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Structural and Optical Properties of High Entropy
(La,Lu,Y,Gd,Ce)AlO; Perovskite Thin Films
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Samyak Dhole, Pinku Roy, Zhehui Wang, Yiquan Wu, Haiyan Wang, Aiping Chen,*

and Quanxi Jia*

Mixtures of Ce-doped rare-earth aluminum perovskites are drawing a
significant amount of attention as potential scintillating devices. However, the
synthesis of complex perovskite systems leads to many challenges. Designing
the A-site cations with an equiatomic ratio allows for the stabilization of a
single-crystal phase driven by an entropic regime. This work describes the
synthesis of a highly epitaxial thin film of configurationally disordered
rare-earth aluminum perovskite oxide (La,,Lu,,Y,,Gd,,Ce,,)AlO; and
characterizes the structural and optical properties. The thin films exhibit three
equivalent epitaxial domains having an orthorhombic structure resulting from
monoclinic distortion of the perovskite cubic cell. An excitation of 286.5 nm
from Gd>* and energy transfer to Ce** with 405 nm emission are observed,
which represents the potential for high-energy conversion. These
experimental results also offer the pathway to tunable optical properties of
high-entropy rare-earth epitaxial perovskite films for a range of applications.

1. Introduction

Scintillating materials have found a wide variety of applications
in nuclear research, medical imaging, security screening, and
high-energy physics applications.!!-3] Sought-after properties of-
ten consist of high-atomic number (Z) materials with high light
yield and fast decay times, as well as high energy resolution.**-6]

Rare-earth (RE) aluminum oxide per-
ovskites doped with Ce** and similar
dopants such as Eu**’l and Tb**®°! have
shown promise as scintillating and phos-
phorescent materials throughout the past
20+ years.[1210-12] For instance, Ce-doped
LuAlO; (Ce:LuAlO;) has a relatively high Z
value and has been considered for positron
emission tomography due to the high stop-
ping power required for y-ray detection.!'”]
Ce-doped YAIO, (Ce:YAIO,), which exhibits
peculiar pulse height discrimination prop-
erties, has also recently been studied for
its ability to distinguish between y and
neutron radiations.’*! To develop scintil-
lators with improved performance across
different applications, further investigation
of novel scintillating materials is needed.
Ce*t is a common luminescent center
among RE-based perovskite metal oxides
and other activated scintillating materials>>¢! due to the efficient
5d — 4f transition with characteristic ultraviolet to blue visible
light emission.[>1*] The amount of Ce dopant can greatly affect
the performance of materials. For instance, increasing the Ce-
doping concentration in YAIO; could be used to improve the
decay time, energy resolution and light yield.'’) Doping from
1% to 5% in Ce:LaF; can generally minimize transfer losses.!®!
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Further increasing the Ce composition has been shown to shift
the absorption spectra from ultraviolet to the visible range as
observed in 20% Ce-doped Ce:LaAlO,.[2] Experimental results
also illustrated that doping with multiple luminescent centers
can exhibit energy transfer among RE** elements of Gd, Ce, Tb,
and Fu and allow for a tunable emission spectrum.!'’-!° More-
over, such mixed rare-earth crystals can show improved scintil-
lation efficiency and are the material of choice for the bright-
est scintillators.[22!] This is partially related to the decrease of
the thermalization length during the initiation of the ionizing
track.%) In the scintillating process, following the absorption of
ionizing energy and creation of electron—hole pairs (conversion
efficiency), the energy is transferred along an ionizing track to
luminescent centers (transfer efficiency), at which point recom-
bination occurs emitting a photon (quantum efficiency).[>¢1% In
this regard, mixed crystals may shorten the track length to a lumi-
nescent center and possibly result in a faster decay time or short
afterglow.

