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High entropy oxides (HEOs) with 5 or more cations in equimolar proportions that result in a phase-pure
material, are a new class of materials attracting a lot of attention in recent years. HEOs exhibit interesting
optical, electrochemical, magnetic and catalytic properties. To get a comprehensive understanding of the
physics behind the complex interactions taking place in these materials, it is important to evaluate the
material in (near-fully) dense forms, such as pellets or thin films. The fluorite structured high entropy oxide,
(CeLaSmPrY)0,-4 has been investigated only in the powder form and there are no studies on the dense form
of fluorite (CeLaSmPrY)0O,_y. One of the main reasons is that (CeLaSmPrY)0,-x undergoes a structural
transition from fluorite to bixbyite (at 1000 °C) and typically temperatures above the transition (> 1200 °C)
are required for achieving high densities via conventional sintering. In this study, we synthesize dense films
of fluorite structured (CeLaSmPrY)O,-x by sol-gel as well as pulsed laser deposition processes. The films
synthesized via sol-gel process exhibit equiaxed grains and polycrystalline morphology, whereas columnar
and epitaxial films are obtained using pulsed laser deposition. Thus, microstructural tuning of dense fluorite
(CeLaSmPrY)0,-, films has been demonstrated while maintaining the basic characteristics of the HEO as
observed in the powder form, therefore, paving the way towards more comprehensive studies for possible
applications.

© 2023 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license
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1. Introduction

In recent years, equiatomic or near-equiatomic multicomponent
oxides with 5 or more principal cations have emerged as a novel and
important class of ceramics with interesting functional properties.
Despite the chemical complexity, in many cases a single phase has
been observed, which is typically attributed to the high configura-
tional entropy (> 1.6 R), that offsets the enthalpic contribution in the
Gibbs free energy equation [1]. Consequently, such phase-pure
multicomponent oxide systems are termed as high entropy oxides
(HEO) or compositionally complex materials (CCM). The first HEO
reported was a rocksalt structured (CoCuMgNiZn)O synthesized by
Rost et.al. [2]. Since then, various HEOs with rocksalt structure [2],
fluorite structure [3-5], spinel structure [6-8], perovskite structure
[9,10], pyrochlore structure [11-13], and layered structure [14] have
been synthesized. Many of these HEOs, show enhanced catalytic
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activity [15], electrochemical storage [16], and magnetic properties
[17] among other exciting properties|18]. The usual synthesis tech-
niques for HEOs like reverse co-precipitation, flame spray pyrolysis,
nebulized spray pyrolysis, solution combustion, solid-state reaction,
mechanochemistry, etc. [2,19-23] result in the product being in the
powder form which are then characterized for their structural and
functional properties. On the other hand, most actual applications
require the material to be in bulk (near-fully dense) or compact
forms. There are only a few studies on the preparation of dense bulk
samples or thin films of HEOs using synthesis techniques like con-
ventional sintering, spark plasma sintering, and pulsed laser de-
position [24-26]. The main difficulty lies in making bulk dense
structures while retaining the physical and chemical characteristics
observed in the powder form.

Rare earth (RE) oxides are known for their catalytic activity,
oxygen ionic conductivity and optical properties [27-29]. A key role
to obtain such interesting properties arise from the presence of
oxygen vacancies [30,31]. In fluorite structured rare earth-based
oxide systems, the addition of cations with a +3 oxidation state re-
sults in a charge deficiency which is compensated by the creation of
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oxygen vacancies. (CeLaSmPrY)0,-y is a rare-earth-based HEO which
has three +3 cations and their presence in high fractions can result in
a substantial concentration of oxygen vacancies. Initial investiga-
tions by Djenadic et.al. demonstrated that (CeLaSmPrY)0,—, exhibits
both fluorite and bixbyite structures depending on the annealing
temperature [32]. However, when the fluorite structure transforms
to bixbyite at a temperature > 1000°C, the concentration of oxygen
vacancies reduces, thereby lowering the efficacy of the material for
possible applications. For (CeLaSmPrY)0O,_,, the optical properties
have been investigated in detail and a low band gap of 2.06 eV has
been observed [23] in the powder form. However, the properties in
bulk form like a sintered pellet or a thin film are yet to be explored.
Pellets of high density fabricated by the conventional sintering
process can only be achieved at temperatures above 1000°C [33-35],
which in this case would be greater than the (fluorite to bixbyite)
transformation temperature. Then, the fluorite structure would
change to a bixbyite resulting in a lower oxygen vacancy con-
centration.

