while the highest
F pulse increases the temperature about 300K above the liquidus.
Furthermore, the maximal temperature rise (measured from 300 K)
is approximately proportional to F. The corresponding temperature-
dependent cooling rates (Fig. 2b) mostly span values in the range
10'° — 10" K/s. They are approximately given by o x AT | (dxC,), with
AT being the temperature difference across the metal-silicon nitride
interface, o the thermal boundary conductance at the same interface,
C, the heat capacity of the MG, and d the MG film thickness. The
temperature dependence of C, was taken from the fits to the ex-
perimental data reported in [46] for Cu-Zr amorphous and super-
cooled liquid alloys. Namely, we assumed a linear temperature
dependence of heat capacity between the room and the glass tran-
sition temperature (Tg), and approximated the excess C, of the su-
percooled liquid (above T,) by the polynomial equation suggested by
Kubaschewski [47]. The value of thermal boundary conductance was
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Fig. 1. Schematic concept of an ultrashort pulsed laser annealing approach. The cycle is repeated N times to compare the initial state (separate probe event, not indicated in the

figure) with that probed after the N cycles.

taken as 125 MW/m?/K, corresponding to ¢ measured for Au/SiN
interface [45]. To visualize the effect of variation of ¢ on the tem-
perature evolution, temperature-time and cooling rate- temperature
functions calculated for 5 times lower (¢ =25 MW/m?/K) and 5 times

higher (625 MW/m?/K) boundary conductance have been plotted at
F =60 mJ/cm? in Fig. 2a and b. As expected, the cooling rate scales
with ¢, and thus enhanced thermal conductance results in a shorter
time spent by the film in the high-temperature regime. Judging from
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Fig. 2. Simulated temperature-time (a) and cooling rate-temperature (b) functions and time-dependent temperature distribution inside the sample at the minimum (F = 9 m]J/

cm?) and the maximum (F = 60 mJ/cm?) laser fluence used in the experiment. Solid lines (a,

b) and colour map (c) correspond to a thermal conductance at the MG-Si3N, interface

of =125 MW/m?/K. The dotted and dashed lines in (a, b) were calculated for F = 60 mJ/cm? and thermal conductance at the interface equal to ¢ = 625 MW/m?/K and ¢ = 25 MW/

m?/K, respectively.
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Weak rings from the metallic layer are seen in the bottom of both images, The differential image (e) resulting from subtraction of the image (c) from (d) shows a broad dark ring
corresponding to the missing amorphous phase in the irradiated sample (d) and fine bright rings originating from the crystallization products.

Fig. 2a, an increase of o by a factor of 5 decreases the duration of the
high-temperature stage by a factor of ~2. It thus follows that within a
reasonable range of ¢ values the effective time spent by the film in
the high-temperature regime is of the order of a nanosecond.

The fast temperature changes in the process described above are
not compatible with common techniques to determine the actual
temperature of the sample, so in this work we provide the fluence
deposited by the laser and estimate the corresponding temperature
jump based on the model of heat transport in the film and substrate.
Furthermore, the estimation of the maximum temperature of the
MG layer depends on the calculations of deposited heat and is af-
fected by a collection of uncertainties on deposited energy density
(depending on laser pulse energy, spot size determination, angle of
incidence and estimation of optical properties and thermodynamic
properties of materials involved - heat capacity and thermal con-
ductance). In particular, it may lead to an overestimation of the
maximum sample temperature, which in our experiment does not
exceed above the liquidus for the case of F =60 mJ/cm?. We argue
that since sample melting would be manifested by a sudden varia-
tion of the transformation kinetics as well as a change in typical
surface features and none of those has been detected in our study,
melting is not involved. Nevertheless, the essential characteristics of
the temperature-time profile do not depend strongly on the exact
values of the thermodynamic properties of the materials involved.
Thus, as shown above, some approximations can be made, which
allow a reasonable estimation of both the maximum sample tem-
perature and the cooling rate.

