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SUMMARY

The investigation of new functional materials (ceramics) based on cerium (IV) oxides is a
promising field of scientific research. A wide application in the industry received composite
materials based on CeO,—Gd,03; and CeO,—Sm;0;.

In this work thin films were formed on the basis of (CeO, with 10 mol% Gd,O;
(GDC10), CeO, with 20 mol% Gd,O3 (GDC20), CeO, with 15 mol% Sm,03 (SDC15), CeO,
with 20 mol% Sm,0; (SDC20)) using e-beam technique in this work. The deposition rate and
temperature of the substrate had influence on the formed doped cerium oxide (SDC and GDC)
thin films properties. Sm and Gd doped cerium oxide thin films (~1.9 um) were deposited on
Si0,, Alloy 600 (Fe-Ni-Cr), Si(111), Si (100) and Al,Os substrates. Investigations of the formed
thin films were carried out using a Scanning electron microscope (SEM), Electron dispersive
spectroscopy (EDS), X-ray diffraction (XRD), and Raman spectroscopy.

It has been established that the cerium oxide based ceramic retains the crystalline
structure, regardless of the concentration of the dopant and used substrate type. The most
dominant crystallographic orientation of formed thin films was cubic (111). Raman spectroscopy
measurements showed the peak (465cm™) of pure ceria corresponding to F2g vibrational mode.
First-order peaks, inherent to cerium oxide, were shifted to a region of lower wavenumbers and
depend on dopant concentration. The peaks for all formed thin films were similar to each other
in form but the position, half width and their intensity varied depending on the dopant
concentration. Raman peaks position at 550 cm™ and 600 cm™ could be explained as change of
oxygen vacancy amount due to the cerium transition between oxidized and reduced forms of

3+ 4+
Ce’'2Ce™.
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fakultetas.
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SANTRAUKA

Cerio (IV) oksido funkciniy keramiky tyrimai yra perspektyvi tyrimy sritis. Pramong¢je
placiai naudojamos CeO>—Gd,03 ir CeO,—Sm,03 kompozicinés medziagos.

Siame darbe plonos CeO, su 10 mol% Gd,O; (GDC10), CeO; su 20 mol% Gd,0;
(GDC20), CeO; su 15 mol% Sm,03 (SDC15), CeO; su 20 mol% Sm,0; (SDC20) dangos buvo
suformuotos naudojant garinimg elektrony spinduliu. Naudojant §j metoda, nusodinimo greitis ir
padéklo temperatiira jtakojo suformuoty legiruoto cerio oksido plony dangy savybes. Legiruotos
(Sm ir Gd) plonos cerio oksido plonos dangos (~ 1,9 um) buvo uznestos ant SiO,, Alloy 600
(Fe-Ni-Cr), Si (111), Si (100) ir Al,O3 padékly. Suformuoty plony dangy tyrimai buvo atlikti
skenuojanciu elektroniniu mikroskopu (SEM), elektrony dispersinés spektroskopijos (EDS),
Rentgeno spinduliy difrakcijos (XRD) metodais ir Ramano spektroskopijos metodu.

Darbe buvo nustatyta, kad suformuoti ploni GDC bei SDC sluoksniai turi kristaling
struktiirg, nepriklausomai nuo priemaisy kiekio ir naudojamo padéklo. Dominuojanti
kristalografiné orientacija buvo kubiné (111). Naudojant Ramano spektroskopija buvo nustatyta
gryno cerio smailé (465cm™) atitinkanti F2g vibracinj lygmenj. Badingos pirmos eilés cerio
oksido smailés, keiciant priemaiSy koncentracija, pasislenka i mazesniy bangos skaiciy sritj.
Visy suformuoty GDC bei SDC plony sluoksniy Ramano smailés buvo panasios viena j kitg savo
forma. Tiriamos dangos sudéties salygojo smailiy padéti, jy pusploti bei intensyvumg.
Tyrimuose nustatytos 550 cm™ ir 600 cm™ smailiy padétys paaiskina deguonies vakansijy

skaiGiaus kitima dél cerio valentingumo poky¢io, t.y. Ce* 2Ce*".



INTRODUCTION

The creation of new functional materials based on oxides (catalysts, counter electrodes of
electrochromic devices, solid oxide fuel cells), including cerium (IV) oxide, is a promising field
of scientific research corresponding to priority areas of Lithuania's scientific and technological
development "Technologies for the production and processing of functional nanomaterials". The
composite materials CeO,—Gd,03 and CeO,—Sm,03 were widely used in industry because of the
ease of cerium transition between the oxidized and reduced forms of Ce*"2Ce*[2, 5]. Gd (IV)
and Sm (IV) oxides influence this equilibrium, and also increase the thermal stability and
transmittance in the visible region of the ceria (IV) oxide spectrum.

The known physical and chemical, combined methods for the production of oxide CeO2-
Ce0,-Gd,03; and CeO,—Sm;0; in thin-film states are mainly energy-intensive and require the
use of expensive equipment. In our case, we have chosen the method of electron beam
evaporation (E-beam deposition). In the method of electron beam evaporation, changes in the
deposition rate, pressure and temperature of the substrate affect the properties of oxide films. By
changing the application parameters, we can obtain thin films with a homogeneous structure and
a homogeneous shape without any defects and cracks [1, 2, 5].

A fuel cell is a device that converts chemical energy into electrical energy. There are
different types of fuel cells designed for a specific application, the most important difference
between them is the kind of electrolyte they use. This study was carried out using a solid oxide
electrolyte, which is a cerium oxide with (Gd,O3; and Sm,03) dopant.

The properties of a thin film electrolyte in many respects define operational characteristics
of the fuel cell. High ionic conductivity, mechanical strength thermal resistance and gas tightness
are the main requirements to the electrolyte ensure stable and long term operation of fuel cells
with high electrical performance, preventing the loss of fuel [5].

The purpose of the research is to form a thin film on the basis of cerium oxide (CeO;) with
dopants Sm and Gd using e-beam evaporation technique, to investigate the microstructure and
Raman spectra study are the purpose of the research.

The early theories, on the basis of which the search for an optimum dopant for CeO, was
carried out, were generally based on consideration of deformation of a lattice in general and did
not tale into account local microstructure of a solid electrolyte.

With development of new methods of the analysis there was an opportunity to find the
additional parameters influencing the properties of solid solution which are not connected with

technological features of their production.
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The method of Raman spectroscopy enabled us to obtain additional information on oxygen

vacancies in the investigated solid solutions.

The main tasks of the research:
1. To form a thin film on the basis of (CeO, with 10 mol% Gd,0; (GDC10), CeO, with 20
mol% Gd,O3 (GDC20), CeO, with 15 mol% Sm,0; (SDC15), CeO, with 20 mol%
Sm,03 (SDC20)) using e-beam technique in Alloy 600 (Fe-Ni-Cr), Si (111), Si (100) and
Al,Os substrates.
2. To investigate the microstructural properties with SEM, XRD, EDS.

3. To analyze of Raman spectra based on Gd and Sm doped ceria thin films.

14



1. LITERATURE REVIEW

This chapter describes the theory of cerium oxide and technical requirements for the

production of thin films based on CeO; cerium oxide.

1.1. GENERAL BACKGROUND OF CERIUM OXIDE (CeO;) AND CRYSTAL
STRUCTURE

Cerium is a well-known rare-earth element. The element cerium was first extracted from
the mineral called "tserit", by Jons Jakob Berzelius and Wilhelm Hisinger in Sweden. Cerium
oxides are of great interest due to their unique properties in terms of various applications. CeOx
thin films have a lattice constant equal to 0.541 nm, eight equivalent oxygen anions surround
each cerium ion, and each tetrahedral anion is coordinated by four cerium cations [1]. See the
Fig. 1.1.1 and it differs a little from the lattice constant of silicon, which makes it possible to
create epitaxial insulating layers in silicon technology. Thus, CeOx films are well suited for
applications in optical, electro-optic, microelectronic and optoelectronic devices. The valence of
cerium affects the structure of cerium oxides: Cerium (IV) oxide CeO, forms a cubic lattice,
whereas cerium (III) Ce,O; oxides have a hexagonal crystal lattice. It was established that
nanocrystalline CeOx films mainly consist of grains of CeO,, with a considerable concentration
of Ce’ " observed at the grain boundaries, forming amorphous Ce,Os. A small amount of Ce’ *is
also located around the vacancies of oxygen atoms [2]. It is apparent that physical properties of
the film significantly depend on state of its surface, stoichiometry, crystallinity, density,
microstructure and crystallographic orientation, that is, first of all, on methods of thin film

manufacturing.