In view of the restrictions on the synthesis and sintering tem-
perature of a fluorite structured (CeLaSmPrY)0,—y, it is imperative to
explore other techniques that allow the fabrication of a dense
structure at sufficiently low temperatures. Here, in this study we
present two possible ways to synthesize dense fluorite structured
(CeLaSmPrY)0,— thin films with three different morphologies using
sol-gel and pulsed laser deposition methods. X-ray diffraction (XRD)
and transmission electron microscopy (TEM) were employed to in-
vestigate the morphology and structure of the films. Electron energy
loss spectroscopy (EELS) and X-ray photoemission spectroscopy
(XPS) were employed to analyze the oxidation states of the different
cations. Additionally, UV-vis spectroscopy was conducted to de-
termine the optical band gap.

2. Methods

For Pulsed Laser Deposition (PLD), a target was fabricated by
conventional sintering of nanoparticle powders of (CeLaSmPrY )05,
synthesized by reverse co-precipitation (RCP). Ce(NO3)3-6 H,0 (ALFA
AESAR, 99.9 %), La(NOs);:6 H,O (Sigma-Aldrich, 99.9 %), Pr
(NO3)3-6 H,0 (ABCR, 99.9 %), Sm(NO3);-6 H,0 (ABCR, 99.9 %) and Y
(NO3)3-6 H,0 (ABCR, 99.9 %) nitrate salts were dissolved in water and
used as precursors for RCP. The precursor solution was added
dropwise to 28 % ammonia solution (Sigma-Aldrich) resulting in the
precipitation of metal hydroxides. The precipitates were dried and
heat-treated at 750°C for 6 h. The heat treated powder (~10 g) was
pressed at 300 MPa and subsequently sintered at 1000°C for 12 h in
air to form the (CeLaSmPrY)O,_4 target for PLD. Fabrication of films
by PLD was carried out on Si (100) substrates (referred to as PLD-Si)
and YSZ (111) substrates (referred to as PLD-YSZ). The Si substrates
were ultrasonically cleaned in acetone and isopropanol before de-
position while YSZ was used in the as-received condition. A Surface
systems + technology PLD equipped with KrF laser with a wave-
length of 248 nm was used. PLD was carried out with a fluence of
1.6 J/cm?, a frequency of 1 Hz at 0.05 mbar oxygen pressure and the
substrate temperature was 750 °C. The distance between target and
film was 2.5 cm.

The films obtained by sol-gel processing (referred to as SG) were
synthesized by the Pechini method. Ce(NO3)s-6 H,O (ALFA AESAR,
99.9 %), La(NO3)3-6 H,0 (Sigma-Aldrich, 99.9 %), Pr(NOs);-6 H,0
(ABCR, 999 %), Sm(NOs3);-6 H,0 (ABCR, 999 %) and Y
(NO3)3-6 H>O (ABCR, 99.9 %) nitrate salts were dissolved in 2-
methoxyethanol solution (Sigma-Aldrich, 99.0 %) and stirred until all
the salts dissolved and a clear solution formed. Citric acid and
ethylene glycol, used as chelating and polymerizing agents, were
added to the solution such that the ratio between metal ions, citric
acid and ethylene glycol was 1:2:4 at a metal ion concentration of
0.2 M. The solution was stirred at 80°C until it became half in volume
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following which 2-methoxyethanol was added to make up for the
lost volume. The precursor solution was then spin-coated onto the
cleaned Si(100) substrate at 6000 rpm for 60 s and dried on a hot
plate at 300 °C. Once the film dried another round of spin coating
was carried out followed by drying at 300 °C. 5 such cycles of coating
were carried out and the final film annealed at 750 °C for 3 hrs.

