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Abstract

This paper reports a study of the effect of laser pulse repetition rate and substrate temperature on the properties of crystalline
Sc,0; films grown on <0001>-oriented sapphire via pulsed laser deposition (PLD). For the range of substrate laser-heating
powers investigated, optimum <111>-film growth was obtained at the highest available repetition rate of 100 Hz. Scan-
ning electron microscopy and X-ray diffraction measurements revealed that a decrease in the repetition rate favours highly
textured/island growth. The repetition rate was also proven to affect the lattice constant of the films, with a difference up
to 0.3% between the films grown at high and low repetition rates. The general trend indicates that the out-of-plane lattice
constant of the film shifts closer to the bulk value when the pulse repetition rate is increased. However, the lattice constant
could also be reduced through in-situ post-growth annealing, which had the additional benefit of reducing the width of the
(222) rocking curve peak. This work provides further evidence that energetic-PL.D dynamics leads to higher quality PLD-
grown crystalline films and for this material undermines the old adage that lower pulse repetition rates lead to higher quality

thin-film crystalline growth.
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1 Introduction

Scandium oxide (Sc,05) films have been used in a wide
range of optical and electronics applications. Exploiting
its wide optical transmission bandwidth (0.21-8 pm), high
thermal conductivity (18 Wm_lK_l), and ability to host rare-
earth ions, crystalline Sc,05 has been investigated in vari-
ous waveguide and thin-disk laser formats [1-5]. Moreover,
amorphous Sc,0; films have been incorporated into both
anti- and high-reflection optical coatings [6-8], including
those catering for the UV-wavelength regime. The mate-
rial’s high-energy band gap (5.8 eV), and resilience to higher
power operating regimes than conventional dielectric materi-
als, was demonstrated for coatings based on pairs of Sc,05/
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Si0, layers having a 30% higher laser-damage threshold than
comparable HfO,/SiO, coatings [8]. In electronics, Sc,04
and Gd,0; were investigated as potential gate dielectrics in
metal-oxide semiconductors for GaN devices [9—12]. Their
high dielectric constant and good thermal stability led to
a lower gate leakage current, and hence a higher voltage
breakdown. Moreover, Sc,0; has the advantage of having a
better lattice match with GaN compared to Gd,O; (9.2 and
20% mismatch, respectively), which minimises the num-
ber of defects at the interface [9]. The properties of Sc,0;
make it particularly interesting for our intended application,
namely the fabrication of crystalline dielectric mirrors with
potentially excellent laser-damage resistance that will enable
their operation with high average- and peak-power lasers
[13].

Pulsed laser deposition (PLD) is a method of choice for
the rapid synthesis of sesquioxide films, as it enables the
fabrication of crystalline layers at a temperature around
half of the melting point of their bulk-material coun-
terparts [4]. In particular, Sc,05 films have been grown
via PLD for various photonic, electronic, and quantum
technology applications [2, 4, 14, 15]. To date, paramet-
ric optimisation has shed light on the influence of the
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Fig. 1 Schematic of the Sc,0;
unit cell [25], viewed a along
the <001> axis and b perpendic-
ular to the vertical <111> axis.
Frame indicates the unit cell,
containing 32 scandium atoms
(grey) and 48 oxygen atoms
(red)

substrate temperature and background gas pressure [16],
target ablation fluence [4], and other key parameters on
the growth of sesquioxides. One important parameter in
PLD, which has received far less attention so far, is the
role and effect of the repetition rate of the laser used to
ablate the target.