..........................

.....................

Fig. 1.1.1. Atomic configuration for the unit cell of fluorite-structured CeO; [1]

15



1.2. MORPHOLOGY AND NANOSTRUCTURE

Morphology plays a decisive role in the influence on the surface characteristics of
materials. The crystal plane is one of the most widespread morphological characteristics
considered in cerium oxide crystals. CeO, in the cubic fluorite structure has three planes with a
low index: (100), (110) and (111). The planes (100) are unstable, but it is possible to stabilize
them by defects or particles that compensate for the charge present, for example, in ligands or
surfactants [3, 4]. The surfaces (110) are charged with neutral stoichiometric fractions of anions
and cations in each plane, which leads to the absence of a dipole moment perpendicular to the
surface. The surfaces (111) also do not have a dipole moment perpendicular to the surface. In
contrast to the (110) planes, the surfaces (111) consist of a neutral three-plane repeating unit

terminating in one plane of the anion [2, 3, 4].

(b) (100)
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Fig. 1.2.1. The face-centred crystal cell of the CeO; structure: the (100), (110) and (111)
planes of the CeO; structure [2]

As the particle size decreases for cerium oxide (CeO,), the parameters of the elementary

cells increase [5]. Table 1.2.1 shows the dependence of the values of the unit cell parameter on

the particle size for the CeOs.
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Table 1.2.1. Dimensions and composition of CeO; nanoparticles [5].

Particle size, nm The fraction of cerium | Ce’/(Ce*™+ Ce*), % | Rated structure

. (Experimental data)
atoms in the near-surface

layer, % (calculated data)

7.0 27 21 CeO 894
4.6 43 38 CeOi 310
2.6 75 74 CeO1.630

The observed character of the change in the cell size is caused by a gradual decrease in the
effective degree of cerium oxidation due to the removal of a part of the oxygen atoms on the
surface of the particles from the corresponding crystallographic positions with the formation of

oxygen vacancies.

1.3. OXYGEN VACANCY DEFECTS

Cerium oxide has a fluorite structure with Fm-3m space group. The intrinsic defects are
caused by the alternative presence and absence of cerium cation in the eight coordination sites.
The defects can also be formed by the reaction with a solid substance or atmosphere [5]. Three
different types of internal/subsurface defects in ceria are Frenkel (cation) defect, anti-Frenkel
(anion) defects, and Schottky defect. Frenkel (or interstitial) defect is formed when an atom or
ion leaves its place in the lattice, it moves to an interstitial site close to its original location and a
vacancy in the original site is formed. Schottky defects are formed when oppositely charged ions
leave their lattice sites, create vacancy sites and these vacancies provide a total neutral charge of
the ionic solid substance (Fig. 1.3.1) [5, 6]. In ceria, the energies of cation Frenkel defects (8.86
eV/per defect) and Schottky defects (3.33 eV) are higher than the energies of the Frenkel oxygen
defects (2.81 eV). Therefore Frenkel-type oxygen defects must be the main form of intrinsic

disorder [7].
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(a) Schottky defect (b) Frenkel defect

Fig. 1.3.1. Comparison of the lattice differences between the Schottky defect and the Frenkel
defect [6]

Anion defects such as the Frenkel-type defects in oxygen lead to the formation of pairs of
oxygen vacancies and oxygen atoms in the interstices. As a rule, these defects do not change the
stoichiometric composition and usually have a low concentration. However, cerium oxide can
form a high concentration of vacancy defects, removing oxygen ions in a reduced medium,
which causes a change in the stoichiometry from CeO; to CeO,« (0 <x <0.5). In this case, the
new oxygen vacancies should compensate for the negative charges produced when oxygen is
removed. After removal of oxygen from the CeO, lattice, the remaining electrons are associated
with a change in the charge of two cerium atoms from +4 to +3. The process is illustrated by the
following equation:

Ce0O, CeOry+ 32 0Or (g) (0< X< 05) (1)

Oxygen defects of vacancies (ODV) of cerium oxide enable cerium oxide to act as an
oxygen buffer for storing oxygen in a medium with a high oxygen content and to release oxygen
into a medium with a low oxygen content. This unique property is associated with the exchange
of oxidation states Ce* “and Ce’ " in combination with ODVs formation. This property is also
called an oxygen storage capacity, which positively correlates with the activity of

catalysts/electrolytes in automobile emission control systems and solid oxide fuel cells [8, 9, 10].
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1.4. CONDUCTIVITY OF CeO;,

Mobile oxygen vacancies are formed in its structure upon substitution of Ce* " for a
trivalent rare-carth element due to the dissolution of rare-earth oxides (Smy0s;, Gd,Os, Y,0s3,

etc.).

CGOZ /
M,0; — 2M), +30% + Vg* (2)

The dependence of ionic electrical conductivity of doped cerium oxide CeO, has an
extreme character. The first portions of the admixture introduced into CeO,, due to the increase
in the concentration of oxygen vacancies, lead to an increase in the ionic conductivity (Fig.
1.4.1). At concentrations greater than x> 0.2, the electrical conductivity decreases, partially due
to the formation of sedentary associates (Mée V5*)*[11], partially as a result of the formation
within the fluorite structure of microphases of the cubic structure (C-type), similar to the
structure of the introduced impurity M,Os. For example, the oxide of the composition Ceg g

Gdo 40 O1. 80 has a fluorite structure (F-type), and Ceg so Gdo 50 O1 .80 belongs to the C-type structure
[11].
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Fig. 1.4.1. Concentration dependencies of ionic conductivity of Cerium oxide doped with

samarium (CeQO;) 1-x (Sm,03) x at different temperatures [12]

Table 1.4.1 presents the values of the ionic conductivity of doped ceria. The electrolyte of

composition Cep9Gdy 101 95 has the highest ionic electrical conductivity.
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Table 1.4.1. Ionic conductivity of CeO, - M,0O3 systems in air [13].

M,03 Content Tonic conductivity at Tonic conductivity at Activation
mol%) | 700° C (1072Q1 em™1) | 500°C (10221 cm™1) (gf;goyl)
Sm,04 10 3.45 0.29 68
Gd,04 10 3.62 0.38 70
Y,0; 5 1.0 0.021 95
CaO 5 2.0 0.15 80

The use of doped cerium oxide as an electrolyte is associated with the appearance of an
electronic conductivity component on the anode side at low partial oxygen pressures (the fuel
part of the element) (Figs. 1.4.2 and 1.4.3). Fig. 1.4.2 shows the isotherms of electrical
conductivity CegSmy»0; 9.5 as a function of the partial pressure of oxygen in the gas phase. It is

seen that at low pressures the contribution of electron conduction sharply increases.
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Fig. 1.4.2. Isothermal dependences of electrical conductivity CepsSmg20; 9.5 on the partial

pressure of oxygen in the gaseous phase [5]
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Fig. 1.4.3. The limits of the existence of pure ionic conductivity of electrolyte

Cep.0Gdo.103.5 and Cep g Gdo203.5 depending on the oxygen pressure and temperature [14]

The appearance of the electron component of conductivity at low oxygen pressures is

associated with the formation of excess oxygen vacancies.
2Ced, + 405 = 305 + Vs + 2Cel, + 20, (3)

The effective positive charge of oxygen vacancies is compensated by the formation of
electrons that are supposedly localized on cerium ions with the formation of bound Ce’ * ions
participating in the charge transfer and causing a mixed conductivity of the electrolyte [12].

To conduct oxygen ions the material must have some defects [25]. The membrane usually
consists of the layers of fluorite or perovskite arranged so that they have either vacancies or
interstitial defects. This enables oxygen anions to move from vacancy to vacancy in the lattice,
from the cathode to the anode. It was shown that the oxygen anion conductivity depends on the
size of the crystal lattice [26].

YSZ exhibits purely oxygen ionic conduction (with no electronic conduction). Thus, oxide
ions from the cathode jump from hole to hole until they reach the anode.

