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ABSTRACT The article presents the conditions for obtaining Ce(lV) phosphate coatings on the surface of sil-
icon and quartz by the successive ionic layer deposition (SILD) method. It has been shown that when using
solutions of (NH4)4Ce(SO,4)4 and NaH,PO, as reagents, coatings of the composition Ce(OH)PO, - nH,O are
formed on the surface of the substrates, and when using solutions of (NH,),Ce(SO,)4 and NazPQOy, coatings of
the composition Nag 2Ce(OH)s 4(PO4)o.6 - nH20 are formed. These compounds have an amorphous structure.
SEM analysis of Nag 2Ce(OH), 4(POy4)q.6 - nH2O on the silicon surface showed that for the samples obtained
as a result of 15 SILD cycles, the planar isotropic coatings are rolled into microtubules with a microscroll mor-
phology of 3-5 um in diameter and 30-100 xm in length. The composition of the noted Ce(lV) phosphates can
be relatively easily doped during the synthesis process, for example, with Fe(ll) cations and tungstate anions.
It was found that Ce(OH)PO, - nH,O coatings are characterized by intense absorption band in the UV region
of the spectrum, and can be used as components in various types of absorbers. Moreover, the degree of
absorption can be controlled by varying the number of synthesis conditions, for example, the number of SILD
cycles.
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1. Introduction

Rare earth element phosphates are known to exhibit a variety of practically important properties, and their study has
received considerable attention [1-5]. Among these, Ce(IV) phosphates occupy a special place, exhibiting properties
similar in many ways to those of other metal phosphates in the 4+ oxidation state, such as Ti(IV) and Zr(IV) phos-
phates. The conditions for the synthesis of Ce(IV) phosphates and the features of their chemical structure, as well as the
results of studying their properties, are described in a number of reviews, for example in articles [6-8]. In particular,
Ce(PO4)(HPOy)g.5(H20)g 5 is an active adsorbent for many environmentally unsafe metal cations, including radioactive
ones [9]. Phosphates and Ce(IV) oxide are also actively studied as so-called nanozymes for biologically active processes
in living organisms [10-12].

Significant results were obtained in studying the characteristics of UV radiation absorption by Ce(IV) phosphates
[13,14]. It is known that the main inorganic components of various types of creams for skin protection from UV radiation
are titanium and zinc oxides, because they are characterized, on the one hand, by high absorption coefficients [15, 16] in
this spectral region, and, on the other hand, they are uncolored in the visible region of the spectrum.

A similar function can be performed by cerium (IV) oxide. When irradiated with UV light, it does not generate active
forms of oxygen that damage the skin, unlike titanium and zinc oxides.

In [17], it was shown that Ce(IV) phosphate exhibits properties similar to CeOs, and in this regard, it is of interest
to create new approaches to their synthesis. Another important aspect in assessing the possibility of replacing titanium
and zinc oxides in creams with Ce(IV) oxide or phosphate is the need to consider the comparatively high price of cerium
compounds. Therefore, such synthesis methods that allow deposition Ce(IV) phosphate coatings to various more accessi-
ble substrates are acquiring great importance. It is assumed that using these methods it is possible to obtain, for example,
core-shell structures in which the content of the more expensive component is lower.
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Such methods include the SILD method [18], which allows the synthesis of a wide range of inorganic compounds
on the surface of complex-shaped substrates and relatively precise control of their thickness. The essence of this method
is to treat the substrate according to a special program using solutions of 2 or more reagents, with intermediate rinsing
of the sample with excess reagent and reaction products, using a solvent, specifically, water for aqueous solutions. The
conditions of such treatments are selected in such a way that during treatment with each reagent, alternate adsorption of
cations and anions occurs on the surface. It is important that these ions interact with each other and form a poorly soluble
compound.

The aim of this work was to study the features of the synthesis of Ce(IV) phosphate coatings on the surface of model
silica substrates represented by fused quartz samples and an ultra-thin layer of silicon oxide on the surface of single-crystal
silicon. An important part of the work consisted of the results of studying the degree of absorption of UV radiation by
such coatings.