Several studies indicate the existence of two distinct ener-
getic processes in PLD that determine the mobility of the
adatoms on the sample’s surface and mechanisms for the
resultant 2D or 3D growth [17-19]. Although these reports
are for the perovskite family of oxides, of which SrTiO;
(STO) is commonly used as an exemplar system, they show
that 2D or “layer-by-layer” growth is achievable by favour-
ing conditions that frustrate Ostwald island ripening. Blank
et al. [20] demonstrated that delivering sufficient material to
the sample’s surface to complete a unit cell in a short time
interval, i.e., on order of a “characteristic relaxation time”,
can mitigate multi-level 2D (3D) growth. A reduction of this
characteristic relaxation time is observed with increasing
surface temperature, which in turns lowers the probability
of interlayer transport, favouring 3D-island growth. In that
work, improved layer-by-layer STO-growth was achieved
whilst monitoring, via in-situ reflection high-energy electron
diffraction (RHEED), island ripening during the intervals
between ‘bursts’ of pulses (at 10 Hz). Additionally, Eres
et al. [21] quantified the respective time constants for initial
crystallisation of the arriving plume species and subsequent
redistribution between respective layers, with the help of
time-resolved surface X-ray diffraction (SXRD) measure-
ments. When the diffusion time of the adatoms was limited
by reducing the intervals between plasma plumes (down to
200 ms), the authors observed that the relative contribution
of the slower interlayer transport decreased, and layer-by-
layer growth was favoured. Furthermore, the authors stated
that the resultant surface morphology is defined by the non-
equilibrium transients, which if optimised can prevent the
undesirable thermally driven processes that encourage island
ripening, and therefore, consequent 3D growth.
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This paper focuses on the deposition of Sc,0; films
on <0001>-orientated sapphire substrates, with emphasis
on the effects of laser repetition rate, hence the inter-pulse
time, and substrate temperature. The impact of these param-
eters on the crystallinity of the resulting films was analysed
to determine an optimal approach for improving the optical
quality of the deposited layer. A deeper understanding of the
mechanisms involved in the deposition of Sc,0; will pave
the way for the fabrication of hard-crystal multilayers, and
specifically high-quality crystalline Bragg mirrors.

2 Methodology
2.1 Crystallographic considerations

Despite their very different crystal structure, the cubic
phase of Sc,0; can grow epitaxially on the trigonal lat-
tice of a-Al,O5 [2]. More precisely, the <111>-orien-
tation of Sc,0; presents a threefold rotational symme-
try similar to <0001> (a-Al,0O3). This orientation has a
quasi-lattice match with the substrate following the rule
of 3 X q_pp0, # V2 X a0, With a,_y o = 0.4758nm
the lattice parameter in the (0001)-plane of @ — Al,O; and
ag. 0, = 0.9846nm the lattice parameter for the cubic Sc,0;
crystal. Correspondingly, there is only a mismatch of 2.5%
[2, 24], which is the smallest among all the orientations of
Sc,0;. It is thus expected to be the preferred orientation
for the resultant epitaxial growth if presented with an ideal
(0001)-plane a-Al,O5 surface.

A key difference for our work presented here, with respect
to SrTiO; growth [17, 18], is that Sc,05 has a~3-times
larger crystal structure [25]. The unit cell comprising bi-
layers of scandium and oxygen atoms is shown in Fig. la
looking along the [001]-axis. Figure 1b illustrates the crystal
planes corresponding to < 111 >-growth, as obtained under
optimal deposition conditions discussed in the next sec-
tions, showing a periodic layering of the scandium atoms.
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On average these Sc-atom layers are spaced by 0.284 nm,
whilst the oxygen atoms are not as strongly confined to a
‘layer’ between them.

2.2 Experimental setup

All depositions detailed in this study were performed
using the PLD setup detailed in [22]. However, as a brief
summary, for target ablation, we use a KrF excimer laser
(Coherent COMPexPro 110) operating at 248 nm, with a
pulse duration of ~20 ns and repetition rate that is variable
from 1 to 100 Hz. The pulsed UV laser beam subtends an
angle of incidence of 45° to the target and was focussed to
a rectangular spot with an area of (7.5 +0.2) mm? at the
target surface. The Sc,0; ceramic target was sourced from
the manufacturer Testbourne Ltd, fabricated by hot pressing
99.99%-purity powder to a density of ~85% of the native
oxide. The same target was used for all depositions to avoid
any differences between targets. Deposition was made onto
double-side epitaxy-ready polished c-cut sapphire substrates
(10x 10x 1 mm) that were positioned in front of the target at
a distance of (55+ 1) mm. A CO, laser, operating at a wave-
length of 10.6 pm, heats the substrate from the rear side. A
ZnSe tetraprism is used to transform the Gaussian inten-
sity distribution of the CO, laser beam into a quasi-top-hat
square profile of full width equal to the substrate width [23],
which ensured minimal temperature gradients are present
across the surface of the substrate facing the target.