Other oxides on the base of ceramic electrolyte, which can be used in SOFC, are [27]:

e Cerium oxide doped with samarium (SDC), (Ce g5SmMg 15)01.925
¢  Cerium oxide doped with gadolinium (GDC), (Ce( 99Gd0¢.19)01.95
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¢ Cerium oxide doped with yttrium oped Ceria (YDC), (Ceg g5Yo.15) O1.95
¢ Cerium doped with calcium (CDC), (CeyggCag12) O188
* Lanthanum gallate ceramic that include lanthanum strontium gallium magnesium (LSGM),

(Lag.g0ST0.20) (Gag00Mgo.10) O2.85 O (LA goST020) (GAgg0MGo.20) O2.80
¢ Bismuth yttrium oxide (BYO), (Biy.75Yp25)205
*  Barium Cerate (BCN), (Biy.75Yp25)2,0zand
¢ Strontium Cerate (SYC), Sr(Cey.95Y by 05) O

For example, changes in ionic conductivity with temperature for various electrolyte

materials we can see in Fig.1.4.4.
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Fig. 1.4.4. Typical ionic conductivity of certain electrolyte materials depending on the operating
temperature [28]

1.5. RAMAN STUDY OF CeO;

The hypothesis of the dependence of oxygen non-stoichiometry on the particle size of
nanocrystalline cerium oxide is confirmed by the analysis of Raman spectroscopy data [15].
With the decrease in the size of the CeO, particles, systematic changes in the Raman spectra are
observed, in particular, a change in the position and width of the peak corresponding to the triply
degenerate active mode of F2g (465 cm™) [15, 16]. The experimental dependence of the half-

width of this line on the reciprocal particle size is shown in Fig. 1.5.1 [15,16].
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Fig. 1.5.1. Dependence of the half-width of the Raman peak at 465 cm™ on the reciprocal
particle size [20]

The Raman mode at 465 cm™, corresponding to symmetric Ce-O8 vibrations, must be
extremely sensitive to any disturbances in the symmetry of oxygen sublattice, including changes
in the oxygen stoichiometry of cerium dioxide caused by thermal treatment and / or dimensional
effects. This conclusion is confirmed by analyzing the Raman spectra of cerium oxide samples
doped with rare earth elements: the observed shifts in the position of the lines mainly depend on

the concentration of oxygen vacancies, which is determined by the content of the dopant [15].

Analysis of the Raman spectra of thin-film cerium oxide samples with different particle
sizes (4-300 nm) showed that the main effects accompanying the decrease in crystallite size are
broadening of the peak at 465 cm™ and simultaneous increase in its asymmetry (Fig. 1.5.2),
caused by a decrease in the phonon lifetime typical of nanocrystalline materials [16, 17, 18]. It
was once more demonstrated that the half-width of the peak linearly depends on the reciprocal
particle size (Fig. 1.5.3); It should be noted that similar dependencies were obtained earlier for

other nanocrystalline materials, including Si, Ge, GaAs, etc.
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The shift of the Raman peak to the region of lower energies (Fig. 1.5.4) is caused by the
increase in the parameter of the crystal cell of cerium oxide with decreasing particle sizes [19].
In turn, the increase in the width of the peak is determined by the presence of inhomogeneous
lattice tensions. It is shown that annealing of CeO, nanoparticles at high temperatures leads to
irreversible changes in the position of the Raman peak (Fig. 1.5.5), which is caused by stress

relaxation and / or oxidation of nonstoichiometric cerium oxide [19].
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Fig. 1.5.4. Changes in the position, width, and shape of the Raman peak at 465 cm™ with

changes in the particle size of the cerium oxide [19]
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nanocrystalline CeO, samples with different particle sizes [19]
1.6. APPLICATIONS OF CeO,

The most common rare-earth metal on earth is Cerium [20]. Cerium oxide undoubtedly
be called a multifunctional material, based on its wide application in optics, electronics,
implementation of gas sensors, humidity, temperature and radiation diesometers, fuel cells
(SOFC) etc. The main application area for cerium oxide is the catalytic processes. All these
applications are based on its potential redox chemistry between Ce’” and Ce*’, high oxygen

affinity and absorption/ excitation energy bands associated with electron structure [20].

According to numerous quantum-mechanical calculations, the energy of formation of
oxygen vacancies for cerium oxide decreases with decreasing particle size of CeO,. Moreover,
on the scale of particle sizes between CeOx and macrocrystalline CeO, clusters (CeQ) there is

an area where the energy of formation of vacancies is minimal.
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Fig. 1.6.1. Calculation models and the dependence of formation energy of oxygen vacancy on
the particle size of CeO, [5]

The low energy of formation of oxygen vacancies explains why cerium oxide
nanoparticles easily enter oxidation-reduction processes involving active oxygen species.
Appropriate studies are actively conducted for inorganic systems, including fuel cells [22],
catalysts [23, 22] and gas sensors [5].

In the chemical and petroleum industries, cerium oxide is used as a catalyst. In particular,
CeO; accelerates the important reaction between hydrogen and carbon monoxide. Cerium oxide
has long been successfully used, for dehydrogenation of alcohols.

Cerium oxide (IV) is used in ceramics to create photosensitive glasses. It is also used in
the walls of self-cleaning furnaces as a catalyst for the decomposition of hydrocarbons during the
high-temperature purification process. The nuclear technology is widely used and cerium
containing glass - they do not fade under the influence of radiation. CeO, is introduced into the
glass as a clarifier and sometimes as a light yellow dye [5, 20].

Cerium oxide is the main component of polyrite, the most effective powder for polishing
optical and mirror glass. Polyrite is a brown powder composed of rare earth oxides. The content

of cerium oxide in polyrite is not less than 45%. Cerium oxide is used as a catalytic converter to
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reduce CO emissions in vehicle exhaust fumes [5, 20].

CeO; doped with gadolinium and samarium is a useful material for solid oxide fuel cells
as they have rather high oxygen ion conductivity at intermediate temperatures [20]. It is possible
to use CeO; in order to increase ionic conductivity and to create a better electrolyte, as this
method enables us to create oxygen vacancies in the crystal without adding electron charge
carriers. A large number of oxygen vacancies in the electrolyte is formed on the anode
(reducing) side of the fuel cell. Some ceric oxides are reduced to cerium oxide under these

conditions; this transformation increases electronic conductivity of the material.

Solid oxide fuel cell (SOFC) is one of the most promising ways of generation of
electricity from hydrogen and oxygen. SOFC is something like a "factory" in which the input
product is fuel and the output product is electricity. And like a factory, the fuel cell operates
continuously and produces a product (electricity) only when there is a raw material (fuel) at the
input. This is the key difference between batteries and fuel cells. Although both devices work
using chemical processes, unlike batteries, fuel cells are not consumed in the course of work.
Fuel cells convert chemical energy contained in fuel into electricity.

There are several main advantages of SOFC

* SOFC has the most highest performance (Stream of energy of fuel, therefore power
relation).

*  SOFC can use different types of fuel: gaseous hydrogen, propane, alcohol and so on.

* SOFC can be produced in very small sizes; this concerns installations for residential,
commercial, industrial buildings and even for vehicles.

* SOFC during a release of the significant amount of heat and can be used in the combined
cycle (in combination with the gas turbine or a steam boiler).

* Many studies show that SOFCs potentially long-lived: 40000-80000 h.

Solid oxide fuel cells use oxygen-conducting ceramic is an electrolyte. This makes it possible to
use as the reducing agent a rather broad class of fuels: from coal and hydrogen to complex
alcohols and hydrocarbons [38-41].

Working temperatures, durability and power density of fuel elements are determined by
physical-chemical, thermal and other mechanical properties of the materials used and fuel cell
components such as electrodes, electrolytes, various electrical connectors, headers, etc [42].

The lattice constant of CeO, increases under reduced conditions, and the size of
nanocrystals decreases as a result of reduction of the cerium cation from Ce (IV) to Ce (III). This

increase compensates for the formation of oxygen vacancies, which leads to an increase in the
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efficiency of the fuel cell.

CeO, nanoparticles have a particularly high capacity to store oxygen, which is an
excellent catalyst due to the ease of transition between trivalent and tetravalent states and high
content in nature. CeO, nanoparticles are most often used in car catalytic converters because of
their non-stoichiometric ability to reject oxygen without decomposition. Cerium can release or
absorbe oxygen in the exhaust steam of an internal combustion engine, depending on partial
oxygen pressure. Due to this mechanism, NOx emissions are reduced, and carbon monoxide is
converted into carbon dioxide. Cerium oxide is relatively inexpensive, but its addition
significantly reduces the amount of platinum catalyst required for complete oxidation of NOx
and other harmful combustion products [26]. Fuel burns more purely when CeO; is added, which
leads to lower air pollution. It has also been described as a useful catalyst in such systems as
oxidation of volatile organic carbon and toluene, ozonation of organic compounds and the water-

gas shift reactions [20].

1.7. METHODS OF OBTAINING THIN FILMS BASED ON CERIUM OXIDE
(CeO) AND THEIR CHARACTERISTICS

At present, many methods for the synthesis of CeO, in a thin-film state have been
developed, each of which has its advantages and disadvantages. All methods of synthesis of
CeO; films, depending on the nature of the proceeding processes can be divided into three
groups: chemical, physical and combined [29] (Fig. 1.7.1).