Another challenge is possible heat accumulation upon repetitive
laser irradiation. The essential assumption of the UPLA is that after
optical excitation the sample cools down to room temperature be-
fore it absorbs the subsequent laser pulse. At sufficiently high laser
repetition rates this assumption is not satisfied and accumulation of
heat would accelerate the transformation kinetics. To eliminate
these effects, we applied laser pulse repetition rates ranging from 1

to 50 Hz in the current study. By comparing the kinetics for the same
number of pulses but different repetition rates for selected fluences,
we verified that in this frequency range the transformation progress
does not depend on the repetition rate and scales solely with the
number of laser pulses. This observation agrees with numerical so-
lutions of the heat-diffusion equation, which show that the fre-
quency of 50Hz is sufficiently low to completely exclude heat
accumulation. It follows that the effective annealing time scales
strictly with the number of applied pulses. The maximum number of
pulses used in the current study was 2 x 10°, which corresponds to
an effective annealing time of the order of hundreds of micro-
seconds.

Apart from accumulation of heat, one has to consider build-up of
surface modifications leading to a variation of scattering properties
due to increased roughness and/or modifications of the index of
refraction related to chemical and concentration changes. Those
changes may in turn lead to variation of the maximum temperature
reached by the film upon multi-pulse irradiation. These complex
effects are difficult to include in numerical simulations in a reliable
way. For this reason, we use the laser fluence (which was actually
controlled throughout the experiment) rather than temperature as
the parameter characterizing the transformation kinetics. For con-
sistency, we also use the number of laser pulses instead of effective
annealing time to describe the transformation progress. Keeping in
mind that the effective annealing temperature increases mono-
tonically with F, and N is proportional to the effective annealing
time, each of the XRD patterns and TEM images has been assigned a
specific pair of variables F and N, which completely describe the
conditions of the transformation.

3.2. In-situ XRD results

A schematic layout of the grazing-incidence XRD experimental
setup used during the synchrotron experiment is presented in Fig. 3a
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Fig. 4. Azimuthally integrated differential XRD pattern of a fully crystallized MG film
(F = 60 mJ/cm?, N=350) at 25 keV. The Bragg peaks belonging to Cu (red) and ZrO,
(blue) crystalline phases are indexed. The insets shows ZrO, (111) and Cu (111) peaks,
fitted by a Lorentzian function.

and b shows SEM image of a laser-modified area with marked size of
an X-ray beam.

In order to quantitatively analyze the XRD data, the 2D differ-
ential patterns were azimuthally integrated by means of the pyFAI
software [48]. First, the necessary geometrical corrections, image
subtraction, azimuthal integration, and normalization to the in-
cident X-ray intensity were applied and the peak position and in-
strumental peak broadening were calibrated with the help of
measurements of a standard reference material (LaBg). For the image
in Fig. 3e, the resulting intensity as function of the scattering angle
20 is shown in Fig. 4. A quantitative analysis of the pattern shows
that all peaks can be attributed to Bragg reflections of two crystalline
phases: (i) cubic Cu (Fm3m) with a lattice constant a =3.600(1) A
and (ii) cubic ZrO, (Fm3m) with a lattice constant a =5.081(2) A. The
broad, negative peak centered at about 26 =13° and the depression
of the curve located around 26 =23° are the first- and the second-
order structure factor peaks of the Cug;Zrs3 glass which has trans-
formed into crystalline phases upon annealing. We find no indica-
tion for the formation of crystalline Cu-Zr intermetallic compounds
or metallic Zr. Judging from the intensity of the Cu and ZrO, Bragg
peaks, the volume fraction of the two phases is comparable when
the crystallization process is completed.