The crystal structure of the films was investigated by X-ray dif-
fraction (XRD) using Grazing Incidence X-Ray Diffraction (GIXRD)
and High-resolution X-Ray Diffraction (HRXRD). GIXRD was con-
ducted in a Bruker D8 X-ray Diffractometer equipped with a Cu X-ray
source and a Lynxeye detector. The GIXRD measurements were
performed over a two-theta range of 10"~ 71" with the source being
fixed at 4’. Bruker AXS X-ray diffractometer with a Cu source was
utilized for HRXRD over a two-theta range of 20"~ 80" while fixing
the source at 14.85° on the film deposited on the YSZ substrate to
study the epitaxial nature of the film.

The surface morphologies of the films were investigated via
Scanning Electron Microscopy (SEM) with a Gemini Leo 1530 SEM, at
an accelerating voltage of 5 kV and a working distance of 8.5 mm.
The film’s cross-section was investigated by Transmission Electron
Microscopy (TEM). An FEI strata 400 Focus Ion Beam system was
used to extract the TEM lamella with a platinum layer coating on top
of the film to avoid degradation and damage of the films from the Ga
ion beam. A Thermo Fischer Themis-Z transmission electron mi-
croscope operating at 300 kV was used to study the cross-section of
the film.

The chemical composition and elemental distribution of the films
were measured in scanning-TEM (STEM) mode with a Super-X EDX
detector. Electron energy loss spectroscopy (EELS) and X-ray pho-
toemission spectroscopy (XPS) were employed to study the oxida-
tion states of the corresponding elements. EELS was carried out in
the Thermo Fischer Themis-Z TEM and the spectra were analyzed
using Gatan Digital Micrograph 3 software. XPS was carried out
using an Omicron XM 1000 MkII with an Al-K, X-ray (1486.6 eV)
source at an operating power of 300 W. The spectra were acquired
with a SPECS Phobias 150 spectrometer and the XPS data were
analyzed using CASAXPS® software.

UV-vis spectroscopy was conducted in an Agilent Cary 60 device
with a remote fiber optic accessory. The samples deposited on Si
substrate (SG and PLD-Si) were baseline corrected. The scan was
conducted from 1100 to 200 nm with a speed of 600 nm.min"! and
reflectance measured. Band gaps were analyzed from Tauc plots
using the formula.

(ahv)'/" = B(hv-Eg)

where o is the absorption coefficient, B is a constant, h is Planck’s
constant, v is frequency, and n is the factor that depends on the
electronic transition. The absorption coefficient is calculated from
the Kubelka-Munk function. Here, we calculated the direct band gap
for which n = 1/2. The x-intercept of the linear part of the Tauc plot
was taken as the band gap of the material.

3. Results and discussion
3.1. Structural analysis

XRD patterns of (CeLaSmPrY)0,-y films synthesized by PLD (PLD-
Si) and sol-gel process (SG) as well as those of the synthesized
powder and the PLD-target are depicted in Fig. 1a, while that of PLD-
YSZ is shown in high resolution in Fig. 1b. The as-prepared powders
have a fluorite structure (Fm3m), while the structure of the target is
bixbyite (Ia3), as a result of sintering the target at 1000 °C. In sup-
plementary information Table S1, the chemical composition of the as
prepared powders and the target is presented, which shows a small
difference of oxygen content being greater for the powders. The XRD
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Fig. 1. (a) X-ray diffraction pattern of (Ce,La,Sm,Pr,Y)0,-x powder, PLD-target, SG, and PLD-Si. (b) High-resolution XRD of PLD-YSZ sample.

patterns of SG and PLD-Si exhibit polycrystalline fluorite structure,
similar to that of the powder XRD pattern. However, the XRD pattern
of PLD-Si differs from the powder and SG film, since the relative
intensity of the (111) peak is much higher than that of the other
peaks, which might be a result of the crystallites in the PLD-Si film
being oriented preferentially (111). The HRXRD of the PLD-YSZ
sample can be seen in Fig. 1(b) suggesting an epitaxial relationship
with a fluorite structure.

The surface morphology of the films was analyzed by scanning
electron microscopy (Supplementary information Fig. S1). The
images revealed that all the films are dense as well as crack- and
pore-free, which is important for the bulk macroscopic properties of
the films.