Designing mixed crystals such as mixtures of RE perovskite
metal oxides can be challenging. Successful growth, however,
can be rewarding with potentially much-improved efficiency and
tunability.1%?22] For example, altering the concentrations of
multiple A-site cations in perovskite ABO,; compounds has been
shown to alter the bandgap and modify trap levels. Such phenom-
ena can be observed through shifts in thermally stimulated lumi-
nescence (TSL) spectra.l**! Bandgap and trap-level engineering
can be beneficial for much-improved transfer efficiency. The sys-
tem, however, can be very complex as the trapping of luminescent
centers (hole/electron) shows opposite TSL shifting with respect
to the altered A-site concentrations as well as variation in the ratio
of electric/magnetic dipole transitions.[?! Additionally, mixing
can cause disordering within the lattice in the form of antisite de-
fects which can lead to new trap centers and potentially slower de-
cay times.[?223] On the other hand, the disorder has been shown
to dramatically increase light yield with relatively lower afterglow
while maintaining a high effective atomic number.[2*26-28] The
structural disorder in these materials arises from the cation com-
petition in occupancy of the same lattice location.[?®] As a result,
the differences in atomic radii can lead to large distortion in the
lattice that may potentially modify the conduction zone and re-
sult in an increased conversion efficiency.[?*?¢] The disorder can
also give rise to additional thermalization channels that allow for
increased transfer efficiency.?®! It has been argued that a compo-
sitionally disordered but isovalent cation sublattice could retain
anion spatial symmetry with long-range order, which can lead to
improved scintillation properties.?’]

Entropy-stabilized oxides (ESOs) allow the design of compo-
sitional disorder of a sublattice and have been seen to exhibit a
range of desired properties.?*3!l Recently, ultralow thermal con-
ductivity was achieved by designing five transition metals in the
B-site of a BaTiO,/SrTiO;-based perovskite.[3233] Reduced ther-
mal conductivity has also been observed in ESOs via local ionic
charge disorder with no compromise in mechanical stiffness.>*
There is an immense amount of high entropy oxide materials
(200+) that may show interesting optical properties.[*>*!] For ex-
ample, the stabilization of a high entropy sesquioxide ceramic
phosphor has been shown to exhibit multi-wavelength emission
with a high degree of optical transparency in the visible region.[*?!
On the other hand, Ce-doped RE-based oxides have been ob-
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served to have narrow band gaps with absorption over the en-
tire visible spectra.®39) Additionally, RE high entropy oxides with
multiple optically active cations have shown improved photocat-
alytic performance when compared to similar single fluorite and
equivalent mixed oxides.[*!]

Although high entropy materials design may allow for sta-
bilization with more compositional tuning, achieving a single-
phase with multiple stoichiometry materials can often be
challenging.*”] Furthermore, the growth of complex perovskite
oxides, particularly when a high growth temperature is used
to achieve high crystallinity materials, can result in antisite
defects, impurities, as well as oxygen vacancies that can de-
grade crystalline quality. Defects can form deep electron traps
and result in degraded optical performance due to undesirable
strong UV emission bands.>**] On the other hand, the per-
ovskite framework offers a variety of functionalities resulting
from its rich compositional diversity.[**! One way to access single-
phase perovskite metal oxides with complex chemical compo-
sitions is with pulsed laser deposition (PLD). Experimental re-
sults have shown that PLD can be used to grow epitaxial high
entropy perovskite metal oxide films.[33] The ability to stabilize
perovskites with the configurational disorder in such high en-
tropy materials could offer even more new opportunities for func-
tionalities not available from the conventional perovskite metal
oxide.3*%7]

Much like the bulk crystals, ceramics and glasses have
dominated the scintillating materials. These materials in film
form have also been explored because of their greater spa-
tial resolution and smaller light attenuation resulting di-
rectly from their lesser thickness (~10-25 pm) when com-
pared to single crystals (~0.5-1 mm).['>*34548] For instance,
Eu-doped Lu,O; film (10 pum) has shown significant sensi-
tivity with brighter ionization tracks for radioluminescence
microscopy of human cancer cells in comparison with con-
ventional CAWO, (500 pm) crystals.*”] Furthermore, epitaxial
Eu:(Gd,Lu)AlO, film also exhibits better contrast performance
than the currently used Eu:Gd;Ga;0,, or Tb:Lu,SiOs for high-
resolution hard X-ray imaging. Ce:(Gd,Lu)AlO; has shown to
have a decay time of ~50 ns that could be used for ultra-fast
imaging.[*®]

