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Abstract

Epitaxial Gd20s3 thin layers with the cubic structure were irradiated with 4-MeV Au?*
ions in the 103-10%® cm™ fluence range. X-ray diffraction indicates that ion irradiation
induces a cubic to monoclinic phase change. Strikingly, although the energy-deposition
profile of the Au?* ions is constant over the layer thickness, this phase transformation is
depth-dependent, as revealed by a combined X-ray diffraction and ion channeling analysis.
In fact, the transition initiates very close to the surface and propagates inwards, which can
be explained by an assisted migration process of irradiation-induced defects. This result is
promising for developing a method to control the thickness of the rare-earth oxide

crystalline phases.



Rare-earth oxides (REOs) of chemical formula RE;03 (RE = La through Lu) exhibit

different crystallographic structures (or phases) [1]. For instance, and of interest in the

present study, gadolinium (Gd) oxide has a cubic, bixbyite C-form (IaC_%) at normal room
temperature (RT) and ambient pressure, but the monoclinic B-form
(C2/m) becomes stable at 1500 K at ambient pressure. Since the C-to-B phase transition is
accompanied by volume contraction, the B-phase is stabilized at lower temperature with
increasing pressure [1].

REO-based materials are becoming critical to a variety of high-technology products,
including flat panel displays and batteries for hybrid vehicles (see e.g. [2] and references
therein); due to their radiation-resistance property, they are also studied for nuclear energy
applications [3-6] or, particularly Gd,0s (GO), as solid-state neutron detectors [7]. As thin
(epitaxial) layers grown on silicon, they represent, intrinsically or after doping, possible
high-k (dielectric constant) gate dielectrics for modern metal-oxide-semiconductor devices
[8]. They can also be buffers for growth of alternative semiconductors, the choice of which
depends on the phase of the REO layer underneath [9]; regarding the REO phase, it has also
been shown in GO that the monoclinic structure has a higher k value than its cubic
counterpart [10]. In the case of these microelectronics applications, designing layers with
control over composition, dopant concentration and crystallographic structure would be
highly desirable for high-performance devices.

For this purpose, ion irradiation and/or implantation could be a promising route.
Indeed, ion implantation is a process that allows tuning the dopant depth concentration,
even above thermodynamic solubility [11]. lon irradiation (i.e. with no purpose of
incorporating foreign species) is used for creating defects in materials to modify their

physical properties (as in, e.g., ZnO [12]). This technique can also lead to phase change at



different length scales, which includes crystalline-to-amorphous [13-14],
crystalline-crystalline [14-16] or amorphous-to-crystalline phase transformations [17-18] for
potential technological applications [19-20]. In the particular case of some REOs (e.g. Dy,03
or Gd;03), it has been shown, in textured thin films [6] and in polycrystalline pellets [4-5,21-
22], that the cubic C-form can be transformed into the monoclinic B-form upon ion
irradiation. However, no study has been undertaken so far in epitaxial, high-crystalline
quality thin REO layers.

Crystalline REO (cREO™) layers deposited on silicon wafers have been developed for
microelectronics applications by the Translucent Inc. Company. In this Letter, we present
results on the behavior of one of these types of layers, namely cubic {111}-oriented Gd,0s3
epitaxial layers, under ion irradiation. We show that in this designed material ion irradiation
can stabilize the monoclinic structure of the REO at normal ambient conditions. More
remarkably, it is observed a depth-dependence of the phase change, with the relative
thickness of the two phases being dependent on the ion fluence.

The samples were grown by molecular beam epitaxy (MBE) on Si(111) wafers in a
Veeco Gen20 MBE system using thermal evaporation of Gd in the presence of molecular
oxygen. Details on the layer growth method and structural characteristics such as epitaxial
relationship can be found in [23] and in the supplemental material [24]. As expected, the
layer thickness was ~390 nm and the stoichiometric ratio was Gd/O = 2/3, as determined by
Rutherford backscattering spectroscopy (RBS) analyses (see Fig.S2 of [24]). Samples where
then subjected to 4-MeV Au?* ion irradiation at RT in the 0.25x10* to 50x10'* cm™ fluence
range. Irradiation details obtained using the dedicated SRIM code [25], such as energy-loss
distributions (Fig.S3) and Au ion depth profile (Fig.S4), are provided in the supplemental

material [24]. It is important to mention here that Au ions are essentially implanted in the Si