The classical chemical method for preparation of oxide films of rare earth elements
(REE) is the method of modifying the surface of the substrate by thermal oxidation [32], also
called "oxidation of the metallic mirror". This method is based on the reaction of oxidation of a
layer of metallic cerium newly deposited on the substrate in a stream of air or dry oxygen upon
heating. Single-crystal silicon is used as a substrate [30]. As the authors of [30] note, oxidation
of Ce occurs within several minutes at 300-350 °C, but films with reproducible parameters
cannot be obtained under such conditions.

In [31] synthesis of thin (15 nm) CeO; films with uniform thickness and stoichiometric
composition at 300 ° C in a diffusion furnace in the O, atmosphere is described. The authors note
that the quality of the CeO, coating depends on the uniformity of the layer of metallic cerium
deposited on the substrate [31].
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According to the literature data [30, 31] the main drawback of the considered method is
the necessity of preliminary deposition of a cerium layer on the substrates, the uniformity of

which predetermines the uniformity of the oxide film [30, 31].

Fig. 1.7.1. - Methods of production of thin films of cerium oxide CeO,

When choosing film-forming substances, it is necessary to rely on a number of requirements
[33]:
- dissolution in various organic polar liquids;
- light hydrolysis in the presence of a small amount of water;
- decomposition during hydrolysis into volatile products of hydrolysis and an insoluble
part;
- adhesion of films to the surface of the carrier (possibly due to the presence of functional

groups OH—, Cl—, NH,— and others in the film-forming substance (FFSb)).

These requirements can be fulfilled with the right choice of solvent. Thus, for example,
the use of acetone or ethyl alcohol with a small water content (4-6 wt.%) characterized by good
wettability of the surface of solid substrates and a low evaporation temperature (Tev = 56.1 and
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78.3 ° C, respectively) prevents agglomeration of particles in the film-forming solution, and
promotes dissociation and hydrolysis reactions of the film-forming substance [35, 36]. Due to
the optimal ratio of the components in the solution, the required viscosity value is reached, the
solution acquires a film-forming ability, and firm binding to the substrate forms a homogeneous
film in a thin layer. Subsequent heat treatment of the film-forming solution on the substrate leads
to the formation of rare-earth oxides, as a result of the decomposition of the intermediate
products of hydrolysis of film-forming substances and removal of organic residues.

To depose film-forming solution on the substrate the following methods are used: a
centrifugation method, when a certain amount of film-forming solution is deposited on a rapidly
rotating substrate with a subsequent redistribution over the entire area under the action of
centrifugal forces, and a pulling method based on slow immersion and pulling of the substrate
from the solution. Unlike centrifugation, the pulling method allows two-sided coatings to be
obtained on substrates of complex shapes. CeO, films from film-forming solutions can be
obtained on glass [19], nickel [20-23], and other substrates. The method of deposition of films
from film-forming solutions has many advantages: it does not require expensive equipment and
create a vacuum.

The method of synthesis of CeO; films by thermal evaporation in a vacuum consists in
heating the evaporated substance (ES) in a vacuum to a certain temperature, and transferring it to
a cooler substrate. Depending on the method of heating, this technique is divided into 4 types:

1. Resistive evaporation, when the substance is heated by means of a special evaporator
heater with ohmic heating.

2. Explosive evaporation or the "flash" method, when a small amount of substance is
heated instantaneously when it gets on the surface of the evaporator heated by the electric
current to the evaporation temperature of the volatile substance.

3. Electron beam evaporation, when the local heating of the substance fixed on the
anode surface is carried out by bombardment with electron beams emitted by a heated cathode
filament [29-36, 38-40, 42].

4. Laser evaporation, when the local heating is carried out under the influence of laser
radiation [37].

In contrast to the methods discussed above, E-beam and laser evaporation requires
preliminary preparation of the substance to prevent electrolysis of individual particles:
compression of the CeO, powder under pressure followed by calcination in air for 1-5 hours at
1400-1500 ° C or for 6 H at 160 ° C [37]. In the e-beam method, variations in the deposition rate,
pressure and temperature of the substrate affect the properties of oxide films. At a deposition rate

of 0.01-0.05 nm / s and a pressure of 10 Torr, polycrystalline CeO, films are formed on silicon
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substrates [30]. At a rate of 0.05-0.4 nm / s, films with lower crystallinity and high defectiveness
of CeO; in oxygen are formed [35, 37]. An increase in Tgyp from 25 to 400 °C leads to an
increase in the crystallites of cerium oxide (IV) from 3 to 25 nm, due to their sintering [37].

As the electron source is located in the immediate vicinity of the substance, in the process of
electron-beam evaporation, the molecular flow from the substance can be partially ionized and it
can react with the cathode material, which leads to a decrease in reproducibility of film
properties [9]. The literature review notes that this procedure enables experimenters to increase
compactness of obtained films and to decrease the size of CeO; crystallites [37].

The method of obtaining films by thermal evaporation in a vacuum is complex from the
point of view of the technological process: it is necessary to create a vacuum, to purchase
expensive equipment and heaters from a special material, and to maintain the substrate
temperature. Despite the need for preparation of the substance (pressing into tablets), the most
common methods are laser and e-beam evaporation as they exclude interaction of the substance
with the material of the evaporator and, as a consequence, contamination of the films.

Among the plasma technologies for obtaining thin CeO, films, high- frequency (HF) (<50
MHz) and radio frequency (RF) (~ 13.56 MHz) magnetron sputtering is used [34]. Magnetron
sputtering is the bombardment of the target by high-energy ions from the plasma formed in the
working gas by a gas discharge arising when a voltage is applied between the thermionic cathode
and anode. The retention of electrons formed in a glow discharge by a magnetic field leads to an
increase in the concentration of ions in the plasma, and thereby contributes to an increase in the
deposition rate of the films. For spraying, as in the case of laser evaporation, preliminary
tableting is necessary.

Many authors state that the temperature of the substrate affects the orientation of films:
films with a constant orientation, produced as a buffer sublayer for high-temperature
superconductors (HTSC), are formed at Tpolzh. > 870 °© C. The atmosphere and pressure of
gases do not affect the oxide composition, on the production of 40-nm thick cerium oxide films
by sputtering of the CeO, target in an argon flow and a mixture of argon and oxygen. At present,
many scientists work at the development of the RF magnetron sputtering method. Sputtering of
the CeO; target is carried out in the current of O,, Ar or a mixture of O, / Ar at a pressure below
10* Pa with heating the substrate or annealing films after deposition. This method produces
CeO, films of different thicknesses: 200 nm (P = 10 Pa, in a current of O, / Ar; Tg, = 600 °C)
and 0.3-10 nm (P = 10 Pa, in a current of O, / Ar; T = 735 © C). Films obtained by magnetron
sputtering have better adhesion than films obtained by the method of thermal evaporation in
vacuum at equal sputtering rates, which is explained by higher energy of particles condensed on
the substrate, due to which they do not precipitate, but penetrate into the substrate structure [37].
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Thus, magnetron sputtering allows us to organize a high-speed production of CeO; films
of stoichiometric composition with controlled thickness and high adhesion to the substrate.
However, this method has some disadvantages — expensive equipment and high energy costs.

Thus, according to the analysis of the literature data, production of thin cerium oxide
films can take from several minutes to several days. Regardless of the method chosen, higher
deposition time leads to films with larger thickness. Each of the considered methods of synthesis

has both advantages and disadvantages.
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2. EXPERIMENTAL EQUIPMENT AND METHODS

In this work, the ceramic powder is compressed into a tablet before evaporation. In
particular we used (GDC10-T, GDC10-TC GDC20-TC, SDC20-TC, SDC15-TC) with different
BET, powder was compressed using a press and deposition rate ranged from 0.2 nm/s to 1.6
nm/s. Wishing to determine how impurities affect their concentration, we used various impurities
(CeO, with 10 mol% Gd>O; (GDC10), CeO, with 20 mol% Gd,O; (GDC20), CeO, with 15
mol% SmyO; (SDC15), CeO, with 20 mol% Sm,O; (SDC20)).

2.1. INITIAL SAMPLE SUBSTANCE

Thin films were deposited on different substrates: optical quartz SiO,, Alloy 600, Si (111),
Si (100) and Al,Os; by EB-PVD. The main application of ceramic powders and their
characteristics are shown in Table 2.1.1.

Table 2.1.1. Characteristics of ceramic powders.