In this work, we report the growth of rare-earth high entropy
perovskite oxide (REHEPO) thin films (147 nm in thickness)
and discuss their structural and optical properties. The films
have equal concentrations of RE cations (SRE**,)AlO, and are
of a single phase (La,,Lu,,Y,,Gd,,Ce,,)AlO; epitaxially grown
on LaAlO; (LAO) substrates using PLD. This material system
displays luminescence of the active A-site cations and demon-
strates the ability of UV to visible light energy transfer with
further potential use for downgraded emission and high-energy
applications. The new material offers the ability for designing
the A-site cations and controlling wavelength emission with
much less challenging synthesis than mixed crystal scintillators,
while also maintaining the additional benefits associated with a
highly crystalline lattice. X-ray diffraction (XRD) and scanning
transmission electron microscopy (STEM), including energy dis-
persive X-ray spectroscopy (EDS), high-angle annular dark-field
(HAADF) and bright-field (BF) imaging, were used to character-
ize the microstructure of the films. Ultraviolet-visible (UV-Vis)
spectroscopy and photoluminescent (PL) spectroscopy were
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Figure 1. X-ray characterization of REHEPO/LAO heterostructure. a) Lo-
cal 20-w scan of REHEPO thin film grown on LAO (001) substrate. b) RSM
around the (113) reflection showing the strained film on LAO substrate. c)
Rocking curve w-scan of the (002) peak of the film. d) ¢-scan of REHEPO
(017) and (011) LAO substrate.

conducted to analyze the bandgap, absorption, transmittance,
excitation, and emission spectra of the REHEPO thin films.

2. Results and Discussion
2.1. X-Ray Diffraction of Highly Crystalline REHEPO Film

High crystallinity epitaxial REHEPO films are confirmed from
XRD measurements. Figure 1 shows the XRD results of RE-
HEPO thin film grown on LaAlO, (001) substrates. The local 26-
 scan shown in Figure 1a indicates the formation of a single
phase REHEPO film with (002) orientation (not shown are the
peaks from (001) and (003) located at 23.72° and 76.14°, respec-
tively, as shown in Figure S1, Supporting Information). These
peak locations coincide well with reported peaks for the individ-
ual RE aluminates that compose the film.[**-2] The rocking curve
of REHEPO (002) shows a full width at half maximum (FWHM)
of 0.39° indicating a high crystallinity film (Figure 1c). Using
Scherrer equation, we estimated the mean size of crystallites to
be around 90 nm. Figure 1d shows the ¢-scans of REHEPO (011)
and LAO (011). Four peaks at 90° apart from each other indicate
four-fold symmetry of the REHEPO film epitaxially grown on
LAO substrate. The film has an average in-plane mosaic of 0.32°
which is 0.10° greater than the single-crystal LAO substrate.
The lattice mismatch between the REHEPO thin film (a; =
3.735 A) and substrate (a, = 3.792 A) is 1.51%, which indicates
a likely in-plane tensile strain for a pseudo-cubic REHEPO unit
cell. The pseudo-cubic lattice parameter is calculated by averag-
ing all individual aluminates.*-51:5354 Using the thin film (002)
peak, we have calculated the out-of-plane pseudo-cubic lattice pa-
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rameter ¢ = a,,, = 3.756 A. By using this c-lattice parameter and
(011) diffraction from the tilted 20-w scan, we can calculate the
in-plane pseudo-cubic lattice parameter of b = a,, = 3.795 A
The results are consistent with those calculated from the recip-
rocal space mapping (RSM) around (113) of the REHEPO thin
film and LAO substrate (Figure 1b). Based on the RSM results
shown in Figure 1b, the out-of-plane and in-plane pseudo-cubic
lattice parameters can be calculated as a,,, = 3.748 A and a;
= 3.795 A, respectively. These parameters are calculated by tak-
ing the scalar projection of the film (113) onto either g, [110]
or g, [001] directions (Proj;,o""?) = V2, Projjoo; '™ = 3), and
then dividing by the corresponding inverse d-spacing coordi-
nate of the film peak (g, = 0.3727 A, g, = 0.8005 A~") as de-
tailed in the Figure S2, Supporting Information. A tensile strain
for both in-plane and out-of-plane directions may suggest that a
more detailed analysis is necessary to evaluate the effective lat-
tice parameter of REHEPOs. This is conceivable by considering
that REHEPO films may have cubic, tetragonal, hexagonal, or-
thorhombic or rhombohedral structures that are related to the
Goldschmidt tolerance factor. The effective ionic radii for most
RE cations with a 3+ oxidation state and coordination number
N < 9 have been reported by Shannon and Prewitt.>>! On the
other hand, the coordination number of perovskite cations de-
pends on both the site location and the structure. For example,
the A-site of cubic perovskite has a coordination number N =
12 and the Shannon radii database is not complete for RE-based
perovskites. As such, we used the reported effective ionic radii
based on the data-driven method that is termed as a sure inde-
pendence screening and sparsifying operator (SISSO).[°¢>7] This
method has been used to extend the Shannon radii database and
is consistent with other previously reported estimates.l®! Using
the obtained values from the SISSO extended database, our cal-
culated tolerance factor, t = 0.97, indicates that REHEPO should
be a slightly distorted orthorhombic following the Goldschmidt
tolerance parameter rules for an ideal cubic perovskite (A-site has
12-coordination, B-site has 6-coordination).l**>%5% More discus-
sion about the crystal structure of the REHEPO films will be pre-
sented in the next section. We would also like to point out that
the formation of single phase REHEPO film in our design is
favorable, considering that the atomic-size difference, §(R,), is
about 6.56%, although limited experimental results have shown
that the cation-size difference does not appear to be an impor-
tant factor for the formation of single high-entropy perovskite
phases.[¢]