substrate, with only 0.1% at the GO-Si interface at the highest irradiation fluence
(50x10% cm2); such a small impurity content should not affect the crystalline lattice in this
material, as evidenced in other fluorite-type oxides [26-27]. Both pristine and irradiated
layers were characterized by RBS in random and channeling (RBS/C) modes and by X-ray
diffraction (XRD). For RBS experiments, a 1.4-MeV He* beam probe was used, and the
detector was placed at a 165° angle. Owing to the experimental conditions, a depth
resolution of about 10 nm was achieved (this value holds at the surface but slightly degrades
deeper in the material due to energy straggling, see details in [24]). Both symmetric and
asymmetric XRD measurements were performed; specifications of the set-ups can be found
in [28] and [29], respectively. Symmetric measurements were conducted in high-resolution
configuration using the CuKoi radiation selected by a 4xGe(220) monochromator, and a
crystal analyzer in front of a point detector. Asymmetric measurements were performed in
low incidence geometry using an INEL goniometer equipped with a Ge(111) monochromator
to select the CuKa1 radiation, and a fixed 120° 20-range curved position sensitive detector.
Simulation of the raw RBS spectra (these spectra are plotted in Fig.52 of the
supplemental material [24]) acquired in channeling geometry was realized using a dedicated
code (McChasy code [30]) which assumes that a disordered crystalline material contains a
fraction of defects, hereby called fp, as a form of randomly displaced atoms. Fitting of the
spectra thus allowed obtaining the fp depth distributions displayed in Fig.1. It must be noted
that in Fig.1 is also shown the profile of a layer obtained in random geometry (dashed line)
for a pristine sample: disorder saturates in this case at 100% over the entire layer thickness
because channeling is impossible in this configuration. Nonetheless, the pristine layer is of
very good crystalline quality, as indicated by the very low value of fp (~¥1%) in the profile

recorded in channeling geometry (black line in Fig.1). It must be noticed that fp is higher at
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the GO-Si interface where a slight increase in the disorder (a few percent) is detected over a
~30-nm thickness. Previous observations of these same layers by high-resolution
transmission electron microscopy showed that the interface is clean and abrupt [23].
However, this result from ion channeling indicates that the interface is not perfect but
probably contains a low dislocation density, as observed in other epitaxially-grown films
[31].

After irradiation, three zones can be distinguished as a function of depth. Starting
from the surface, in zone |, the disorder progressively increases to reach the maximum level
(100%) at 35 x10* cm™. Under this uppermost region, zone Il is almost defect-free even at
the highest ion fluence. Zone Il is located at the backside of zone Il and extends up to the
GO-Si interface. Although disorder in this third zone also increases with fluence as in zone |,
it does not reach full disorder but only a maximum of 45% (except in the initially perturbed
30-nm width interface region with Si where a 80% disorder is measured). Note that the Si
substrate is amorphized over a few hundreds of nanometers after the first irradiation
fluences (not shown in Fig.1). The thickness of the three zones depends on the ion fluence,
and interfaces between them are not sharp. For instance, zone |, which is ~100 nm thick at
35x10% cm2, has an interface that extends over ~30 nm; at 50x10% cm?, it has a ~170-nm
thickness. Necessarily, zone |l shrinks between these two fluences, from ~170 nm to ~40 nm.
Zone lll corresponds to the remaining backside layer.

The 100% disorder level determined in zone | by RBS/C in layers irradiated at high
fluence can be due to an amorphization of the layer, to a crystalline-to-crystalline phase
change and/or to the formation of a polycrystalline structure. Low-incidence XRD
measurements were performed on the layer irradiated at 50x10%* cm (Fig.2) to determine

the origin of this high disorder level. Two different incidence angles, 1° and 4°, were chosen.



The corresponding X-ray penetration depths were calculated using the method described in
[32-33]. Considering an attenuation factor of (1-1/e), these depths were calculated to be
~65 nm and ~270 nm at 1° and 4°, respectively. The 1° angle was selected to probe the
near-surface layer, while the 4° angle was chosen to investigate the entire thickness altered
by ion irradiation (i.e. ~250 nm, see Fig.1). Moreover, in order to detect any texture effect,
the scan at 4° was performed with and without the use of the sample spinner.