2. Experimental
2.1. Materials

Aqueous solutions of (NH4)4Ce(SOy4)4-2H50, (NHy)2Fe(SO4)2-6H20, NagWO,, NaH,PO,4 and NagPO,4 (JSC Lenre-
active) were used as reagents for synthesis. The weighed portions of the reagents were dissolved in deionized water,
stirring for at least 30 minutes. The synthesis substrates used were single crystalline silicon with <111> orientation, as
well as fused quartz plates measuring 10x25 mm and 0.35 and 1.0 mm thick, respectively. Before synthesis, all substrates
were rinsed twice for 10 minutes using an ultrasonic bath with isopropyl alcohol. They were then washed with deionized
water and dried at 60°C for 10 minutes in the air.

2.2. SILD synthesis conditions

The coatings were synthesized using a custom-made automated setup. In the first stage of the SILD synthesis, the
substrate plates were immersed in a solution of (NH,4)4Ce(SO,4)4 with a concentration of 0.01 M. They were then removed
from this solution and immersed in distilled water to remove excess reagent and reaction products from the surface. In the
second stage, the plates were immersed in a solution of NaH,PO,4 or NagPO, with a concentration of 0.01 M and again
washed in distilled water. This sequence corresponds to one SILD cycle, which was repeated 5-25 times. A number of
syntheses were performed using a solution of a mixture of (NH4)4Ce(SO,4)4 and (NH,4)2Fe(SOy)2, as well as NagPO,4 and
Nay; WOy as one of the reagents. The treatment time in the reagent solutions and water was 30s. The synthesis was carried
out at room temperature and atmospheric pressure. After deposition, the samples were dried in the air at the temperature
60°C.

2.3. Physical characterization

Scanning electron microscopy (SEM), transmission electron microscopy (TEM), scanning transmission electron mi-
croscopy (STEM), selected area electron diffraction (SAED), energy-dispersive x-ray (EDX) microanalysis, Fourier-
transform infrared spectroscopy (FT-IR) and diffuse reflection (DR) spectroscopy in the UV-Vis region were used to study
the synthesized samples.

Electron micrographs were obtained using a Zeiss EVO-40EP scanning microscope and a Zeiss Libra 200 trans-
mission microscope. The synthesized compounds composition was determined by EDX microanalysis using an Oxford
INCA-350 spectrometer included in the Zeiss EVO-40EP scanning electron microscope kit. The FT-IR spectra of the
coatings on the silicon surface were recorded on FSM-2201 spectrophotometer according to a differential scheme relative
to a pure silicon substrate. The number of scans was 60. DR spectra were obtained using a Perkin-Elmer Lambda 9
spectrophotometer equipped with an integrating sphere. When obtaining DR spectra, fused quartz plates were used as
substrates. The surface of these plates was pre-polished using SiC powder with a particle size of about 20 ym as an
abrasive.

3. Results and discussion

As follows from the electron micrographs shown in Fig. 1(a,b), as a result of synthesis using solutions of
(NHy4)4Ce(SO4)4 and NaH,PO,, continuous thin films are formed on the silicon surface, which have separate micro-
cracks that are not through the thickness and have sizes of fractions of a micrometer. The latter may possibly form during
drying of the samples in air. If a solution of NagPOQ, is used instead of a solution of NaH3PO,, then for the samples ob-
tained as aresult of 5, 10, 20 and 25 SILD cycles, such a planar morphology of the films is preserved. It is only noteworthy
that the surface of such thin films has a more clearly expressed globular morphology and the sizes of such planar globules
are approximately 30—100 nm. However, for the sample obtained as a result of 15 SILD cycles, the morphology of the
coating changes significantly and the formation of microtubes with the morphology of microscrolls with a diameter of
about 3-5 pm and a length of 30—100 pm is observed on the surface (Fig. 1(c-f)). The wall thickness of such microtubes
is 50-80 nm and this indicates that during the synthesis as a result of 1 SILD cycle, a nanolayer with a thickness of ~4 nm
is formed on the surface. This value significantly exceeds the total dimensions of the elementary polyhedron in Ce(IV)
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F1G. 1. SEM images of the surface of the coatings deposited on silicon wafers. a, b — the reagents
in the synthesis were (NH,4)4Ce(SO4)4 and NaH;PO, solutions; c-f — (NHy)4Ce(SOy4)4 and NagPOy
solutions. The number of SILD cycles (/V) was 15

oxyhydroxide and phosphate anion. This circumstance, in our opinion, indicates super-equivalent adsorption of Ce(IV)
cations or phosphate anions on the surface at each stage of substrate treatment in reagent solutions.