2.2. High-Resolution Electron Microscopy Characterization of
Orthorhombic Lattice Structure

The structure of the REHEPO film grown on LAO was studied by
cross-sectional STEM. Figure 2a shows STEM BF image taken in
LAO [100] axis, along with the respective selected area electron
diffraction (SAED) patterns (insets) from the REHEPO and LAO
substrate. The SAED from the REHEPO is nearly identical to that
of LAO, except for the presence of weak superlattice reflections,
indicating the REHEPO is a perovskite-like structure and epi-
taxially grown on the substrate. The careful analysis found that
the REHEPO has a structure of GdFeO; or SrRuO;, which has
an orthorhombic unit cell resulting from the slight monoclinic
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Figure 2. Structural characterization of a REHEPO film by STEM: a) A
STEM BF image taken along LAO [100] axis, showing the REHEPO film
on LAO substrate, along with SAEDs (insets) from the film and substrate,
respectively. Within the REHEPO film, there are three equivalent orienta-
tions or domains, corresponding to its c-axis parallel to a-, b-, and c-axes of
LAO substrate, respectively. The domain boundaries (DBs) in the REHEPO
films are marked by vertical arrows. b) A high-resolution STEM HAADF
image showing the atomic structure of the DB and REHEPO/LAO inter-
face. Insets in (b) are highly magnified STEM images displaying the atomic
structure of REHEPO in [110] projection (domain 1) and REHEPO in [001]
projection (domain 2), with respective unit cells marked (a,,perovskite
pseudo-cubic cell and g, b, and ¢, lattice constants of the orthorhombic
cell).

distortion of the cubic cell. The orthorhombic cell has a, b of
about \/Eap and ¢ of 2a,,, where g, is the perovskite pseudo-cubic
cell constant. With such a structure, there are three equivalent do-
mains in the film, corresponding to the c-axis of the domain par-
allel to [100], [010], and [001] axis of LAO substrate, respectively.
The domain boundaries are visible in Figure 2a as marked by
vertical arrows. The resulting SAED pattern with the superlattice
reflections is consistent with the orthorhombic cell.l®!] Figure 2b
shows a high-resolution HAADF image of REHEPO/LAO inter-
face with a vertical domain boundary (DB) within the REHEPO.
The highly magnified insets in Figure 2b show the detailed struc-
ture of the REHEPO domains in two perpendicular projections.
Domain 1 is in [110] projection, giving rise to the c-axis in the
horizontal direction. The small relative displacement in the ver-
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tical direction (marked by arrows in the left inset Figure 2b) leads
to a doubling of the unit cell constant or ¢ = 2a,. Domain 2, on
the other hand, is in [001] projection. The relationship between
the a, b axes of the orthorhombic cell and the pseudo-cubic cell
(a,) in this projection can be clearly seen in the right inset in
Figure 2b. In reference to the pseudo-cubic cell, the film grows
in a cube-on-cube epitaxial relationship with respect to LAO. The
measurements from the high-resolution STEM images show
the orthorhombic cell lattice constants a and b of about 5.33 A,
¢ of about 7.57 A and the pseudo-cubic cell constant a, of about
3.785 A.