Ne Substance Formula BET, m"/g
1 GDCI10-TC GdO,loceo’goOl,gs 36.2

2 GDC20-TC GdO,zoceo’goOl,g 32.8

3 SDC15-TC Sm0,15C60,g501,925 393

4 SDC20-TC Sl’l’lO,z()CGO,g()Ol,g 6.2

2.2. ELECTRON BEAM EVAPORATION

Thin films can be formed by various chemical or physical deposition techniques. Electron-
beam evaporators depositing thin films of metals, alloys and dielectrics are widely used in
industry. Good focusing of the electron beam enables manufacturers to get high concentration of
power (up to 5 « 10° W/cm®) and high temperature giving high rate of evaporation even for the
most refractory materials. The rapid movement of the heated zone as a result of deviation of the
electron flux, adjustment and control of the heating power and the deposition rate create the
preconditions for automatic control of the process. The method effectively uses auto-crucible

evaporation of the material providing high purity and uniformity of deposition.
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The principle of operation of electron-beam evaporator.

To form the electron beam the electron gun (Fig. 2.2.1), consisting of a hot tungsten
cathode and a focusing system is used. The emitted electrons pass through this system, accelerate
due to the potential difference of 10 kV between the cathode and the anode, and form an electron
beam. The deflection system generates a magnetic field perpendicular to the direction of the
electrons coming out of the gun focusing system [43,44].

This field directs the electron beam to the central part of the water-cooled crucible, in the
place of beam incidence a local area of heating and vaporization of the liquid phase is formed.
The flow of the vaporized material is deposited as a thin film on the substrate, which is usually
located at a certain distance above the evaporator. By varying the current in the coil of the
electromagnet controlling the deflection system, the operator can scan the beam along the
crucible, which prevents the formation of a "crater" in the evaporated material.

In the electron gun free electrons are emitted from the cathode surface, and under the
influence of accelerating and focusing electrostatic and magnetic fields the electron beam is
formed in the beam, which passes to the working chamber through the outlet. To direct the
electron beam to the crucible with the evaporating material and to provide its required
parameters, magnetic focusing lenses and deflection systems are used. The free passage of the
beam to the object is possible only in a high vacuum. Due to bombardment of the surface by the
electron beam, the material is heated to a temperature at which it is evaporated at a requited rate.
In the resulting flow the substrate is placed on which volatile substances are condensed. The
evaporating unit has measurement and control devices, which are particularly important for
control of the electron beam during the deposition process [43-45].

In the simplest case, the electron beam is directed onto the evaporated material vertically
from the above or at an oblique angle to the surface. To focus the beam on the surface and to
obtain the required power density on the material the long-focused generators of electron beams
are used. Significant disadvantages of this arrangement is the possibility of formation of a film
on the details of the electron-optical system, which may change parameters of the electron beam,
and limitation of the useful area for placement of the substrate because of the shading of the part
of the chamber by the gun. These disadvantages can be avoided by placing the gun horizontally
and deflecting the electron beam on the evaporating material using the systems providing

rotation of the beam at an angle of up to 270 °.
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Fig. 2.2.1. An electron gun [23]

As a rule, the electron beam evaporator (Fig. 2.2.2, 2.2.3) consists of three main parts: an
electron gun, a deflection system and a water-cooled crucible vessel of variable capacity (7, 13,
15, 18, 25, 40 and 156 cm?). This provides continuous operation without addition of evaporating
material, which does not contact in the molten state with the copper walls of the crucible. In
general, it is possible to use a material molded by the size of the crucible (evaporation without

crucible) or powder in combination with special crucibles [43-45].

Electron beam

/

Crucible
Magnet

Cathode of electron gun

Fig. 2.2.2. A scheme of an electron-beam evaporator [23]
The electron beam evaporator is located in a chamber with a vacuum level of 10 Pa,

required to minimize the influence of the residual gas on the passage of the electron beam and to

exclude the contamination with other materials of the resulting film.
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Fig. 2.2.3. A scheme of creation of the electron beam and the rotary working table [23]

About 30-40% of the power of the electron beam goes on melting and evaporation of the
material (2-10% and 30-35%, respectively). The other part of the power is spent on heat transfer
by conduction and radiation and is removed by electrons emitted from the heated zone. This
power depends on the nature of the evaporated material and parameters of the electron beam.
The main portion of energy is removed by inelastically reflected electrons, the number of which
is determined primarily by the nature of the material (for steel - about 25% of the power, for
tungsten - 38%)[43-45].

Advantages of the electron-beam evaporation:

* Possibility of applying metal films (including refractory), alloys, semiconductors and dielectric
compounds with melting points up to 3,500 ° C;

* High rate of evaporation of substances (1 to 10 nm / m) and possibility of its control in a wide
range by varying the power supplied to the evaporator;

* Possibility of obtaining coatings with high vacuum, practically free from impurities; their
purity is determined by the purity of the material used for spraying;

* Uniformity of produced coatings;

* Free diffusion of atoms of the material of the evaporator in the chamber, their rectilinear

movement without colliding with residual molecules of the air components and useless
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dispersion of the material in the chamber volume, no chemical interaction of the sputtered
material with air residues [44,45].

The equipment on which we worked was produced by Kurt J. Lesker Company® PRO
Line PVD 75. Along with the magnetron sputtering equipment, it provides equipment for film
formation by electron-beam method, in particular, E-Beam Evaporator. We chose the electron-
beam method.

The equipment on which we worked, in particular, E-Beam Evaporator is shown in Fig.
2.2.4. Thin film formation with the use of (PVD 75) and all analysis was made in Lithuania
Energy Institute, Center for Hydrogen Energy Technologies.

Fig. 2.2.4. E-Beam Evaporator (PVD 75) [44]

The setup consists of the working chamber, control panel with an electron beam (PC, the
sensor controlling the coating thickness) and the cryopump. The following units are placed
separately:

« rotary pump (the first stage of the two-stage pumping of the working chamber);

* cryocompressor to maintain the temperature of the cryo pump;

* transformer AC 380/220 V (three phases), from which the installation and its external
components are powered [44].

Table 2.2.1 summarizes the characteristics of the installation.
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Fig. 2.2.5. The working chamber of the E-Beam Evaporator (PVD 75)

Fig. 2.2.5 shows the working chamber of the installation. It includes an evaporator
consisting of an electron beam gun with a beam deflection system deflecting the beam up to
270°. In addition, the chamber is equipped with a crystal oscillator, which controls the deposition

rate in the real time and the final coating thickness with angstrom accuracy.

Table 2.2.1. Technical characteristics of E-Beam Evaporator.

S0A (when 10 kV)

4-10 kV +0.5%

Up to 6 kW, voltage 10 kV

270°

Sine, sawtooth, triangle, arbitrary
600mA

15 sm3 , 4 units ( depending on the size)

Quartz oscillator, the frequency of 6 MHz
+0.028 Hz

0.25s

0.034 A

5x1077 Torr

Two pairs of IR lamp heaters with a maximum
temperature of 450 ° C

Heater with a maximum temperature of 600 ° C

3mm
12000 A/min
10"1Pa, 107°-Pa
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2.3. EXPERIMENTAL PARAMETERS IN THE FORMATION OF THIN FILMS

Thin films can be formed by various chemical or physical deposition techniques. As
mentioned previously, e-beam was chosen because electron beam evaporation enables us to form
a film of desired thickness and homogenuity. Electron-beam evaporation is a process during
which the evaporating substance shelled electrons. The kinetic energy of these electrons is
transformed into thermal energy and heats the evaporating substance. The substance evaporates
and is deposited on the substrate surface. Thus, a new surface (thin films) is formed on the
substrates [26].

The initial pressure of the chamber was 2.5 X107° then the pressure was changed because
there was burning oxygen in the chamber. During the experiment, the voltage was constant 7.9
kV. Wishing to evaporate the substance sprayed on the entire area of the film substrate we
rotated at 8 rpm.