A systematic procedure was followed for all the growths,
starting with evacuation of the chamber to a pressure of
103 mbar, before introducing oxygen to reach a pressure
of 2x 1072 mbar. The temperature of the substrate was then
progressively increased to the required value by ramping
up the incident CO, laser power at a rate of 2 W/min. Pre-
ablation of the Sc,0; target was performed to remove any
undesirable surface contamination before each deposition.
This involved an 18,000-pulse run, at equivalent parameters
used for the actual deposition, whilst shielding the substrate.
After each growth run, the CO, laser power was gradually
ramped down at a rate of 0.5 W/min, minimising the risk of
the sample cracking due to thermal stress.

A preliminary optimisation of the deposition parameters
was performed at a laser repetition rate of 100 Hz. The crys-
tallinity of the as-grown films was characterised by X-ray
diffraction (XRD). Spectra were measured with a Rigaku
SmartLab diffractometer equipped with an in-plane arm, a
9 kW (45 kV, 200 mA) Cu target rotating anode generator,
and a HyPix 3000 semiconductor detector set to 1D mode.
The Cross-Beam-Optics were in the parallel-beam configu-
ration, with 5.0° primary and secondary axial Soller slits,
whilst the source was equipped with a Ge(220) 2-bounce
monochromator. Optimisation of the growth conditions was
based on maximising the height of the Sc,0; (222)-peak,

which is our orientation of interest, whilst minimising the
presence of other crystal orientations. At 100 Hz, an excimer
laser fluence of 1.1 J/cm? and a CO,-laser power of 2324 W
were determined to be the best parameters for the growth of
Sc,05 in our setup. Multiple samples were grown with the
optimal excimer laser fluence, at a variety of pulse repetition
rates ranging from 1 to 100 Hz. To account for the decrease
in the plasma-heating contribution at the lower repetition
rates, three sets of samples were grown with three differ-
ent incident powers for the CO, heating laser: 23 +0.5 W,
27+0.5 W and 29.5+0.6 W (the quoted error corresponds
to the RMS fluctuations of the laser power). The PLD cham-
ber used is devoid of internal diagnostics; however, through
prior studies [26] and simulation, the estimated tempera-
ture of the substrates for the respective heating powers were
(1100 +25) °C, (1150 +25) °C, and (1200 +25) °C. Note
that an additional level of uncertainty is added due to the
difficulty is assessing the heat-sinking effect of the mount
for individual samples. Each deposition was run with 18,000
laser pulses, leading to films ~ 1-pm thick. To avoid any sys-
tematic error related to the degradation of the target, the
order of the growths (in terms of selected repetition rate)
was randomised.

3 Results and discussion

Three key observations will be presented in this section.
First, the repetition rate was observed to define whether the
film would grow with a smooth or textured surface mor-
phology, evidenced by scanning electron microscopy (SEM)
and XRD characterisation. Second, the pulse repetition rate
was found to have a strong impact on the predominance
of the <111>-orientation of the film. Finally, the XRD-26
(222)-peak position increased with decreasing ablation fre-
quency, regardless of the other deposition parameters.