To access the kinetics of formation of the crystalline phases, we
carried out Bragg peak profile analysis of the differential XRD pat-
terns acquired for different F and N. For the peak fitting we have
chosen a Lorentzian function:

y — y + %$
T A% — xc )2+ w?
where y, is the peak offset, A the area, w the full width at half
maximum, and x, the peak position. This function was found to ac-
curately reproduce the actual Bragg peak profile (after linear base-
line subtraction), as demonstrated by exemplary results of the peak
fitting for the ZrO, (111) and Cu (111) reflections (inset of Fig. 4). We
use all parameters of the Lorentzian fit, namely peak position, area
and width, to characterize the transformation process. Assuming
non-textured growth, the integrated scattering intensity of any
particular diffraction peak (approximated by the area of the Lor-
entzian function) represents a relative measure of the volume frac-
tion of the corresponding phase. From the peak width, we estimate
the average grain size, using the Scherrer equation [49], taking in-
strumental broadening into account. Finally, examining the peak
position relative to the nominal value (calculated from the known,
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equilibrium lattice parameters of 5.1280 A and 3.61491 A for ZrO,
[50] and Cu [51], respectively) allows conclusions on the strain.

Similarly, Gaussian fits of the broad peak originating from the
amorphous phase were carried out (for the non-differential XRD
patterns) to extract supplementary information on the kinetics of
the devitrification process. The integrated scattered intensity of the
amorphous peak (approximated by the area of the Gaussian func-
tion) represents the relative measure of the volume fraction of the
amorphous phase. From the position of the peak, the concentration
of Cu in the alloy was derived applying the linear relation estab-
lished in Ref. [16] for Cu-Zr MGs. Due to the overlap of the amor-
phous halo and the Bragg peaks, the reliable fits for the amorphous
phase were possible only for the initial/intermediate stages of the
devitrification. At further advancement of transformation, the
parameters of the Gaussian peak become significantly affected by
strong Bragg peaks. The lower limit for the reliable amorphous peak
fitting was arbitrarily set at approximately 30% of its initial (max-
imum) intensity.

Results of such an analysis as a function of the number N of
applied laser pulses are presented in Fig. 5 for a “low” (16 mJ/cm?;
left panel) and a “high” fluence (60 mJ/cm?; right panel). Fig. 5a and
b compare the integrated intensity of the (111) diffraction peaks of
the crystalline ZrO, and Cu phases. For low laser fluence (Fig. 5a), the
precipitation of cubic ZrO, and Cu from the amorphous matrix oc-
curs at a similar rate. Devitrification under these conditions pro-
ceeds as a regular decomposition into two constituents: the Cu
expelled by the crystallization of ZrO, gradually crystallizes, or
equivalently, the excess Zr from crystallization of Cu, oxidizes at the
surface. Repeating the devitrification at high fluences (Fig. 5b),
however, reveals a decoupling of the crystallization kinetics of the
two phases. Here, the formation of ZrO, is completed after a few ten
pulses while the Cu-signal saturates only at N = 350. This shows that
oxidation of Zr at the surface is the energetically dominant me-
chanism and is favorable even without the enthalpy gain due to the
formation of crystalline Cu. As shown in Fig. 5a and b, the kinetics of
formation of crystalline products of devitrification is correlated with
the rate of decrease of the contribution of the amorphous phase. The
decrease is accompanied by a systematic shift of the position of the
amorphous peak (not shown) towards higher diffraction angles,
from the initial value of about 12.9° to about 13.1° in the 26 scale.
This shift can be attributed to the change of the Cu concentration in
the MG from the initial 66 at% of Cu (as measured by XPS for the as-
deposited sample) towards higher concentrations (up to 70 at% of Cu
within the reliable amorphous peak fitting range). The observed
enrichment of the amorphous phase in Cu is in agreement with the
described above scenario of surface oxidation of Zr species.

The N-dependences of the average ZrO, and Cu grain sizes are
depicted in Fig. 5¢ and d. At low fluence, the mean grain size remains
at near constant values of about 8 nm and 15 nm for ZrO, and Cu,
respectively. This can be rationalized by considering that since the
crystallizing phase has a different stoichiometry than the sur-
rounding material and thus the crystallization process is diffusion-
limited, a local depletion will occur, limiting the final grain size. At
high fluence, when ZrO, crystallizes first, the concentration of Cu in
the remaining amorphous material increases gradually and enables
the formation of larger Cu crystallites during the later stages of the
devitrification. We will show later based on TEM images that this
enrichment of Cu is not limited to the interface with the crystalline
Zr0,, but most likely occurs over the entire depth of the film.