Sm doped cerium oxide thin films (~1.9 pm) were deposited on SiO,, Alloy 600 (Fe-Ni-
Cr), Si(111), Si (100) and Al,Os substrates. Such substrates were chosen for the reason that SiO,
substrate is amorphous and it does not affect the microstructure or the morphology of thin films.
Al,O3 was chosen due to its high melting temperature (2345 K) and low electrical conductivity.
Alloy600 (Fe-Ni-Cr) could be used as interconnector in IT-SOFC, and Ni-SDC is considered to
be a good choice for anode in IT-SOFC. The substrates were ultrasonically cleaned in pure
acetone for 10 min. Thin films were formed with e-beam physical vapour deposition system
“Kurt J. Lesker EB-PVD 75”, using deposition rate 0.2 nm/s + 1.6 nm/s and also we changed
substrate temperatures from 50 °C K to 600 °C step-by-step. The working pressure for all
samples was 5-107 bar. The Smg,Ceo 5025 powder (Nexceris, LLC, Fuelcellmaterials, USA) of
6.2 m*/g surface area was used as evaporating material. It was pressed into the pellets using
mechanical press (303.5 MPa pressure). The pellets were placed into crucible and vacuum
chamber was depressurised up to 2:10” bar. After that, the substrates were treated with Ar+ ion
plasma (10 min) and preheated up to working temperature. Thickness and deposition rate were

controlled with INFICON crystal sensor.
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2.4. METHODS OF INVESTIGATION OF FORMED CERAMIC THIN FILMS

Diffraction of X-rays (XRD, X-ray). This diffraction method is used to study the
structure of thin films (the size of the crystals, the lattice parameters) and to calculate the texture
coefficient. The measurements were performed with X-ray diffractometer D8 Discover (Bruker
AXS GmbH). The results were processed using the computer program DIFFRACplus EVA. The

basic parameters of the X-ray diffractometer are presented in Table 2.4.1.

Table 2.4.1. Technical parameters of X-ray diffractometer.

Horizontal or vertical goniometer, Theta/2Theta or
Configurations Theta/Theta geometry
Angular range (without accessories) 360°
Max. usable angular range (depending on accessories) —110° < 2Theta < 168°
Maximum angular speed (depending on accessories) 20°/s
Smallest addressable increment 0.0001°

Scanning electron microscope (SEM). Scanning electron microscope(SEM Hitachi, S-
3400N) is used to analyze the surface structure and morphology. The magnification is from 5 up
to 300 000. Accelerating voltage is from 0.3 to 30 kV. Scanning electron microscope has the
prefix for the X-ray microanalysis, which is designed to determine the chemical composition of
solid samples. The detection limit is about 10-2 wt. %, the minimal field of study is 1 micron for
elements. X-ray fluorescence analysis for elemental composition. The detection limit is about
10-5 wt. %, the minimal field of study is 100 microns. The resolving power when using the
secondary electron detector — 3.0 nm (accelerating voltage 30 kV, when working with a high
degree of dilution); 10 nm (3 kV accelerating voltage, when working with a high degree of
dilution). The resolution of the detector when using backscattered electrons - 4.0 nm

(accelerating voltage 30 kV, when working with a low degree of dilution).

Electron dispersive spectroscopy (EDS). The energy dispersive spectrometry (EDS,
Bruker AXS Microanalysis GmbH) has been used for determination of the elemental
composition of thin films, based on the analysis of X-ray emission energy spectrum. In our case
EDS Equipment is connected to the SEM. With the help of electron beam or X-ray sample atoms
are excited, emitting a characteristic for each chemical element X-ray radiation. Investigating the
energy spectrum of the radiation, it is possible to draw conclusions about the qualitative and

quantitative composition of the sample. We used EDS spectrometer (Bruker XFlash)

41




Raman spectroscopy. The Raman effect arises when a photon is incident on a molecule
and interacts with the electric dipole of the molecule. In quantum mechanics the scattering is
described as an excitation to a virtual state lower in energy than a real electron transition with
nearly coincident deexcitation and a change in vibrational energy [5]. To register the Raman
spectra, installations with different beam geometries and different polarizers on the incoming or
outgoing beams are used. The geometry of the system (the angle between the incident and
registered beams) determines which components of the induced dipole moment contribute to the
line intensity.

The Raman spectroscopy (Confocal Raman spectrometer Solver Spectrum (NT-MDT,
Russia)) is equipped with three lasers (633, 532, 473 nm) There are three diffraction gratings
providing different spectral resolution (1800/500, 600/600, 150/500). CCD camera detector iDus
(Andor) is cooled down to -65 °C. From the analysis of the Raman spectra it is possible to obtain
information about the oxygen vacancies in the structure of fluorite, whose number and energy of

the cation, dopant-vacancy determine the transport properties of the material.

Fig. 2.4.1. General view of Confocal Raman spectrometer Solver Spectrum (NT-MDT, Russia)
When making measurements, the following conditions must be observed:

- ambient air temperature (15 - 30) ° C;
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- atmospheric pressure (700-770) mmHg;
- relative humidity of air (20-80)%;

- voltage in the electrical network (220 + 10) V.

Light incident on the sample can be reflected, absorbed, or scattered. The process of light
scattering is elastic (i.e., there is no energy exchange between light and matter) and inelastic
(i.e., there may be a redistribution of energy between light and matter).

Elastic light scattering is called Rayleigh scattering (RS). It is a predominant process:
on average, only one photon out of ten million undergoes inelastic scattering. In Rayleigh
scattering, the frequency of scattered light is exactly equal to the frequency of incident light.

Inelastic light scattering is called Raman scattering. In Raman scattering, light and
matter exchange energy. As a result, the frequency of the scattered light can decrease (in this
case the energy passes from light to matter — this is Stokes scattering), and increase (in this case

the energy passes from matter to light — this is anti-Stokes scattering).

A A
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~
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S| hvy |hyv, hvy| |hvy=hv,,
84
4 E,thv,,
\ 4 \ 4 E,
Rayleigh Stokes Anti-Stokes
Scattering Scattering Scattering
(elastic) \ ~N
Raman
(inelastic)

Fig. 2.4.1. Energy-level diagram showing the states involved in Raman spectra

In Rayleigh scattering, the molecule absorbs a photon from the zero vibrational level, and
then goes to it after radiation. In Stokes scattering, the molecule absorbs a photon from the zero
vibrational level, but after radiation goes to the first level, absorbingh part of the photon energy.
Conversely, in case of anti-Stokes scattering, the molecule absorbs a photon from the first
vibrational level, and after radiation goes to the zero level, giving part of its energy to the
emitted photon. Under the conditions of thermal equilibrium, the population of vibrational levels
obeys the Boltzmann distribution, that is, the population of the higher levels decreases

exponentially. Hence, the first level is populated much less than the zero level, which gives
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much lower intensity of the anti-Stokes lines in the Raman spectrum than the intensity of the

Stokes lines.

The Raman spectrum of most organic molecules consists of lines corresponding to
deformation and valence vibrations of carbon (C) chemical bonds with other elements, usually
hydrogen (H), oxygen (O) and nitrogen (N), as well as characteristic vibrations of various
functional groups (hydroxyl-OH, amino groups -NHa, etc.). These lines appear in the range from
600 cm™ (valence vibrations of single C-C bonds) to 3600 cm™ (vibrations of the hydroxyl
group). In addition, in the spectra of organic molecules in the range 250-400 cm™, deformation
vibrations of the aliphatic chain appear.

The Raman spectra of crystal lattices contain lines corresponding to the scattering of
radiation by collective excited states of the lattice, which in solid state physics are regarded as
quasiparticles. The most common are Raman-active transitions involving optical and acoustic

phonons, plasmons, and magnons.
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Fig. 2.4.2. Scheme of Solver Spectrum (NT-MDT), Russia

The beam of laser radiation enters the device through the inlet 1, reflects from the mirror
2, passes through one of the lenses 3 and hits the light filter 4. For the incident beam, the light
filter acts as a mirror and directs it through the optical system 5, including the microscope
objectives, onto the sample. The radiation scattered by the sample comes back to the filter 4,
which transmits only inelastically scattered light. The beam passes through the lenses A and B
and is reflected from the mirror 6. The diffraction grating 7 decomposes the light into the
spectrum, and the desired wavelength is directed through the lens C to one of the detectors.
The detectors are switched by the lever 8. Inside the microscope case there is an internal
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standard (silicon) used for aligning the device. The sample is observed through the eyelens 10.

The microscope table 11 has a system of mechanical and electrical control.

Table 2.4.2. Parameters and mode of shooting Raman spectra for samples(GDC10-T, GDC10-
TC, GDC20-TC, SDC15-TC, SDC-TC (0.2nm/s-1.6nm/s)).