3.1 Surface morphology

To investigate the morphology of the grown films, SEM
images of the growth surface for key samples have been
recorded with backscattered electron detection (Zeiss
microscope, model EVO50XVP equipped with a CZ BSD
detector). Figure 2a—c represents films grown with 23 W
of CO, laser power incident on the substrate, and Fig. 2d—f
corresponds to films deposited on a substrate heated with
29.5 W. For both heating power levels, the density and size
of defects in the grown film increased as the deposition fre-
quency decreased, progressing from left to right in Fig. 2.
Importantly, the film deposited at 100 Hz with a CO, laser
power of 23 W is the only one that presents a uniform and
compact surface (Fig. 2a).
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(a) 23 W - 100 Hz

Fig.2 SEM images of Sc,0O; films deposited with the substrate
heated by an incident CO, laser power ablation-pulse repetition rate
of a 23 W-100 Hz, b 23 W-10 Hz, ¢ 23 W-2 Hz, d 29.5 W-100 Hz,

From the images in Fig. 2, it is evident that decreasing
the repetition rate (left to right in the rows) leads to larger
domains (islands) in addition to an increasing number, and
size, of ‘voids’ at the surface. Domains are, by definition,
regions of independent and uncorrelated growth habit. The
discontinuity of the crystal at the interface between domains
allows small variations of lattice constant between them.
Furthermore, highly textured growth becomes dominant for
increasing heating (top to bottom in the columns of Fig. 2),
which corroborates the proposition that both surface tem-
perature and plume dynamics are responsible for the final
topology of the film.

Blank et al. [20] conducted their study of SrTiO; with
a burst-pulse repetition rate of 10 Hz and a typical deposi-
tion temperature around 800 °C, measuring a relaxation time
on the order of a few-hundred ms, which decreased with
increasing surface temperature. Their objective was to use a
sufficiently fast growth rate to complete a monolayer within
the relaxation time, which would limit the average size of
the 2D islands in that layer. This would in turn mitigate
3D-island growth owing to the smaller diffusion distance
required for interlayer transport. A number of 27 pulses were
required to complete a unit-cell layer with their deposition
conditions, corresponding to a growth rate of 0.014 nm/
pulse or 2.7 s per unit-cell layer, which was enough to frus-
trate 3D growth despite still being longer than the measured
characteristic relaxation time. In our case, for an incident
substrate heating power of 23 W (which we estimate heats
it to~ 1100 °C) and a chamber pressure of 2x 10~ mbar, the

@ Springer

(b) 23W-10Hz

(€) 29.5 W - 20 Hz

(c) 23W-2Hz

e 29.5 W-20 Hz, and f 29.5 W-2 Hz. All the images were captured
with the same magnification of 5000x and the scale bar in a is the
same for all

crystal growth rate was 0.056 nm/pulse. As such, five pulses
(i.e., 50 ms for 100 Hz deposition) were required to pro-
vide enough atoms to complete a Sc-O ‘layer’ and 30 pulses
for a complete unit-cell layer. For a ‘monolayer’ deposition
referring to each of these Sc-O layers, the diffusion time
between pulses is an order of magnitude shorter than those
exploited for SrTiO; growth. Assuming a similar behaviour
in the case of Sc,0;, a decrease in ablation-pulse period
(increase in deposition frequency) may restrict the Ostwald
ripening of 3D islands favouring layer-by-layer growth. This
is in good agreement with our observations in Fig. 2 where
it is evident that the use of a high ablation-pulse period (low
repetition rate) enabled 3D growth, whilst continuous opera-
tion with the optimal parameters at 100 Hz deposition leads
to smoother films just as illustrated by Pulsed Laser Inter-
val Deposition [20]. Furthermore, the enhancement of 3D
growth for higher substrate temperatures supports the idea
of a decreasing relaxation time with increasing temperature
thus a shortening of time available to complete a monolayer,
which was observed with SrTiO; by Blank et al.

Recently, Ulbrandt et al. [18] confirmed that the impinge-
ment of energetic plasma, with kinetic energy on the order
of ~ 100 eV, is responsible for the breakup of coalescing
islands into smaller ones, providing a greater density of
edges for nucleation sites. They showed that the nucleation
length scale, /, is significantly smaller for energetic PLD
with respect to the equivalent conditions with a thermal-
ised plume, the latter achieved by introducing 300 mTorr
of helium into the PLD chamber. In that case, the kinetic
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Fig.3 a Ion probe signals collected for different target-probe distances. The pre-pulses, highlighted by the blue arrow, indicate the arrival of the
UV pulses in the chamber and were used as a reference for time zero. b Energy distribution of the ions for a target-probe distance of 53 mm.

energy of the incident plasma was on the order of 0.1 eV.
The authors demonstrated that energetic PLD suppressed
coarsening of the surface and that a reducing dwell time
between pulses enhanced this characteristic.