It is interesting to understand the distribution of high entropy
elements within the REHEPO structure. This was achieved by
atomic-scale EDS mapping as shown in Figure 3. The EDS map-
ping was done along the [001] REHEPO domain (Figure 3a). The
EDS maps (Figure 3b,c) and line-profile (Figure 3d) show that the
element Al occupies B-sites, while Y and RE elements (La, Ce,
Gd, Lu) occupy A-sites in the perovskite pseudo-cubic (a,) ABO;
cell. Furthermore, the line-profile also indicates that Y and RE el-
ements (La, Ce, Gd, Lu) are randomly distributed on A sites or
without obvious ordering. Additionally, we have conducted elec-
tron energy loss spectroscopy (EELS) to determine the oxidation
state of Ce in our samples (Figure S3, Supporting Information).
We have approximated the valence state of Ce in our thin films
around 3 using the integral area ratio (R) method!®?! for the M-
edge double lines (M5/M4) attributed to Ce.

2.3. UV-Vis and PL Analysis of Optical Energy Transfer

The optically active Gd** and Ce** inherent to the REHEPO
films make such materials attractive for phosphorescent appli-
cations. In this regard, UV-Vis and PL spectroscopy measure-
ments were conducted and the results are shown in Figures 4
and 5. The REHEPO/LAO heterostructure shows 65-78% trans-
mittance for the visible and infrared spectra. The REHEPO thin
film shows a signature peak in both transmittance and absorp-
tion spectra at 287 nm in the UV range (Figure 4a and Figure
S4, Supporting Information). The thin film also shows only a
slight difference in bandgap energy (5.52 eV) in comparison with
the LAO substrate, which is consistent with Ce:LaAlO; shown in
Figure 4b.[63]

Excitation spectra with characteristic emission of 312 nm can
be seen in Figure 5a, where the maximum intensity at 286.5 nm
corresponds to the °P; — ®S, , transition in Gd’*. Our observa-
tion is consistent with the signature peak seen in the UV-Vis
spectra above and reported in the literature.l'7214264] Ag can be
seen from Figure 5D, the intensity of the REHEPO/LAO het-
erostructure is much stronger than that of the substrate alone.
This indicates that the luminescence comes mainly from the
REHEPO film with little or negligible contribution from the
substrate. The REHEPO thin film has the greatest intensity at
405 nm under excitation of 286.5 nm, which can be an indica-
tion of luminescence from the 5d — 4f transition found in the
Ce** that has been redshifted.!>!*172!] Given the asymmetric na-
ture of the photoluminescence spectrum shown in Figure 5¢, we
have used Voigt fitting to deconvolute the 405 nm emission peak.
The two well-defined peaks with Voigt distribution at maximum
intensities of 399 and 452 nm can be attributed to the °D; — F; ,
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Figure 3. Atomic-scale EDS mapping of REHEPO structure: a) A STEM-HAADF image of the film in [001] projection. b) A composite EDS map, made of
Al K—red, Ce L—green, Gd L—blue, La L—cyan, Lu L—magenta, and Y L + K—yellow. c¢) A composite EDS map, made of Al K in blue and the sum of
Cel,Gd L, LaL, Lul,andY L+ Kinred.d) EDS line profiles (Al K—red, Ce L—green, Gd L—blue, La L—cyan, Lu L—magenta, and Y L + K—yellow)
from (b) along the horizontal direction. In (d), the positions of A- and B-sites in perovskite ABO; pseudo-cubic cell are marked by the arrows. The colors
represented here in (d) are consistent with the colors described for the composite EDS map in (b).
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Figure 4. UV-Vis spectroscopy of the REHEPO/LAO heterostrucutre com-
pared to LAO substrate. a) Transmittance and b) Tauc plot of the thin film
and substrate.

and °D; — ’F;, transitions, respectively. Since the excitation at
286.5 nm is characteristic of Gd** and the emission of 405 nm is
characteristic of Ce**, one can argue that there exists an energy
transfer (ET) from Gd** to Ce** via the °P; — °D; transition and
emission at 405 nm via the °D; — °F, transition.