Laser wavelength Grating Detector Shooting Sample
mode

532nm 1800/500 | iDus (Andor) CCD camera | SDC-TC
Green Laser (0.2nm/s-1.6nm/s)
532 nm 1800/500 | iDus (Andor) CCD camera | GDCI10-T
Green Laser
532 nm 1800/500 | iDus (Andor) CCD camera | GDCI10-TC
Green Laser
532 nm 1800/500 | iDus (Andor) CCD camera | GDC20-TC
Green Laser
532 nm 1800/500 | iDus (Andor) CCD camera | SDC15-TC

Green Laser
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3. RESULTS AND DISCUSSION

Thin films can be formed by various chemical or physical deposition techniques. As mentioned
previously, we chose as a e-beam because electron beam evaporation permits a desired thickness
to form a film, and a film thin and homogeneous. In work, the ceramic powder is compressed
into a tablet before evaporation. In particular we use (SDC-TC (0.2nm/s-1.6nm/s), GDC10-T,
GDCI10-TC, GDC20-TC, SDC15-TC), powder compressed using a press. Wishing to determine
how impurities affect their concentration, were used various impurities (CeO, with 10 mol%
Gd,03 (GDC10), CeO, with 20 mol% Gd,O3; (GDC20), CeO, with 15 mol% Sm,0s3 (SDC15),
CeO; with 20 mol% Sm,O3 (SDC20)).

To determine the concentration and size of nanocrystallites of thin films, three
experimental methods are used: Raman spectroscopy, X-ray diffraction. Comparing these two
methods one can say that Raman spectroscopy is one of the most frequently used methods, since
Raman spectroscopy is reliable due to locality, expression and non-destructive effects of the
object under study.

In the Raman spectrum, the Raman shift expresses the frequency shift between the

incident laser light and the scattered light as [34]:

107 107
A, (nm) A, (nm) 4)

Aviem™)=v, —v, =

where vr and v, represent the absolute wave number of the scattered light and that of the laser
respectively. v has a fixed value depending on the laser [34]: in our case v. = 18796.99 cm™

532nm green laser.

3.1. DIFFRACTION OF X-RAYS

Measurement of thin film X-ray diffraction spectra (XRD, X-ray) was carried out through
the program (DIFFRACTplus EVA). The crystallite size was calculated using the program
(TOPAS). The results of X-ray diffraction analyses are shown in two comparisons of the
deposition rate and substrate temperature. By X-ray diffraction, we obtained that all thin films

(SDC) based on cerium oxide have a single-phase and fluorite structure with space group Fm3m.
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Intensity, a.u

20000

X-ray diffraction patterns of SDC thin films have characteristic peaks, corresponding to
crystallographic orientations (111), (200), (220), (311), (222), and (400) (Fig. 3.1.1, 3.2.1 Table
3.1.1).
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Fig. 3.1.2. XRD patterns of (SDC) deposition rate of 0.2nm - 1.6 nm thin ceramic deposited on

a) Alloy 600 and b) Si (100), ¢) Si (111) at a temperature 450 °C

As we can see in Fig. 3.1.1 and 3.1.2 for all films with CeO, cubic structure mostly

dominates at the surface (111). All ceramic thin films do not retain the same structure and

orientation, since the deposition parameters were different, as we know from the literature,

analysis of thin films of identical components at different deposition parameters can give

different structure and orientation.

Table 3.1.1. Thiknes of thin film h, nm and Crystallite size ( <d>

Si0, and

Alloy)

dependence on deposition rate (vg) and substrate temperature (Ts) of thin films formed on Alloy

600 and SiO, substrates.

Crystallite size

Lattice constant

o s | T C | OO <o | [ s |
0.2 50 2814 9,7 16,3 | 5,4341 5,4329
0.2 150 1006 16 25,1 | 5,4289 5,4308
0.2 300 2387 28,7 39,3 | 5,4264 | 5,4259
0.2 450 1584 80,6 571 5,4266 5,429
0.2 600 1389 66,2 54,8 | 5,4298 5,4288
0.4 50 2524 7,9 13,6 | 5,4338 5,4312
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Deposition
rate

0.4 150 2079 19,9 30,4 | 5,4299 5,4261
0.4 300 1790 30 50,7 | 5,4324 5,4299
0.4 450 1661 62,4 55,38 | 5,4286 5,4284
0.4 600 1857 48,7 67,8 | 5,4335 5,4358
0.8 50 2441 7,5 11,3 | 5,4388 5,4335
0.8 150 2061 12,1 19| 5,4278 5,4236
0.8 300 2060 21,9 27,3 | 5,4308 5,4314
0.8 450 1579 46,1 58 | 5,4292 5,4384
0.8 600 1351 66,5 48,8 | 5,4318 5,4301
1.2 50 2296 10,2 11| 5,4469 5,4354
1.2 150 1943 15,2 19,7 | 5,4456 5,4469
1.2 300 2671 22,7 31,3 | 5,4251 5,4249
1.2 450 2048 314 43,7 5,426 5,4257
1.2 600 1603 50,2 45,71 5,4218 5,4231
1.6 50 2432 6,8 7,5 5,4455 5,44
1.6 150 2491 6,9 9,6 | 5,4393 5,4279
1.6 300 2585 17,8 26,8 | 5,4432 5,4435
1.6 450 1486 25,3 25,8 | 5,4418 5,4252
1.6 600 1531 48 62,2 | 5,4273 5,4287
? Alloy 600 b)
1 c(111)P‘ /\ 1 cm{
| \ °‘2/2°’ C(T) c(/m) :3::.:::: y | 200 311) cp22)
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Fig. 3.1.3. XRD patterns of (GDC 10) deposition rate of 0.2nm - 1.6 nm thin ceramic deposited
on a) Alloy 600 and b) SiO,
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Fig. 3.1.5. XRD patterns of (SDC 15) deposition rate of 0.2nm - 1.6 nm thin ceramic deposited
on a) Alloy 600 and b) SiO,

GDC10 and GDC20 thin films X-ray diffraction (Fig. 3.2.3. - 3.2.5.), we can say that all
source powders have the same cubic phase, and show the same crystallographic orientation:
acute (111) and minor (200), (220), (311) and (222) orientation. In case of GDC20 dominant
crystallographic orientation (111) the intensity of the peak decreases. This orientation may be
associated with deposition energy of the particles, which can migrate into larger clusters
changing the dominant peak intensity. In the analysis of X-ray spectroscopy, the more intense
peaks of a narrow line width shown in Fig. 3.1.2 may indicate an increase in the grain size with

. +
an admixture of Sm>".
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3.2. INVESTIGATION OF THE SURFACE USING SEM

In order to study the morphology of a thin film we did m pictures. The surface investigations
were conducted using scanning electron microscope (SEM Hitachi, S-3400N). SEM pictures are

shown in the same magnification x 40k, to compare the morphology of the coating.

5.00kV x40.0k 1.00um 5.00kV x40.0k SE 1.00um

5.00kV x40.0k SE 1.00um 5.00kV x40.0k SE 1.00um

5.00kV x40.0k SE 1.00um 5.00kV x40.0k SE 1.00um

e) f)

Fig. 3.2.1. SEM picture of SDC thin ceramic films deposited on optical quartz substrates (Si0,)
using a) 0.2nm/s, 50°C b) 0.4nm/s, 450°C c) 0.8nm/s, 300°C d) 1.2nm/s, 450°C e) 0.8nm/s,
600°C f) 1.2nm/s, 600°C

51



In SEM analysis (Fig.3.2.1) it is difficult to detect which thin film coating is denser.
Kinetically film growth depends on the parameters that determine their structural properties. But
these structural properties influence conductivity. The overall process of the film formation can
be divided into the following physical processes [46]:

(Steps of Thin Film Growth)

1. Absorption (physisorption)

2. Surface diffusion

3. Chemical bond formation (chemisorption)

— Molecule-molecule
— Substrate-molecule
4. Nucleation
5. Microstructure formation
— Crystal structure
— Defects
6. Bulk changes

— Diffusion

— Grain growth

Fig. 3.2.2. The sequence of the film growth [46]

Thickness of deposited coating is one of the most important features in the study of thin
coatings. A large number of surface conditions, and some parameters such as density of the
obtained film depend on the coating thickness.

Depending on the temperature of the substrate, the grain size of the thin film changes as
we see in Fig. 3.2.1. When the temperature of the substrates increases, the grain sizes increase,
but this process occurs up to a certain temperature, in our case to 450 °C, and after that at a

temperature of 600 °C, we notice a decrease in the grain size. This is due to the increased
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influence of the growth rate at high temperatures. As we see in Fig. 3.2.1, all the thin films are

uniform and do not have any defect or cracks.

3.3. EDS MEASUREMENTS

EDS measurements were carried out in order to establish homogeneity of obtained ceramic
films. EDS investigations were performed for SDC20 on Alloy 600 substrates. In these
investigations it is important to study the elemental composition of the film and the content of

oxygen. EDS measurements were carried out at three different locations of each substrate.

Table 3.3.1. Elemental composition of SDC-TC thin films.