To verify the kinetic energy of the impinging plasma
in our experiment, the velocity of the plume front was
measured with a planar Langmuir probe, in the form of a
2x3 mm copper plate, placed at different distances from the
target. A Koopman circuit [27] was connected to the probe
with a bias voltage of — 25 V and a load resistance of 3.1 Q.
The signal was observed and recorded on a digital oscillo-
scope. The pre-pulse at t=0 is due to electron emission from
the probe caused by vacuum-ultraviolet emission from the
laser induced plasma. The time-of-flight (TOF) from target
to probe is determined from the delay between this speed-
of-light reference pre-pulse and the maximum voltage rise
induced by the arrival of ions in the plume. At the nominal
target-substrate distance employed, the time-of-flight of the
ions (or molecules) was TOF=3.4+0.1 ps. The speed of
the plume did not slow significantly during propagation, evi-
denced by a linear best fit to the TOF measured at different
distances, Fig. 3a. This highlights that the background gas
pressure used had negligible impact on the plume dynam-
ics [28]. As a result, with the further assumption that most
of the positive ions have a charge of +e, we can deduce the
energy distribution of the cations for a given deposition dis-
tance. The curve in Fig. 3b is computed using the data in
Fig. 3a, which reveals a significant fraction (~8%) of ions
with energy > 100 eV, sufficient to trigger the island breakup
process [18].

From these observations, it is evident that employing
energetic PLD coupled with inter-pulse dwell times down
to 10 ms, or a continuous deposition frequency of 100 Hz,
favoured layer-by-layer growth of Sc,0; films. Leading to

high-quality crystal layers that have comparable structural
characteristics to those for crystals grown via traditional
methods, as will be detailed in the subsequent sections.

3.2 Predominance of the <111> orientation

Example spectra for the XRD measurements of the films
deposited at 100 Hz and 2 Hz with an incident CO, laser
power of 23 W are presented in Fig. 4a, b. The sample grown
at 100 Hz exhibits a strong peak close to 31.5°, i.e., the
(222)-peak of Sc,0;, and another at 41.7°, the (0006)-peak
of a-Al,O5, which comes from the sapphire substrate. Aside
from the harmonic at 65.7° corresponding to Sc,05 (444),
there is only one other peak visible in the spectrum (note
the log scale used for the y-axis), assigned to Sc,05 (332).
On the other hand, the XRD pattern for the 2 Hz growth
not only presents the same peaks as the 100 Hz growth,
but also reveals the appearance of the <100>-orientation of
Sc,03, as indicated by the (400), (600) and (800) peaks.
The calculated ratio between the heights of the (222)-peak
and the second strongest orientation is equal to 5320 for the
100 Hz deposition, but only 54 for the 2 Hz deposition. It is
also worth mentioning that the second highest peak is not
systematically the (400) orientation at other repetition rates
but varies from one growth to another.

For the purpose of assessing accurately and objectively
the predominance of Sc,0;<111>-growth, we define a
parameter that we will refer to as the ‘area ratio’. To deter-
mine this parameter, we take XRD patterns recorded for
26 values ranging from 20° to 80°, using the Ge-mon-
ochromator and a step-size of 0.02°. We then split the
spectra into three zones: the regions corresponding to
(1) the Sc,05 (222)-peak, (2) the sapphire substrate, and
(3) the rest of the spectrum below the 20-angle of 60°.
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Fig.4 XRD patterns for Sc,05 thin films grown at: a 100 Hz and b 2 Hz both at the same CO, laser power of 23 W