Fig. 5e and f shows the evolution of crystalline lattice strain
calculated from a ratio between the fitted and the nominal (equili-
brium) (111) peak position. Independent of fluence, the peaks of
both, ZrO, and Cu, are shifted to larger diffraction angles (relative
peak position > 1) indicating compressive strain. The saturation le-
vels of the relative peak position/compressive strain are similar for
both fluences. However, the strain present in the oxide (~1%) is by a
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Fig. 5. Response of the Zr0O,(111) - blue, Cu (111) - red and amorphous - green peaks to number of laser pulses, up to N =10 for low fluence (left) and up to N=350 for high
fluence (right). The transformation progress (a, b), mean crystal size (c, d) and the strain (e,f) derived from fits of the amorphous and (111) peaks of ZrO, and Cu are shown. The
maximal peak intensities, corresponding to a completely crystallized sample, are marked in Fig. 5b for ZrO, and Cu (blue and red dashed lines, respectively). For clarity, every

second error bar is plotted.

factor of about 4 higher than that in metallic copper (~0.25%). For
low fluence, the strain in both crystalline phases remains almost
constant during annealing, while in the case of high fluence, the
strain progressively relaxes with increasing number of laser pulses.
This observation indicates that in the beginning of the devitrification
induced by high-fluence pulses compressive stress builds up in the
crystalline lattice of ZrO, and (to a smaller extent) of Cu, which
partially relaxes with further annealing.

To visualize the overall transformation kinetics, Fig. 6 shows the
values of F as a function of N required to reach 5% (open symbols)
and 33% (filled symbols) transformation progress for the ZrO, (blue)
and Cu (red) phases. For each phase the transformation progress was

determined from the integrated intensity of the corresponding (111)
Bragg peaks relative to the observed maximum values (3.7 a.u. and
4.5 a.u. for ZrO, and Cu, respectively, as marked by the dashed lines
in Fig. 5b). 5% and 33% levels were selected because the former
marks the onset of the transformation, whereas the latter is the
highest value that was reached during the observation time for all
fluences above 10 mJ/cm? The number of pulses necessary to in-
crease the crystalline fraction from 5% to 33% is also a measure of the
initial rate of the glass-crystal transformation. As discussed in the
previous paragraph, the formation of ZrO, and Cu phases exhibits
similar kinetics at low fluence and a decoupling of the kinetics in-
volving a considerable acceleration of ZrO, crystallization with
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Fig. 6. N-dependent selected values of transformation progress (5% and 33% of the
maximal observed phase content) of zirconium oxide (blue symbols) and metallic
copper (red symbols) plotted for all values of laser fluence. Solid lines are a guide for
the eye for 33% transformation progress.

respect to that of Cu at high fluence. As shown by the data in Fig. 6,
the transition between these regimes occurs between 30 and 50 mJ/
cm?. Below 30 mJ/cm? precipitation of ZrO, and Cu from the amor-
phous phase occurs simultaneously with the rate of formation of Cu
crystals only slightly lower than that of ZrO,. Above 50 mJ/cm?, ZrO,
crystallization is clearly accelerated and its onset significantly pre-
cedes that of Cu crystallization. The trend is found up to the highest
fluence used in our study (60 mJ/cm?).