The photoluminescence spectra seen in Figure 5d summarize
the excitation and emission spectra with characteristic emission
(Aem = 405 nm) and excitation (4., = 310.5 nm). Deconvolution
of the excitation spectra reveals two modes of excitation with
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the stronger peak at 311 nm (Figure S5, Supporting Informa-
tion). The lower intensity deconvoluted Voigt peak is found to
be ~289 nm which corresponds to a forbidden or virtual state
within the Gd** optical energy levels. Unlike the 311 nm wave-
length, excitation energy at 289 nm may be less likely to trans-
fer energy to the 5d orbital of Ce** and instead can result in the
312 nm emission seen in Figure 5a. However, this excitation en-
ergy at 289 nm can still lead to the ET as previously discussed and
be part of a two-photon process with longer wavelength emis-
sion observed in Gd**. Figure 5b shows a low intensity longer
wavelength emission peak of 616.5 nm that corresponds to the
5G; — °P, transition in Gd** and is likely the resulting emission
of a two-photon process.[®+%] Luminescence from this transition
in Gd** may be due to the combination of two photons with
wavelengths of 289 nm that create an exciton from the ground
state, ¥S; ), reaching above or within °G, energy levels before re-
combining and emitting the observed 616.5 nm peak. The char-
acteristic °P; — ®S;, transition within Gd** can be considered
energy loss or inefficiencies with respect to the most desirable
405 nm emission. It is also possible that photons at the wave-
length of 310.5 nm are able to excite Ce** leading to the emission
at 405 nm.?!) Along with the ET from Gd** this may indicate
multiple thermalization pathways to the 405 nm emission. An
illustration of all excitation/emission mechanisms is visualized
in Figure 6 and additional deconvoluted spectra can be found in
Figure S5, Supporting Information.
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Figure 5. Photoluminescence results of a) excitation spectra of Gd** from the REHEPO thin film with characteristic emission of 312 nm and b) em-
mission spectra of Ce* from the REHEPO/LAO heterostructure and LAO substrate at 286.5 nm excitation. The blue arrows indicate emission peaks
associated with the LAO substrate which, also appear in the REHEPO/LAO heterostructure and can be seen as dashed red arrows. c) Deconvoluted
Voigt fitting of Ce>* 405 nm emission from the REHEPO/LAO heterostructure with two components of max intensity V1 = 399 nm and V2 = 452 nm.
d) Photoluminescnce spectra of the REHEPO/LAO heterstructure and LAO substrate with characteristic emission (4., = 405 nm) and excitation (A,

=310.5 nm).

3. Conclusion

The synthesis of high-entropy perovskite oxide thin films com-
posed of multiple luminescent centers, Gd** and Ce**, has en-
abled us to design materials with combined intrinsic lumines-
cent properties. The use of high Z elements such as Lu**, Y**,
and La** in our REHEPOs can increase the overall density and
facilitate the access to the fast decay times and peak discrimina-
tion properties observed similarly in perovskite aluminate-based
scintillating devices.['>13] Our results demonstrate that a high en-
tropy oxide system with equiatomic A-site cations allows for the
achievement of desired optical luminescence observed in mix-
tures and/or doping of RE aluminates while maintaining a highly
crystalline single-phase. Atomic-scale EDS mapping shows that
the A-site cations appear to be randomly distributed with proper
separation between B-site cations indicating negligible prevalent
antisite defects. The high crystallinity of these materials paves
the way for exciting new research of high precision scintillat-
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ing applications. Further tuning of the A-site cations may poten-
tially change the unit cell structure and lattice parameters allow-
ing for alternative matching with other substrates. Additionally,
strain-engineering through the use of alternative substrates and
nanocomposite epitaxial relationships may allow for further tun-
ing of structural and optical properties.[#466-68]

We would also like to emphasize that there exists the possibil-
ity of an optical cascade for downgraded emission. As discussed
previously,['7"1 energy transfer for Ce’* — Tb** — Eu’* can
occur. In our REHEPO/LAO system, energy transfer via Gd**
— Ce** may lead to a potential optical cascade of Gd** — Ce3*+
— Tb* — Eu** and the resulting light conversion tunability of
UV — blue — green — red depending on luminescent elements
added to the A-site cation. The highly disordered lattice, on the
other hand, may lead to shortened ionization tracks for faster de-
cay times. Furthermore, detection of a-particle or X-ray radiation
may be possible when considering the high atomic number of
Lu that allows for greater absorption of high energy radiation.
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Figure 6. Energy level diagram of Gd3* and Ce3* in REHEPO thin film
with excitation/emission mechanims showing energy transfer (ET). The
red line indicates a virtual state part of a possible two-photon excitation
process.

The highly epitaxial films could also provide additional benefits
in terms of optimal spatial resolution. We believe that further
exploitation of the A-site cations in REHEPO could allow for a
tunable emission phosphor with applications for highly efficient
scintillating devices. This work also helps to extend the optical
research of high entropy oxide thin films into the field of high-
energy applications.