In Fig. 1(c-f), it can be seen that the outer side of the microtube wall has a smoother surface than the inner one and
the planar thin film itself is rolled up with the outer side relative to the substrate into the microtube.

Important information about the structural and chemical features of the synthesized coatings can be obtained from
the analysis of electron STEM and TEM micrographs (Fig. 2(a,b)). According to these micrographs, the walls of such
microtubes consist of individual nanoparticles 2040 nm in size and these nanoparticles are amorphous (Fig. 2(c)). Similar
micrographs and SAED pattern were also obtained for the coating synthesized using the NaH,PO, solution and therefore
we do not show them in this figure.

FI1G. 2. STEM (a) and TEM (b) images of fragments of the coating synthesized on the silicon surface
as a result of its treatment for 15 cycles with solutions of (NH4)4Ce(SOy4)4 and Na3PO, using the SILD
method. (c) — typical SAED pattern of this sample

The study of the coating composition by the EDX method showed that in the case of using solutions of
(NH4)4Ce(SOy4)4 and NaH5PO, for synthesis, a thin film is formed on the surface, which consists only of Ce, P and
O atoms, and the ratio of Ce:P concentrations is close to 1 (Fig. 3(a)). Unfortunately, it is impossible to determine the
relative content of O atoms in such thin film, because oxygen is also present in it as part of water molecules. If a solution
of NagPOy is used as one of the reagents during synthesis, then in the composition of the coating, along with the noted
elements, Na atoms can also be found, and the ratio of the concentrations of Na, Ce and P atoms is 0.2:1.0:0.6.

The composition of the coatings was also studied by FT-IR spectroscopy (Fig. 4(a)), the results of which indicate the
presence of water molecules (absorption bands of water molecules are not shown in the figure) and phosphate anions in
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FI1G. 3. EDX spectra of coatings deposited on silicon wafers. a — solutions of (NH4)4Ce(SO4)4 and
NaH>PO, served as reagents in the synthesis; b — solutions of (NH4)4Ce(SO4)4 and NagPO4. N= 15

the layer. The presence of the latter is indicated by absorption bands in the region of 1200-900 cm ™! of valence and in
the region of 700-500 cm ™! of deformation vibrations of P-O bonds [16].

Thus, the composition of the obtained coatings can be characterized by analogy with papers [19-22] as Ce(OH)POy -
’/IHQO and Nao_QCC(OH)244(PO4)0_6 . TLHQO.

A rather logical result is a slightly lower content of phosphate anions in the sample obtained using the NasPOy
solution in relation to the content of the series. This solution has a significantly higher equilibrium pH value and therefore,
when the substrate is immersed in it, two competing reactions are observed, namely, a more complete hydrolysis of the
adsorbed Ce(IV) cations with the formation of Ce(IV) hydroxide and the adsorption of phosphate anions. In such a
solution, there are also significantly more Na™ cations and therefore, along with the adsorption of phosphate anions,
adsorption of these cations is also observed. The presence of such polyionic adsorption leads to the so-called “super-
equivalent” adsorption and therefore, with each SILD cycle, cations and anions are adsorbed on the surface in an amount

greater than one monolayer.

a 1
1133
2 528
< 1017 32
[y 0 g
543
1008
i 5
PO (TS S (T (N TN N N T N T 0 1 1 1 L 1
1200 1000 800 600 300 400 500 600 700 800
Wave number, cm-1 A, nm

FI1G. 4. a - FT-IR spectra of Ce(IV) phosphate coatings on silicon surface obtained using solutions of
(NH4)4CC(SO4)4 and NaH2P04 (1) and (NH4)4C€(SO4)2 and N33PO4 (2) N= 20, b — DR UV-Vis
spectra of Ce(IV) phosphate coatings on quartz surface obtained using (NH4)4Ce(SO,4)4 and NaHsPO4
solutions