3.3. Electron microscopy analysis

The surface morphology of films studied in the synchrotron ex-
periment was characterized ex situ by scanning electron microscopy
(SEM). Due to the Gaussian fluence distribution of the pump laser on
the sample, different regions of the laser-modified zone (Fig. 2b)
were exposed to a different effective fluence during irradiation. This
results in a spatial distribution of the characteristic surface features
which develop during repetitive laser irradiation. Fig. 7 displays
typical laser-induced surface modifications appearing successively
with an increasing dose D = N x F. As shown in Fig. 7a, the sample in
the as-prepared state exhibits some sub-micrometer features visible
as darker spots. The first indication for UPLA-induced surface mor-
phology modification is the appearance of a regular, wavy pattern
(Fig. 7b), corresponding to ripples at a lateral length scale of several
ten nanometers, which correspond to a modulation of the surface
topology with a periodicity scaling with the wavelength of the in-
ducing light [52]. On further irradiation, damage of the film sets in.
The damage is initiated by localized fracture and partial removal of
the film material, resulting in the appearance of small craters
(Fig. 7c). We suggest that the damage originates from surface defects
in the as-prepared state. Such “weak spots” are more prone to
fracture and film delamination than the non-defective regions. Fur-
ther film damage and progressive material removal at higher N is
correlated with an apparent drop of the scattered X-ray intensity. We
note that data collected for considerably damaged films were ex-
cluded from the XRD analysis above and are not considered in this
work. Since ripples and craters can be distinguished in the SEM
image, we could determine their external contours and establish a
relation between the amount of modified surface area and the ir-
radiation dose. By comparing areas enclosed by such contours with
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the beam profile defined by the fluence scans [53] we were able to
calculate the threshold fluences at which different morphologies are
induced as a function of N. The N-dependent threshold values for
surface waviness and fracture are plotted in Fig. 7d.

To get further insight into the mechanism of laser-induced de-
vitrification, spots irradiated with various numbers of laser pulses of
different fluences were structurally examined by TEM (see Fig. 8),
together with EDX studies of the chemical composition. The cross-
section of the as-deposited sample (Fig. 8a) consists of ~33 nm of Cu-
Zr MG between ~45 nm buffer and ~3 nm capping amorphous silicon
nitride layers, in good agreement with the results of the XRR mea-
surements. The small contrast modulations visible inside the MG
film were investigated by EDX and found to correspond to local
variations in concentration of about + 5 at%. For a sample irradiated
with a single laser pulse of 60 mJ/cm? (Fig. 8b), a thin (~3 nm) layer
of a new phase formed on the surface of the film, which manifests in
the TEM image as a dark grey region and is composed of zirconium
and oxygen atoms according to the EDX analysis. Irradiating the
sample with 10 pulses of 60 mJ/cm? results in a thickening of the
oxide layer to ~8 nm (Fig. 8c). Upon further irradiation (N = 100), the
oxide layer grows to ~15 nm and fcc-Cu grains appear in the initially
amorphous film (Fig. 8d). However, not the entire amorphous film
has crystallized, as expected from the intensity of Bragg diffraction
after this treatment, and the fcc-Cu grains are not dominantly
formed at the ZrO, interface, indicating that fcc-Cu nucleates
homogeneously even at high fluence conditions. A detailed analysis
of the HRTEM data collected for the sample irradiated with 100
pulses of 60 mj/cm? (Fig. 8e) allowed to identify two crystalline
phases: Cu (Fm3m) and ZrO, (Fm3m), which is in agreement with
the XRD results. A HRTEM image of an interface between the me-
tallic film and the amorphous SiN buffer of the same specimen is
shown in Fig. 8f. The sharp interface visible in Fig. 8f indicates that
interdiffusion between SiN and metal was negligible both in the as-
grown and the irradiated samples. It is worth mentioning that a
comparison of the cross-section TEM micrographs taken for different
values of N revealed an increase of the film thickness along with
UPLA. We found that the as-deposited metallic film of ~33 nm pro-
gressively increases its thickness by approximately 2, 4 and 6 nm
after irradiation with 1, 10 and 100 pulses, respectively. The increase
of the overall (metallic plus oxide) film thickness is attributed to
incorporation of oxygen from the atmosphere upon formation
of Zr0,.