Transmission electron microscopy was performed to further in-
vestigate the microstructure of the films (cross-sectional images in
Fig. 2). From TEM images of SG (Fig. 2a), it is clear that the poly-
crystalline film consists of equiaxed grains. The selected area elec-
tron diffraction (SAED) pattern (Fig. 2a inset) confirms the
crystallinity of the film and the fluorite structure, while the high-
resolution TEM image in Fig. 2b shows several crystals with different
orientations. The STEM-EDS mapping of SG in Fig. 2c shows that the
elements are distributed homogeneously. Fig. 2d and e are TEM
micrographs of the PLD-Si sample, clearly consisting of columnar
grains along the growth direction of the film. The SAED pattern of
PLD-Si shows diffraction spots aligned as concentric rings of the
fluorite structure (decorated by dotted lines, see inset in Fig. 2d).
STEM chemical mapping of PLD-Si in Fig. 2 f shows a homogenous
distribution of the elements. PLD-YSZ did not exhibit columnar
grains (Fig. 2 g) even though it was deposited using similar deposi-
tion conditions as PLD-Si. Instead, an epitaxial growth can be clearly
seen in Fig. 2 h. The SAED pattern also strongly suggests that the film
grew epitaxially. STEM chemical mapping images can be seen in
Fig. 2i indicating a homogenous distribution of elements for
PLD-YSZ.

Overall, the TEM results are in conformity with the XRD results,
i.e., all the samples are fluorite structured with the SG sample

exhibiting polycrystalline morphology, the PLD-Si sample showing
(111) preferred orientation and epitaxial growth in case of PLD-YSZ.

In case of the SG film, the polycrystallinity arose mainly from the
synthesis method wherein the heat treatment of the spin-coated
film at 750 °C resulted in uniform heating of the sample thereby
triggering homogeneous nucleation [36].

Si (100) and YSZ (111) substrates have face-centered cubic lattice
parameters (5.44 A for Si and 5.18 A for YSZ), which are similar to
that of (Ce,La,Pr,Sm,Y)0, (5.46A). According to several studies
[37-39], ceria-based oxides can be deposited epitaxially on both Si
and YSZ. However, in the present study PLD-YSZ exhibits epitaxial
nature whereas PLD-Si is a film with columnar grains and preferred
orientation in the (111) direction. The absence of epitaxy in PLD-Si
could be attributed to: (i) the presence of a natural amorphous si-
licon oxide layer on top of the Si substrate, which can play an im-
portant role in epitaxial growth on Si substrates [39]; and (ii)
nucleation and preferential growth. During the early stages of PLD,
the Si oxide layer acts as a flat surface on which the nuclei grow,
depending on substrate temperature (T), along an energetically
stable crystallographic plane (in case of FCC structured systems, the
(111) plane has the lowest surface energy) [40]. For
03Ty, <T < 045Ty, (T, is the melting point of the film, which in
case of RE oxides is typically ~2300°C), a columnar growth is ex-
pected in vapor deposition techniques [40]. The PLD-Si was de-
posited at 750°C which is in the range of 0.3 T, < T < 0.45 Ty, and as
a result, both the substrate temperature and silicon oxide layer on
the Si substrate contribute to columnar growth in the (111) PLD-Si
film. The PLD-YSZ film and substrate have a similar structure and the
difference in lattice parameter ((CeLaSmPrY)0,-x ~ 5.46 Aand YSZ ~
5.18 A) might lead to epitaxial growth through the Stranski-Kras-
tanov model [41]. It is noteworthy that although the target is an Ia3
(bixbyite) structure, the resulting films deposited via PLD have a
fluorite structure. This can be explained by the deposition tem-
perature which is 750 °C and presence of an oxygen atmosphere
during deposition since the oxygen partial pressure plays an im-
portant role in the structure of the films of rare earth oxides in vapor
deposition techniques [42-44]. The role played by the oxygen partial
pressure can be understood from the transition from bixbyite to



M.V. Kante, H. Hahn, S.S. Bhattacharya et al.