The area ratio is defined as the ratio of the area under
the spectrum of zones (1) and (3), i.e., the area under the
(222)-peak of Sc,0; divided by the area of the rest of
the diffraction pattern, excluding the substrate peak. As a
result, the appearance of additional orientations of Sc,0;
will directly translate to a decrease in the value of the area
ratio. The area under the (222)-peak was calculated for
the 20 range between 30° and 33° to include the relatively
large shoulders of the peak for some of the as-grown films.
Zone (2) representing the contribution from the (0006)-
peak of the sapphire substrate was delimited between
41.4° and 42°. Note that the (444)-peak of Sc,0;, sitting
at 65.7°, is outside zone (3) and therefore not included in
the calculations. Despite the growth of new orientations
at lower repetition rates, Sc,0; <111>remains the most
prominent orientation in all the films.

Before calculating the area ratio, a 25-point rolling aver-
age was applied to each of the XRD curves minimising the
effect of the noise. This distorts the peaks slightly; how-
ever, since the noise remains below a signal intensity of four
counts, this value was chosen to define the limit between
noise and signal. All the points of the smoothed XRD curves
with an intensity count above 4 were replaced by the origi-
nal raw data. This method results in a strong attenuation of
the noise with virtually no effect on the shape of the peaks.
Finally, the remaining offset of the curves was removed.

For a better understanding of the predominance of the
(222)-peak as a function of the repetition rate, a plot of
the area ratios for all the samples is displayed in Fig. 5.
There is a clear trend showing that, for each substrate
heating power, Sc,0; <111>-growth becomes predomi-
nant at higher repetition rates. As a relative comparison
between the samples, it is noted that the area ratio is higher
than 200 for all the depositions above 20 Hz, regardless
of the substrate temperature. On the other hand, the film
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deposited at 1 Hz with a CO, laser power of 23 W has
an area ratio of only 15, revealing the highly textured or
polycrystalline nature of this film.

The growth of orientations other than <111> appears
to be correlated to the 3D growth enabled through longer
intervals between pulses. The discontinuities in the crys-
tal surface and the interfaces between different domains,
highlighted by the SEM images in Fig. 2, may be the cause
for the growth of these other orientations.

v
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1 | . 1
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Fig.5 Area ratio, defined as the area under the (222) peak divided by
the sum of the areas under all the other peaks (see text for the full
calculation method). Each point on this graph was calculated from the
XRD pattern of a film grown with a specific pulse repetition rate and
substrate temperature. Substrate heating powers: 23 W (red circles),
27 W (purple squares), and 29.5 W (blue triangles)
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3.3 Position of the (222) peak

The relationship between the ablation repetition rate and the
lattice constant of the deposited films is directly calculated
from the position of the Sc,0; (222)-peak in the XRD pat-
tern. However, it was observed that this main peak mostly
had an irregular shape with a strong asymmetry, as also seen
in [2], therefore determining an exact position of each peak
required better definition. Since the position of the peak
maximum does not take into consideration its asymmetry,
the centre of gravity (CoG) of the peak! was selected as the
best method to analyse trends in peak position.

A high-resolution XRD scan was performed to analyse
the shape and position of the (222)-peak for each sample
(step-size of 0.002° and scanning speed of 1°/min). The
data displayed in Fig. 6a show that the XRD peak moves to
higher diffraction angles for reducing repetition rates, which
implies a subsequent decreasing in the spacing between lat-
tice planes in a direction normal to the plane of the substrate.
From the angle of the CoG maxima, we compute a lattice
constant of 9.838 A for 100 Hz and 9.809 A for 1 Hz, corre-
sponding to a difference of ~0.3%. To ensure comparability
between the peaks in Fig. 6a, each diffraction pattern was
corrected (shifted in 26) to position the centre of gravity
of the substrate’s (0006)-peak to 41.7°. This compensates
for any unintentional deviation associated with the crystal
orientation or sample mounting during the measurement.
It is noted that the XRD peak for a-Al,O5; (0006) has been
reported in the literature as between 41.66° and 41.71°. Con-
sequently, our analysis focuses more on the relative position
of the Sc,05 (222)-peak, rather than its absolute position.