4. Discussion

The objective of this study was an experimental investigation of
the rapid devitrification of Cug;Zr33 TFMG during annealing in air. To
access the fast high-temperature kinetics of the glass-crystal trans-
formation we employed a novel method based on a step-wise an-
nealing of the film by ultrashort laser pulses and probing the
intermediate, frozen-in stages of transformation by grazing-in-
cidence X-ray diffraction and TEM. In order to inhibit the un-
controlled oxidation of the as-deposited film we used a thin
amorphous SiN protective capping which acts as an efficient barrier
for oxygen diffusion during sample storage but on laser irradiation
becomes immediately permeable for oxygen. Whether the effect is
due to damage of the thin capping layer, caused by a laser-induced
pressure/strain wave, or by other factors, is beyond the scope of this
paper. Regardless of its origin, this effect allows to probe the initial
stages of devitrification of an initially amorphous and non-oxi-
dized film.

The current experimental results show that UPLA of Cug;Zrs3
TFMG leads to transformation into cubic zirconium oxide and me-
tallic fcc copper phases. No traces of other crystalline phases were
detected by XRD or TEM in the irradiated films. The above phase
transformation differs from that typically reported for Cu-Zr glassy
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Fig. 8. Cross-section TEM micrographs of the as deposited (a) and laser-irradiated (60 mJ/cm?) films (b—d). Prefixes a and c refer to amorphous and crystalline phases respectively
as confirmed by selected-area electron diffraction. High-resolution TEM of the film irradiated with 100 pulses (60 mJ/cm?) showing the ZrO, layer region (e) and an interface
between the metallic film and the amorphous SiN buffer (f). In (e) and (f) denoted are phases identified by fast Fourier transform of the selected areas of the image.
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ribbons, which on annealing tend to form one or more Cu-Zr in-
termetallic compounds present in the equilibrium Cu-Zr phase
diagram [54]. We attribute it to a different transformation pathway
during UPLA of Cug;Zrs3 TFMG, where Zr rapidly diffuses to the
surface of the film, driven by the enthalpy gain due to nucleation of
Zr0, and resulting in an enrichment of the sub-surface region in Cu,
which is expelled from the MG during Zr oxide formation. This ef-
fect, driven by high affinity of Zr for oxygen, is responsible for an in-
depth compositional variation.

Some aspects of phase selection in UPLA are worth discussing in
more detail. Firstly, formation of a cubic polymorph of zirconium
dioxide is a rather unexpected effect since cubic ZrO, is thermo-
dynamically stable only above 2370 °C. The equilibrium state of ZrO,
at room temperature is a monoclinic phase which transforms into a
tetragonal structure at 1443 K [55]. Most published works on the
oxidation of Zr-based MG report the formation of monoclinic and
tetragonal ZrO, [56,57], but in some studies their coexistence with
minor amounts of cubic ZrO, is mentioned [20,58]. The current data
show that cubic ZrO, is the only polymorph of zirconium oxide
identified both by XRD and TEM, independently on laser fluence and
number of laser pulses. Furthermore, the cubic phase remains stable
at room temperature for an extended period, since it was observed
by the TEM several months after the synchrotron experiment. In our
interpretation, the stabilization of the high-temperature cubic ZrO,
is due to incorporation of Cu atoms in the crystalline structure of the
oxide. According to literature, the high temperature tetragonal and
cubic phases of ZrO, can be stabilized at room temperature by
adding appropriate dopants or by exploiting size effects [59,60]. In
particular, the stability of Cu-doped cubic ZrO, nanocrystalline
powders has been reported to extend down to room temperature
upon Cu addition in the range of 1-25 at% [61]. The authors of ref.
[61] observed a shrinkage of the unit-cell constant from 5.118A to
5.106 A with increasing the Cu content and a similar trend is present
in our XRD data. In our case, however, the lattice constant is even
lower (5.081 A), although the EDX analysis of the ZrO, layer suggests
that the Cu content in the oxide region does not exceed 10 at%. This
indicates that the lattice constant is affected both by the presence of
Cu atoms and by a compressive stress developing during formation
of the oxide and it partial relaxation, as shown in Fig. 5f.