20 nm

101/nm

50/nm

Journal of Alloys and Compounds 947 (2023) 169430

20 nm

Fig. 2. (a) Micrograph of SG cross-section, the inset is the SAED of SG. (b) Zoomed in micrograph of the SG film cross-section. (c) Chemical distribution maps of elements in the SG
film. (d) Micrograph of PLD-Si cross-section, the inset is the SAED of PLD-Si. (e) Zoomed in micrograph of the PLD-Si film cross-section. (f) Chemical distribution maps of elements
in the PLD-Si film, (g) Micrograph of PLD-YSZ cross-section, the inset is the SAED of PLD-YSZ. (h) Zoomed in micrograph of the PLD-YSZ film cross-section. (i) Chemical distribution
maps of elements in the PLD-YSZ film. For elemental chemical composition of the films see Table S2.

fluorite structure as ((Ce,La,Pr,Sm,Y),03 +1/20, — (Ce,La,Sm,Pr,Y)0,
at 750 °C), for which excess oxygen is needed to satisfy the reaction
and therefore the structure transformation [45].

3.2. Oxidation states

Properties of rare earth oxides strongly depend upon the oxygen
vacancies present in the structure [46]. Here, the oxidation states of
the cations play a very important role for the existence of anion
vacancies. In general, the oxidation state of the cation in stoichio-
metric fluorite-structured oxides should be +4. Doping with a rare
earth cation with a +3 oxidation state results in the formation of
oxygen vacancies. In the (CeLaPrSmY)0,-x films with a fluorite
structure that has been investigated in this study, the oxidation
states of Ce, La, Pr, Sm, and Y determine the concentration of oxygen
vacancies. Ce, and Pr exhibit multiple oxidation states with either of
them exhibiting both +4 and +3 oxidation states, while the rest of the
elements La, Sm, and Y predominantly show a +3 oxidation state.
Electron energy loss spectroscopy (EELS) and X-ray photoelectron
spectroscopy (XPS) were used to characterize the oxidation states of
Ce and Pr. XPS and EELS data of La, Sm, and Y can be seen in the

supplementary information (Fig. S2 and Fig. S3), which confirm +3
oxidation states.

3.3. The oxidation state of cerium

EELS spectra of SG, PLD-Si, and PLD-YSZ can be seen in Fig. 3(a).
Ce exhibits Ms and M, edges between 880eV and 920eV corre-
sponding to electronic transitions from the 3d orbital. The ratio of
intensities (Ips/lva) of Ms and My peaks is generally utilized to
compare the oxidation states of Ce in different systems [45,47,48]. It
was observed from the Intensity ratio of Ms and My edges that the
majority of Ce is in a +4 oxidation state[49,50]. On closer inspection,
PLD-Si and PLD-YSZ have almost the same Iys/Iy, While the Iys/Iva
for the SG is higher, which indicates that the amount of Ce** in SG is
the lowest of the three films. Fig. 3(b-d) shows the XPS spectra of SG,
PLD-Si, and PLD-YSZ. Ce exhibits 3d orbital photoemission peaks
around 880eV. In the Ce 3d XPS spectrum, Ce*® exhibits two mul-
tiplets of four peaks (u®, u' and v° v') with each multiplet re-
presenting transitions from 3ds;; and 3dsp of Ce™ respectively,
while Ce** exhibits two multiplets of six peaks (u, u', u" and v,v'\,y'"")
with each multiplet representing transitions from 3ds;; and 3ds; of
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Fig. 3. (a)EELS data of Ce 3d transition of SG, PLD-Si and PLD-YSZ (b)(c)(d) XPS data of PLD-YSZ, PLD-Si and SG.

Ce** ion respectively [51-53]. The XPS data are fitted with Ce** and
Ce** multiplets following references [51-53] using CASAXPS. The
content of Ce** is interpreted from the fit to be greater than 90 %,
with SG having slightly lower Ce** than the other 2 films. Hence, it
could be inferred that most of the Ce in all the films are in the
+4 oxidation state.