For the pristine layer, no peak is detected in the large 25°-65° 20-range, which is fully
consistent with the epitaxial nature of the layers for which no reflection is accessible in this
geometry. On the contrary, for the irradiated sample (50x10!* cm™), several peaks are
detected in the scan acquired at 4° using the sample spinner (red curve in Fig.2), meaning
that the layer did not undergo amorphization. Besides, all the peaks can be ascribed to the
monoclinic structure, which indicates that RBS/C results may be interpreted in terms of a C-
to-B phase change. No major reflection corresponding to the cubic structure can be
observed (note in Fig.2 the absence of the (222)c, (400). and (440). peaks that do not overlap
with peaks from the monoclinic form); this finding indicates that there is no polycrystalline
cubic phase in the layer. In the scan recorded at 1°, numerous peaks of the B-form are
already visible, which indicates that the monoclinic phase is present in the first tens of
nanometers, and thus that the phase change took place from the surface.

Symmetric (high-angle) XRD measurements of the (444) reflection of the
{111}-oriented GO layers are presented in Fig.3 (note that a slight offset was applied in order
to avoid the unnecessary (222) reflection of the thick undamaged part of the Si substrate). It
is observed that whatever the ion fluence, the cubic phase is still present because the (444)
reflection of the GO C-form remains visible. Since the B-form is present in the surface layer,

as revealed by the results of asymmetric XRD, the remaining epitaxial C-form layer must be



located beneath (although the presence in the surface layer of small regions of cubic {111}-
oriented GO cannot be completely ruled out). Therefore, the whole XRD measurements
demonstrate the depth dependence of the phase transition.

Several reflections of the monoclinic structure are recorded in low-incidence XRD,
meaning that there is no unique orientation relationship between the B-phase at the top of
the layer and the C-phase beneath since this latter remains single-crystal-like, i.e with a

unique crystallographic orientation. This result is different to what was observed in

irradiated Dy,0s;, where a []_’_LOJ /[1@2} ’{222}0//(40§)m orientation relationship was

noted (c denotes cubic and m stands for monoclinic), but the samples were polycrystalline
pellets [34]; more work is needed here to determine whether there is topotaxic
relationship(s) between the two phases. Yet, a moderate texture is evidenced by the
difference in relative peak intensities in XRD patterns recorded with and without using the
sample spinner (see the two scans at 4° in Fig.2.). XRD peaks recorded at 4° (red curve in
Fig.2) are quite broad and are mainly Gaussian. Considering that the peak broadening is only
due to finite size effect, and taking into account the non-negligible geometric contribution
associated to low-incidence XRD measurements [35], one can use the well-known Scherrer
equation that links peak integral breadth and coherent diffraction domain size to estimate
this latter [36]. An average value of ~35 + 5 nm was found. This value is underestimated
since microstrains, arising from extended defects (see discussion below and [6]), also
contribute to peak broadening. Nevertheless, such a small dimension strongly suggests that
the phase transition proceeds from heterogeneous nucleation of B-form domains. This
assumption was also speculated in [4], and likewise it was shown in irradiated textured Y,03
thin films that the C-to-B transition is preceded by the formation of a high density of

dislocations that leads to a fragmentation of the crystallites into nanograins [6]. To finish,
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the positions of the XRD peaks correspond to those for an unstrained monoclinic structure.
Both the decrease in the molar volume during the C-to-B transition [1], and the likely
formation of extended defects prior to phase transition [6] could explain that the strain
build-up is prevented in the B-form regions.

The occurrence of two different phases as a function of the thickness was observed in
epitaxially grown GO on Ge(001) substrates: GO was found to start growing cubic but
rapidly, in the first ten nanometers, the monoclinic phase settled [37]. This phase transition
was ascribed to strain fields between the crystal structures. It has been clearly demonstrated
in numerous cases that low-energy ion irradiation induces a tensile strain that develops only
along the surface normal direction [38,39], this strain being the consequence of the
formation of crystalline defects. In Fig.3, it is observed that the normal strain, in the C-form
layer, remains low (0.3% at max.) and that it starts to be relieved at very low fluence
(1.25x10'* cm™). The strain relaxation, which occurs concomitantly with the amorphization
of the Si substrate at the GO-Si interface, could be explained by a loss of firm registry
(coherence) between the GO and the Si lattices, and/or by a slight substrate bending due to
an amorphization-induced swelling. Anyway, the strain, which does not exceed 0.3% and
which is rapidly relieved, cannot be the main origin of the observed phase transition.