While the extended stability of cubic ZrO, can be explained by Cu
doping, the question remains why cubic ZrO, is formed in UPLA and
not during conventional annealing of bulk and TF Cu-Zr MGs. In our
opinion, this difference is caused by the highly non-equilibrium
conditions under which UPLA occurs. In contrast to conventional
annealing, which employs low heating/cooling rates, devitrification
upon UPLA involves extremely rapid temperature variations and
ultrafast transformation rates. According to our results, a time
window of the order of a nanosecond (one laser pulse of 60 mJ/cm?,
see Fig. 2a) is sufficient for a 3 nm thick layer of an oxide to form
(Fig. 8b). The above implies that the initial oxidation front proceeds
at a rate reaching meters per second which is many orders of
magnitude higher than the rate of oxidation observed during con-
ventional heating of Cu-Zr MGs [2,20]. At such high interface velo-
cities, substantial solute trapping occurs [62,63] leading to extreme
supersaturations extending up to five orders of magnitude beyond
the equilibrium solubility [64]. While during conventional annealing
oxidation occurs on a sufficiently long time scale for Cu partitioning
between the oxide and the glassy phase, the in-depth diffusion of
small oxygen atoms [65] is considerably faster than that of copper
during UPLA. As a result, Cu atoms become partially trapped behind
the progressing crystalline oxide/amorphous metal interface and
stabilizes the cubic ZrO, phase.

Formation of a ZrO, layer on the free surface of the MG film
implies that the residual amorphous phase becomes depleted in
zirconium (or equivalently enriched in copper) which is confirmed
by the shift of the broad diffraction maximum. Similar compositional
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variation effect has been previously reported for CuspZr;, melt-
quenched amorphous ribbons and was related to stabilization of the
subsurface region [21]. The stabilization was attributed to a shift of
the amorphous phase composition towards the equiatomic one,
which exhibits enhanced glass-forming ability. Since Cug;Zr33 alloy
is close to the Cu-rich limit of the glass-formation range (~70 at% of
Cu) [15,16], further increase of the Cu concentration destabilizes the
amorphous phase which eventually crystallizes. During conventional
annealing experiment crystallization of Cu-Zr MGs proceeds typi-
cally by nucleation and growth of one or more intermetallic com-
pounds [10,15,54] which appear in the equilibrium Cu-Zr phase
diagram [66]. As mentioned above, we did not observe any traces of
Cu-Zr intermetallic compounds within the investigated range of F
and N. To our knowledge, metallic copper has not been previously
reported as a crystallization product of Cu-Zr MG. The current ex-
perimental results do not allow us to provide an unambiguous ex-
planation of the lack of Cu-Zr intermetallic compounds among the
crystallization products, but one can speculate that precipitation of
Cu is related to the presence of amorphous phase nano-scale com-
positional fluctuations detected by TEM both in the as-deposited as
well as in laser-irradiated films. Due to the presence of Cu-rich re-
gions, the local nucleation probability of fcc Cu can exceed that of
intermetallic Cu-Zr compounds. Similar effect resulting in nano-
crystallization of fcc Al and attributed to amorphous phase separa-
tion has been observed in Al-rare earth MGs [67]. We note that
phase separation has been previously reported for magnetron-
sputtered Cu-Zr MG film [68] (same technique as applied for sam-
ples investigated in the current study), but not for liquid-quenched
ones [69].

The main advantage of the current approach is the possibility to
evaluate the crystallization kinetics as well as the microstructure
evolution. The changes in relative volume fraction and average grain
size of ZrO, and Cu shown in Fig. 5 allow comparison of the low- and
high-fluence crystallization kinetics. During solidification of an alloy
with solid/liquid interfacial kinetics limited by diffusion [70] the
maximum of the crystal growth rate is located at higher tempera-
tures than the maximum of crystal nucleation rate. According to data
shown in Fig. 5c and d, the growth of grains is detected only for high
fluence with no specific trend visible for low fluence. When com-
paring the grain size evolution with the crystalline phase contribu-
tion plotted in Fig. 5a and b, it is clear that at low temperature the
increase of the crystalline fraction of both ZrO, and Cu is due to
increasing number of nano-size grains of approximately constant
size while at high temperature the transformation kinetics reflects
mainly grain growth. This observation demonstrates that UPLA al-
lows access to fast, high-temperature transformation kinetics which
— as predicted for metallic alloys [71] — is dominated by crystal
growth.