When discussing the obtained results, it is also necessary to interpret the effect of formation of microtubes with walls
of Nag.2Ce(OH)2 4(PO4)o.6 - nH20 in the case of the sample obtained as a result of 15 SILD cycles. In our opinion, the
formation of such microtubes occurs at the stage of sample drying due to the fact that the outer part of the synthesized
coating with respect to the substrate has a lower density than that which is in contact with the substrate. Apparently, this
occurs because the inner part of the layer was in contact with reagents for a longer time in total than the outer one. It
is also impossible to exclude the reason for the increase in the coating density due to the formation of various cerium
silicates in the contact zone with the substrate due to partial dissolution of an ultra-thin oxide nanolayer on the silicon
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surface in an alkaline solution of NagPO,. The obtained results, in our opinion, are one of the examples of the formation
of microtubes of inorganic compounds during the drying of planar films with a density gradient across the thickness.
Previously, we observed similar effects using microtubes with other wall compositions [23,24]. It can be assumed that
this effect of the formation of microtubes of inorganic compounds with a microscroll morphology is similar to the effect
of the formation of nanotubes with a nanoscroll morphology, which the authors observed in [25,26] during their synthesis
under hydrothermal conditions. However, in these cases, the twisting of the nanoscrolls was primarily the result of forces
that arose due to differences in the structural properties of individual metal-oxygen polyhedra within their walls.

It is noteworthy that the coatings obtained as a result of 15 SILD cycles are most likely to twist. Apparently, the
thin films of greater thickness are already more mechanically strong and the forces that arise during drying are no longer
sufficient for the layer to twist. On the other hand, the thin films with a smaller thickness are less mechanically strong
and when they are dried, such forces are not yet strong enough for their twisting. In addition, we have noticed that even if
such thin films partially “twist”, the microtubes that form them are not mechanically strong enough and they “collapse”
into planar structures.

Additional and practically significant information can be obtained by analyzing the DR spectra of coatings on the
surface of fused quartz (Fig. 4(b)). In these spectra, a wide absorption band can be observed in the range of 200—400 nm
with an intensity increasing in a series of samples obtained as a result of a greater number of SILD cycles. This absorption
band corresponds to charge-transfer transitions between the O(2p) and Ce(4f) states [27]. It is characteristic that already
after 15 SILD cycles, a significant absorption of UV radiation at a level of 90 percent in the middle UV region, i.e., region
B, is achieved. And this fact, in our opinion, opens up new possibilities for the creation of new, more effective absorbers
of such radiation. Moreover, the optical properties of such coatings can be improved by doping their composition with
various cations and anions. This doping can be relatively easily accomplished by using reagent solutions containing
additives of various salts during synthesis. In particular, we have carried out test syntheses using solutions of salt mixtures
and have shown that Fe(II) cations can be introduced into the composition up to an atomic concentration of 40%, as well
as tungstate anions up to a value of 10% relative to the content of cerium atoms. A more detailed presentation of these
experiments, however, goes far beyond the scope of this article and is therefore not presented here.

4. Conclusion

Successive and alternating treatment of silicon and quartz surfaces using the SILD technique with (NH4)4Ce(SO4)4
and NaH2POy solutions results in the formation of a Ce(OH)PO,4 - nH2O coating with an amorphous crystalline struc-
ture. If a NagPOy solution is used as a reagent instead of NaHPOy, the formation of Nag 2Ce(OH)2 4(POy4)g.¢ - nH20
coatings with an amorphous structure is observed on the substrate surface. It is characteristic that in a series of
Nag.2Ce(OH)5 4(PO4)o.¢ - nH2O samples differing in the number of SILD cycles, the planar morphology of coatings
can be disrupted for the sample obtained as a result of 15 SILD cycles. As it turnes out, formation of microtubes (mi-
croscrolls) is observed on the surface of such a sample due to the “twisting” of individual fragments of the synthesized
thin film. The composition of the noted Ce(IV) phosphates can be doped with various cations and anions by adding
corresponding salts to reagent solutions. This was demonstrated using Fe(II) cations and WO?[ anions as an example.
The study of Ce(OH)POy4 coatings by DR spectroscopy indicates the possibility of creating effective UV absorbers in the
mid-B spectral range based on these coatings.
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