Another explanation for the C-to-B phase change is related to defect production and
accumulation due to energy deposition upon ion irradiation, as previously shown in
irradiated REOs [4-6] but also in other fluorite-type-structured materials [14-16]. Actually,
defect formation during irradiation leads to an increase in the system energy, and phase
transition is a way for the material to decrease the energy stored upon irradiation. Using the
SRIM code [25], we calculated the two contributions of the Au ions slowing down process,

namely the electronic (Se) and nuclear (Sn) energy-loss depth distributions (see details of the



calculations and corresponding profiles — Fig.S3 - in the supplemental material [24]). Both
contributions are nearly constant over the entire GO layer thickness, with a same level of
~4.5 keV/nm, which is enough to induce a significant number of displaced atoms. However,
the energy-deposition depth distribution seems to be incompatible with the observed
phase-change depth profile, because the latter is depth-dependent while the former is not.
In particular, the C-to-B transition initiates in zone |, i.e. close to the surface, and it does not
take place simultaneously over the entire layer thickness whereas both S. and S, are
constant. This is an atypical phase change because such a process usually occurs in the
region of high S, [40-42], or in the region where S. exceeds a threshold value [43].

In order to account for the depth dependence, in addition to defect creation by ion
irradiation, defect migration and accumulation at the layer surface should be invoked. There
could be several driving forces for such a defect migration to take place. First, the
irradiation-induced normal tensile strain that develops in the first irradiation stage, and/or
the stress induced by the curvature of the Si substrate after its amorphization close to the
GO/Si interface could lead to anisotropic defect mobility (see e.g. [44] and references
therein), with an enhanced migration along the surface normal. Second, a chemical gradient
due to intermixing at the GO-Si interface on the one hand and stoichiometric GO at the layer
surface on the other hand, could also lead to defect migration along the surface normal [45].
Third, defects are most likely charged in this iono-covalent material, and electric fields could
also play a role in their migration, particularly owing to the non-negligible electronic
energy-loss (see Se in Fig.S3.) that induces localized excitations or ionizations [46,47]. A
combination of these driving forces, which could act simultaneously or at different stages of
the irradiation process, could also be considered. A detailed investigation is currently under

way to get a better understanding of this phenomenon; for instance, a change in the ion



stopping range and in the energy regime (Se/Sn ratio) is investigated. This assumption of
defect migration to the surface would explain why a defect-depleted region, which remains
cubic and oriented, is sandwiched between the transformed surface layer and the interface
region with Si that becomes defective (presumably due to intrinsic defects that may act as
traps for irradiation defects).

In summary, Gd,Os epitaxially grown layers on Si substrates experience a cubic to
monoclinic phase change upon ion irradiation at normal ambient conditions. In these layers,
the phase change initiates at the surface and propagates inwards, progressively consuming
the cubic region. This process offers a promising route to control the thickness of the
crystalline phases in REO layers. It is worth mentioning that this phase change could also be
obtained by ion implantation (and not only irradiation) where both doping and structural
transformation would be jointly carried out. Finally, in an attempt to prepare multilayered
materials for microelectronics applications, it might be desirable to try to reduce the defect
density and recrystallize the Si at the GO-Si interface, while preserving the different
crystallographic structures. For this purpose, ion irradiation/implantation above room

temperature and/or subsequent thermal annealing could be envisaged.
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FIGURE CAPTIONS

Fig.1: Disorder depth profiles derived from simulations, with the McChasy code [30], of
RBS/C data obtained for pristine and 4-MeV Au?* ion-irradiated GO layers. Fluences are
expressed in 10* cm™. The dashed line corresponds to a pristine layer as seen in random
geometry. The depth dependence phase-change is materialized by the three zones observed
at the highest irradiation fluence: zone |, where the monoclinic phase is present (fp=100%),
zones Il which is weakly disordered (fp~10%) and zone Ill being mainly the interfacial region

between the GO layer and the Si substrate.

Fig.2: Low-incidence XRD patterns recorded at two different angles (1° and 4°) on a 4-MeV
Au?* ion irradiated (50x10'* cm) GO layer. Curves are shifted vertically for visualization
purposes. The curve corresponding to a pristine layer (and recorded at 4°) is also displayed
as a black dashed line. Patterns marked with a star (*) were acquired with the spinning
mode. Vertical thin solid lines at the bottom of the graph indicate the position of the
reflections for the unstrained monoclinic structure, while grey arrows indicate the positions

of a few major reflections for the cubic form (c denotes cubic).

Fig.3: High-resolution XRD symmetric scans recorded in the vicinity of the (444) reflection of
pristine and 4-MeV Au?* irradiated GO thin layers at indicated fluences. Curves are shifted
vertically for visualization purposes. The vertical dashed line indicate the peak position for a
pristine layer (i.e. the zero-strain level), and arrows show the variation of the normal strain

with ion fluence.
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