The full-width half maximum (FWHM) of the rocking
curves of the films deposited with a heating power of 23 W
is plotted in Fig. 6b. The general trend is an increase of
the deviation in crystallites orientation for higher repetition
rates. One exception was the film deposited at 1 Hz, which
may be due to a steady increase in chamber pressure over
the 5 h deposition run, noted to have risen to~5 X 1072 mbar
at the end of the process. Furthermore, a 5 X 1072 mbar
chamber pressure would reduce the kinetic energy of the
plume by ~35% with respect to the standard conditions used,
determined by subsequent ion-probe measurements at this
background pressure. In-situ post-annealing (for 150 min
at deposition conditions) of the film deposited at 100 Hz
showed a clear improvement in the rocking curve width. It
is also worth noting that the FWHM of the measured rocking
curves, of these nominally 1 pm-thick films, are comparable
to that of the bulk material, which was reported to be 0.3°
[2].

! Standard centre of gravity calculation: for a data set of N points of
coordinates (x;,y;), the centre of gravity is defined by CoG = % PIEAY
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Fig.6 a (222) XRD peak of Sc,0j; films deposited with various rep-
etition rates. The CO, laser powers for substrate heating were: 23 W
(bottom), 27 W (middle), and 29.5 W (top). b Full width at half
maximum of the rocking curves of the samples deposited with 23 W
substrate heating. The blue triangle highlights the improvement of the
100 Hz sample after a 150-min post-annealing step at deposition tem-
perature.

Using the centre of gravity definition, Fig. 7 shows the
Sc,0; (222)-peak position for all the growths performed in
this work. Although, for the majority of the as-grown films
deposited at low repetition rates (<10 Hz), the CoG remains
within the range 31.545°-31.565°, above this frequency, the
peak moves to lower angles. It clearly shows that the lattice
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thin films deposited. The error bar in the lower right corner is valid
for all the points in this diagram (+0.01)

constant approaches that of the bulk material for higher rep-
etition rates.

The error bar in Fig. 7 is indicative for all the data points,
based on the angular resolution of the Rigaku SmartLab
diffractometer (+0.01°). Other sources of uncertainty arise
from the fluctuation of the CO, laser power and the potential
heat-sinking of the substrate holder. Although these are diffi-
cult to estimate precisely and cannot be directly translated in
terms of uncertainty in the peak position, an error of +0.01°
appears reasonable based on repeatability tests.

An 18,000-shot deposition at 100 Hz only takes 3 min
and the power of the CO, laser was ramped down imme-
diately at the end of the deposition. On the other hand, a
1 Hz deposition lasts for 5 h, providing quite a substantial
time at an elevated temperature and time for the initial layers
of the film to anneal and relieve internal stresses. To study
the effect of prolonged exposure to high temperatures, two
Sc,0; thin films were deposited on sapphire under identi-
cal conditions: a CO, laser power of 24 W, an excimer flu-
ence of 1.05 J/cm?, and a repetition rate of 100 Hz. One of
the samples was in-situ post-annealed for 1 h immediately
after deposition with a CO, power of 29 W, under a constant
2% 1072 mbar O, background pressure. The second sam-
ple was removed from the chamber after deposition, XRD
analysis performed, then several weeks later placed back into
the chamber for a 40 min anneal at 29 W (at 2 x 10~ mbar
O, background pressure). Note that the heating laser power
was ramped up and down over 12 min (each way). The XRD
measurements of the (222)-peak for the two samples, plot-
ted in Fig. 8, provide clear evidence that a prolonged expo-
sure at a high temperature has a significant impact on the
final (222)-peak position. This observation indicates that
the post-annealed film has a smaller lattice constant normal
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Fig.8 XRD spectra for the (222)-peak of Sc,0; for identical depo-
sition parameters but different post-annealing durations. Red curve:
film 1 without annealing. Purple curve: film 1 after 40 min of anneal-
ing at 29 W. Blue curve: film 2 with 1 h of annealing at 29 W