Apart from general trends, which are similar for ZrO, and Cu, the
temperature-dependent transformation kinetics (the number of
laser pulses required for the transformation to proceed from 5% to
33% as depicted in Fig. 6) is clearly different for the two phases. This
difference suggests that while oxidation and crystallization are in-
terrelated processes, their temperature-dependent rates are not
identical. From Fig. 6, it can be seen that oxidation accelerates with
increasing temperature faster than precipitation of Cu. This ob-
servation might be explained by different activation energies for
diffusion of atomic species involved in devitrification. It can be ar-
gued that while oxidation is controlled by the in-depth diffusion of
oxygen through ZrO, towards the ZrO,/glass interface [20], nuclea-
tion and growth of Cu are limited by diffusion of Cu in the glassy/
supercooled liquid phase. According to the literature, the activation
energy for self-diffusion of oxygen in zirconia is about 2eV [72],
while that of Cu in (equilibrium) Cu-Zr liquid is about 0.6eV [73].
Such a difference in activation energy implies higher temperature
sensitivity of oxygen diffusivity as compared to Cu, which is in
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agreement with our experimental observations. In the described
above scenario, Zr atoms are mostly immobile and the transforma-
tion is controlled primarily by an extremely rapid diffusion of oxygen
and slower diffusion of Cu. This view is supported by very recent
experimental reports showing that the diffusivity of Cu in amor-
phous/supercooled liquid Cu-Zr alloys greatly exceeds that of Zr [74].

Judging from the SEM data summarized in Fig. 7d, the N-de-
pendent fluence thresholds for surface morphology modifications
exhibit similar trends to those shown for the onset of the glass-
crystal transformation in Fig. 6. However, the thresholds of surface
morphology modifications are not fully correlated with the onset of
devitrification. A general trend emerging from this comparison is
that the devitrification does not start before the ripples form on the
surface. The periodic modulation of the material surface after fs-
laser irradiation (so called LIPSS - laser-induced periodic surface
structures) is a well-known phenomenon occurring both in metals
and in dielectrics [52]. The actual origin of LIPSS formation remains
not completely understood and the elucidation of the mechanism of
surface morphology modifications is beyond the scope of the cur-
rent work.

5. Summary

In the current work we report on the first application of ultra-
short pulsed laser annealing combined with microbeam XRD and
TEM characterization for resolving the fast crystallization kinetics of
thin-film metallic glasses. The proposed approach is based on ul-
trafast heating of a thin MG film, which partially devitrifies at ele-
vated temperature, cools down extremely rapidly by heat dissipation
into the substrate and remains frozen at room temperature in an
intermediate glass-crystal transformation stage. The estimated time
scales of the crystallization process resolved by the UPLA range from
nanoseconds up to hundreds of microseconds, depending on the
fluence of the laser pulses and thus the effective transformation
temperature. By probing the subsequent devitrification stages by
XRD, TEM and SEM, we follow transformation of thin-film Cug;Zr33
MG during UPLA treatment. The results allow us to propose a con-
sistent model of this phase transition. We found that the devi-
trification process involves the ultra-fast formation of a thin layer of
cubic ZrO, on the free surface of the film and the precipitation of fcc-
Cu in the sub-surface region. Our experimental observations indicate
that the transformation kinetics changes from a nucleation-domi-
nated to a growth-dominated mechanism when going from low to
high effective annealing temperatures.

As a final remark, we note that besides devitrification, the pro-
posed approach can be successfully applied for resolving of fast, high
temperature kinetics of other structural phase transitions in solids
stimulated by ultrashort pulsed laser annealing. In particular, the
method can be potentially useful for in-situ monitoring of laser-in-
duced surface reactions such as those in catalytically active thin
films and coatings.
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