3.4. The oxidation state of praseodymium

EELS data of Pr 3d can be seen in Fig. 4(a). Similar to Ce, Pr ex-
hibits M5 and M4 edges between 930 eV and 970 eV as a result of 3d
electronic transitions. The intensity ratio of Ms and My edges (Ins/
Ima) indicates Pr to be the dominating species [49]. The PLD-YSZ
and SG films have similar Iy;s/Iy4 values indicating similar oxidation
states, while PLD-Si has the lowest Iy;5/Iy4 value. The lower Intensity
ratio of PLD-Si implies that PLD-Si has slightly higher Pr** [45] than
the other two films. XPS data of Pr 3d in all the films can be seen in
Fig. 4(b). The Pr 3d XPS spectrum can be divided into two multiplets
(a,a'a" and b,b'b"), t (satellite peak), oxygen Auger line (OKLL) and
the positions of the peaks can be seen as dotted lines in Fig. 4(b)
[43,54]. a/b and a'/b' are characteristic of transitions from 3d orbitals
of both Pr*> and Pr**. However a" and b" appear due to the presence
of Pr** in the system [43,55]. On closer inspection, the b" peak
cannot be unambiguously identified in PLD-YSZ and SG samples.
However, in the case of PLD-Si, the b" peak can be observed, which
suggests the presence of relatively higher amounts of Pr* in PLD-Si

when compared to the other samples. Nevertheless, the difference in
the Pr** content in the three cases appears to be relatively insig-
nificant. Both EELS and XPS analyses suggest that all the films have
Pr*3 as the predominant species.

3.5. Band gap

UV-vis spectroscopy was conducted to investigate the band gap
of the films. The band gap values were extracted from the Tauc plots
and the results are depicted in Fig. 5. The band gaps of SG, PLD-Si,
and PLD-YSZ films are 2.29, 2, and 2.17 eV, respectively. The band gap
values of the films are similar to the values observed in the literature
for (Ce,La,Sm,Pr,Y)0,-x (~2.06eV) in powder form[3]. Among the
films, PLD-Si has the lowest band gap, which might be attributed to a
slightly higher Pr** content as the presence of Pr'* leads to the
formation of an impurity band between Ce 4f and O 2p resulting in
lower band gaps in (Ce,La,Sm,Pr,Y)0,-4[45,56,57]. Likewise, SG
showed the highest band gap as it has the lowest Pr*4 content as can
be seen from the EELS results (Fig. 4a).

Therefore, it can be seen that all the films have similar crystal
structures, oxidation states of the cations, and band gap comparable
to those observed for (Ce,La,Sm,Pr,Y)O,-x in the powder form
[3,4,32]. However, the morphology of a material can significantly
affect the properties and their usage in different applications. For
example, rare earth-based oxides are known for their oxygen ion
conductivity[58], which are promising candidates as electrolytes in
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Fig. 5. Tauc plot of UV-Vis spectroscopy of SG, PLD-Si and PLD-YSZ films.
solid oxide fuel cell (SOFC) applications. A single crystal or columnar

grain-oriented film in the (111) direction, typically has low re-
sistance for cross plane electrolytic conductivity [59-61]. Therefore,

the films synthesized by PLD (columnar and epitaxial) could be used
as electrolytes in an SOFC. Rare earth-based oxides are well-known
for their catalytic activity|62-64] in different reactions and in turn,
the films synthesized from the sol-gel process with polycrystalline
equiaxed grains are good candidates for catalytic applications.

4. Conclusion

In this study, we fabricated temperature sensitive fluorite
structured (CeLaSmPrY)0O,_, dense films using sol-gel process and
pulsed laser deposition. Our methodology could be used to over-
come the drawbacks of conventional sintering methods, as
(CeLaSmPrY)0,-x converts to bixbyite structure at higher tempera-
tures. We obtained crack- and pore-free dense films with three dif-
ferent morphologies depending on the deposition method, which
can be tuned based on specific needs. The film synthesized through
sol-gel process exhibited a polycrystalline structure whereas the
films synthesized via pulsed laser deposition exhibited columnar
and epitaxial growth on Si and YSZ substrates, respectively.
Therefore, we demonstrate that it is possible to make micro-
structure-tuned dense films while retaining the structure, chemical
composition, valence states and band gap very similar to that ob-
served in the powder form, thus paving the way to explore appli-
cations that require the bulk form with specific microstructures
(such as columnar/epitaxial grains for SOFC applications and
equiaxed microstructure for catalytic applications).
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