4. Experimental Section

PLD  Thin  Film  Synthesis: The  stoichiometric  target
(Lag,Lug,Yo,Gdg,Cey,)AIO; provided by Plasmaterials was used
for the deposition after re-sintering at 1500 °C and surface polishing with
coarse grit sandpaper. A Coherent, Inc. KrF excimer laser (A = 248 nm)
was operated at a pulse frequency of 5 Hz and laser fluence of 2.00 | cm™2
for the deposition of the films. Single-sided polished LaAlO; (001) sup-
plied by MTI was used as the substrate. The base pressure of the chamber
was 4.5 x 1077 Torr before introducing O, for thin film deposition. The
substrate temperature was initially optimized and maintained at 775 °C
during the growth of the films. The O, pressure was kept at 3 X 107> Torr.
The films were immediately quenched at an oxygen pressure of 1.1 Torr
O, after the growth.

XRD Characterization: A PANalytical X'Pert Pro X-ray diffractometer
equipped with Cu Ka (1 = 1.54184 A) source was used for 20—, rocking
curve, ¢ and RSM scans. A hybrid monochromator 2xGe (220) with fixed
divergence slit of 1/8” was used for the incident beam path and Ni beam
attenuator of 0.125 mm with an asymmetrical analyzer for the diffracted
beam path was used for all measurements. RSM measurements were con-
ducted using a PIXcel3D-Medipix3 area detector for the diffracted beam
path. All samples were first aligned, where the diffraction peaks from LAO
substrate were used as the reference.

STEM Structural Characterization: ~ An FEI Titan G2 80-200 STEM with
a Cs probe corrector and ChemiSTEM technology (X-FEG and SuperX EDS
with four windowless silicon drift detectors), operated at 200 kV, was used
in this study. STEM imaging, atomic-scale EDS elemental mapping and
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SAED were used to determine the structures of REHEPO films on LAO
substrates. For atomic-scale chemical mapping, EDS spectral image data
were acquired with an electron probe of size <0.15 nm, convergence an-
gle of 18.1 mrad, and current of ~#100 pA. EELS (GATAN 963) was used
to probe the Ce fine structure of the films under similar optical conditions
with energy dispersion 0.25 eV/channel, and an instantaneous dwell time
of 500 ms. STEM HAADF and bright-field (BF) images were recorded un-
der similar optical conditions using an annular detector with a collection
range of 60—160 mrad and 0-30 mrad, respectively.

UV-Vis and PL Characterization: Real in-line transmittance and ab-
sorption spectra were recorded with a UV-Vis Spectrophotometers (Evo-
lution 220, Thermo Scientific) from 190 to 1100 nm. Photoluminescence
excitation and emission spectra were measured with a Fluorolog-3 modu-
lar spectrofluorometer (Jobin Yvon Inc., Horiba).

Statistical Analysis: Original RSM data was transformed from 260-w
space to g, — g, reciprocal space and the log of the intensity was used
for RSM measurement seen in Figure 1b. The thin film peak inverse d-
spacing coordinates were obtained from interpolated RSM data using the
SciPy library!®] function grid data with the nearest neighbor interpolation
seen in Figure S2, Supporting Information. The average g, and g, coor-
dinates of the interpolated maximum values were used to calculate the
inverse d-spacing coordinates of the film peak with a standard deviation
of + 0.0028 1A= + 0.00124 A~ for g, and g, values, respectively. The op-
tical band gap of samples was estimated with a Tauc plot converted from
the measured absorption spectra seen in Figure 4. OriginLab was used
for peak fitting and deconvolution of PL measurements in Figure 5¢ and
Figure S5, Supporting Information as well as for peak fitting and FWHM
calculations in Figure 1b,c. EDS spectral images were acquired as a series
of frames, where the same region was scanned multiple times. Frames
were spatially drift-corrected to build up spectral image data.l’®l Elemen-
tal maps of Al K, Gd L, Lu L, and Y L & K were extracted from the spectral
image with selected EDS energy widows for each element. Due to the sig-
nificant overlapping of La L and Ce L X-ray lines, maps of La L and Ce L
were carried out after the pixel-by-pixel deconvolution using La K and Ce L
reference spectrum obtained from LAO and CeO,, respectively.

Supporting Information

Supporting Information is available from the Wiley Online Library or from
the author.
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