to the film plane, which must be compensated by a larger
lattice constant parallel to the film plane. Potentially, this
is due to the fact that Sc,05 has a smaller lattice constant
than the ideal quasi-lattice-match with the c-plane of sap-
phire, for which an ideal cubic structure would have a (222)-
peak of 30.66°. Consequently, during annealing, the film is
stretched in the plane striving to obtain a better match with
the sapphire substrate. The shift of the peak position is also
accompanied with a decrease in its FWHM, along with an
improvement in its symmetry, underlining an improvement
in the crystallinity. The reduction of the width of the rocking
curve in Fig. 6b also corroborates the idea that annealing
relieves defects or strain in the film.

This experiment suggests the explanation as to why the
(222)-peak moves to higher angles for lower repetition
rates. Above a certain repetition rate threshold, the overall
deposition time is too short to give the film enough time to
fully relax. Furthermore, this threshold increases with the
CO,-laser power-substrate temperature (see Fig. 7), which
would favour higher diffusion rates and ‘settling’ of the crys-
tal structure more quickly.

The post-annealing effect on the (222)-peak position,
along with the appearance of domains (Fig. 2), explains
why some of the (222) diffraction peaks in Fig. 6a are com-
posed of multiple sub-peaks. In the XRD measurements,
the X-ray beam incident on our samples had a 5 X5 mm
square profile and hence was not sensitive to micron-scale
features or structuring. Unlike a single crystal where a
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single diffraction peak is realised, a multi-domain highly
textured Sc,05 film will provide a collective response from
each of these domains. This will also be constrained by
localised domain dimensions and the growth of additional
crystal orientations, with their own unique interface condi-
tions. Nevertheless, the FWHM of the peaks range from
0.04° to 0.08°; therefore, in fact, these lattice variations
are relatively small, on the order of ~0.15%.

4 Conclusion

This report presents a study of PLD growth of crystal-
line Sc,05; on <0001 >-sapphire substrates. It highlights
that the crystalline quality and growth dynamics have a
strong dependence upon the deposition pulse repetition
rate. The three key film properties of surface topology,
level of polycrystallinity, and out-of-plane lattice constant
were characterised and related to the deposition condi-
tions, with a prime focus on the pulsed laser repetition
rate, or conversely the inter-pulse period. A reduction of
the repetition rate favoured the formation of islands and
textured crystal growth in the film, as highlighted by SEM
images. Ion probe measurements confirmed that more
than 8% of the ions in the plume had an energy greater
than 100 eV, a level comparable to that required to induce
smoothened growth mechanics in energetic PLD of SrTiO4
[17]. The repetition rate was also shown to be critical in
minimising the growth of undesired crystal orientations
for the range of substrate temperatures investigated; XRD
scans showed that by employing higher repetition rates
(20 -100 Hz), the growth of < 111 >-orientated Sc,0;, the
orientation with the smallest lattice mismatch to the sub-
strate, was distinctly favoured. Using an area-ratio analy-
sis of the XRD spectra, a progressive shift was quantified
from highly polycrystalline films towards almost purely
single-crystal films, with increasing deposition repetition
rate. Additionally, the deposited films’ out-of-plane lattice
constants were determined to increase with increasing rep-
etition rates, observed through the shift in the XRD (222)-
peak position. The ostensible reduction of strain (or defect
density) in the quasi-lattice-matched hetero-epitaxial sys-
tem for slow depositions (< ~ 10 Hz) was reproduced with
fast depositions (100 Hz) and post-annealing the sample.
This protocol consisting of a fast deposition followed by
high-temperature annealing benefits from the aforemen-
tioned advantages of high-repetition-rate growth, whilst
mimicking the strain-relief effects observed in slow depo-
sitions. In conclusion, this study demonstrates that faster
can indeed be better for high-quality crystal-film growth,
which is crucial for realising the deposition rates of inter-
est for real-world applications.
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