Tsup, Csm | <dcsw>, | cce | <dCsm>, co, <dcsn>,
U 2L °C mol% mol% | mol% mol% | mol% mol%
SDC TC
0.2 50 134 0.5 86.6 0.5 73.3 1.0
0.2 150 11.1 0.7 88.9 0.7 72.8 09
0.2 300 11.5 0.6 88.5 0.6 71.1 1.4
0.2 450 9.7 0.4 90.3 0.4 71.2 0.5
0.2 600 11.7 0.4 88.3 0.4 71.0 0.8
0.4 50 10.4 0.4 89.6 0.4 71.8 0.9
04 150 12.5 0.5 87.5 0.5 72.2 1.2
0.4 300 16.4 0.2 83.6 0.2 71.5 0.2
04 450 8.6 0.4 91.4 0.4 72.7 0.4
04 600 14.7 03 85.3 0.3 72.2 0.6
0.8 50 8.2 0.4 91.8 0.4 73.0 0.6
0.8 150 10.3 03 89.7 0.3 72.1 0.4
0.8 300 12.1 0.1 87.9 0.1 72.9 0.0
0.8 450 13.3 0.2 86.7 0.2 71.9 0.2
08 600 14.5 0.1 85.5 0.1 71.9 1.0
1.2 50 10.9 0.7 89.1 0.7 73.5 0.6
1.2 150 224 0.1 77.6 0.1 73.9 0.5
1.2 300 11.2 0.7 88.8 0.7 70.2 1.4
1.2 450 8.5 0.6 91.5 0.6 71.1 0.6
1.2 600 23.8 0.1 76.2 0.1 71.8 0.0
1.6 50 11.8 0.2 88.2 0.2 73.4 0.2
1.6 150 8.1 0.2 91.9 0.2 74.9 0.4
1.6 300 21.0 0.2 79.0 0.2 73.0 0.1
1.6 450 15.6 0.1 84.4 0.1 73.1 0.1
1,6 600 14.0 0.2 86.0 0.2 72.7 0.4

EDS measurements were carried out on SDC ceramic films at different deposition
paramiters. In Table 3.3.1 (and) we calculated the concentration of the elemental composition of

thin film not considering element composition of the substrate.
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3.4. ANALISIS OF RAMAN SPECROSCOPY

Raman spectroscopy is a unique and universal method that can provide information about
oxygen vacancies in the fluorite structure. Raman spectroscopy is an indestructible method and
can provide information about the phase of the material, quality and purity. In our case, the
Raman spectroscopy method was used to determine the parameters of thin films based on cerium
oxide with samarium and gadolinium dopants obtained by electron beam evaporation in order to
determine the effect of Sm and Gd coatings on the scattering.

In this paper, we attempt to explain the effect of the depositing parameter of thin films and
substrates on the Raman spectra. As we mentioned earlier, thin films based on cerium oxide
obtained at different deposition rates from 0.2 nm/s to 1.6 nm/s on different subgrades at various
substrate temperatures.

Fig. 3.4.2 presents the Raman spectra of the thin film obtaned by e-beam deposition Ce;.x
Smy O, and Ce;.x Gdx O, powders, which can be confirmed by the fluorite phase with space
group Fm3m shown in Fig. 3.1.1. Raman spectra for pure ceria were obtained by literature
reviiew to confirm the formation of GDC and SDC and detect the Raman shift on these samples
[53]. Main peak of pure ceria presents on 465cm™ on F2g vibrational mode. In this mode can be
move only oxygen atoms aroun the cerium ions Ce*" [52, 53]. As we know in the fluorite lattic
only oxygen atoms can be mobile, and the frequency of this mode should not depend on the mass

of the cation [51].

CeO, film on
sapphire substrate

CeO,
single crystal

r T T
300 400 500

Raman shift (cm!)

Fig. 3.4.1. Peak position of Raman spectra for pure ceria [53]
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It is for this reason that the characteristics of the peaks are very sensitive to disorder
induced in the oxygen ion sublattice of the oxide., in particular, the peak position and the width
of the peaks [48, 52, 53]. With the doping of rare-earth Gd and Sm elements the crystal lattice of
cerium, we get a defect in the crystal lattice that affected the environment of oxygen around the
metal ions. As a result, we received Raman spectra, changes on the position of peaks and width
of peaks.

Considering thin films of cerium oxide doped with Sm and Gd, it is seen that the F2g
modes, in particular, first-order peaks inherent to cerium oxide, shifted to the region of lower
wavenumbers (Fig. 3.4.2.). The Raman shift consists of -2 cm™ to 5 cm™ of a low-frequency
wave. The peaks for all the samples were similar to each other in form but the wave numbers and

their intensity varied depending on the studied sample.

) 461
& —— GDC10
T —— SDC20
—— —— SDC15
46 GDC20
461 Deposition
X- non visible rate 0.8 nm/s

PureGd,O, 360cm’™”
X

Intensity, a.u.

STO GTO

T T T T T T T T T T T T 1
200 300 400 500 600 700 800
Raman shift, cm™

Fig. 3.4.2. Raman spectra of different composition of Gd and Sm doped ceria (GDC 10, GDC
20, SDC15 SDC 20) on Alloy600 substrate

In the Raman study peak positions are determined by fitting the data to the Lorentz line shape
using a peak fit. As we can see in Fig. 3.4.2, the basic mode for GDC10 and GDC20 is at peak
position 461cm™, and for SDC15 it is 456 cm™ and for SDC20 the peak position are shown in
460cm’™.

As the author [47] explains, the observed intense bands for doped cerium oxides are due to the
Raman regime (F2g) of fluorite dioxide belonging to the space group (Fm3m). The shift of peak
position to the region of lower wavenumbers shows that the F2g mode corresponds to the

symmetric vibrations of oxygen ions around Ce* " ions in octahedra CeOg [47 - 51].
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Fig. 3.4.3. Raman spectra of Sm doped ceria (SDC 20) on Alloy600 substrate at different
temperatures from 50 °C to 600 °C and deposition rate: a) 0.2 nm/s, b) 0.4 nm/s, ¢) 0.8 nm/s

In Figs. 3.4.3 and 3.4.4 we can see the shift to a region of lower wavenumbers. The Raman shift
to lower frequencies for the doped samples has two reasons: the first reason is an increase in
oxygen vacancies caused by doping cerium oxide with rare-earth materials (it was described in
the literature review) and the second reason, as the author [51, 54] points out, is the size factor

i.e., the change in frequency Aw associated with a change in the lattice constant Aa:

Aw = —3yvwoAa/a
ywolAa/a )
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where lattice Aa, oy and a, are the Raman frequency and the lattice constant of CeO,,

respectively, y = 1.24 is the Gruneisen parameter, the value of which was calculated in [51-54].

- d)

mmmmmmmmmmm

Intensity, a.u.

459cm™'—— 50 °C

459cm”’—— 150 °C
460cm’'—— 300 °C
462cm’'—— 450 °C
461cm'—— 600 °C

SDC-TC, Alloy600
Deposition rate
1.2nm/s

A

T T T T T T T T T T T T T T T T T T T T T T T T T T 1
150 200 250 300 350 400 450 500 550 600 650 700 750 800

Raman shift, cm™

e)

462

Intensity, a.u.

—— 50 °C

459 —— 150 °C
—— 300 °C
—— 600 °C

SDC-TC, Alloy600
Deposition rate
1.6nm/s

T
150 200 250 300 350 400 450 500 550 600 650 700 750 800

Raman shift, cm™

Fig. 3.4.4. Raman spectra of Sm doped ceria (SDC 20) on Alloy600 substrate at different
temperatures from 50 °C to 600 °C and deposition rate: d) 1.2 nm/s, €) 1.6 nm/s
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Fig. 3.4.5. Raman spectra of Sm doped ceria (SDC 20) on SiO, substrate at different temperature
from 50 °C to 600 °C and depositiona rate: a) 0.2 nm/s, b) 0.4 nm/s, ¢) 0.8 nm/s d) 1.2 nm/s, €)

1.6 nm/s

In Fig. 3.4.5 we can see the shift to the region of lower wavenumbers. The Raman shift consists
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of -1 em™ to 13 cm™ of a low-frequency wave. The peaks for all the samples were similar to
each other in a form. Peak position due to the F2g symmetry and shift in the F2g mode is
explained by the change in M-O vibration friguency after the doping on rare-earth elements [57].
Thus, two broad additional peaks at 540- 550 and 600 cm™ appear due to the presence of oxygen
vacancies in all samples. As explained by the authors of many works [56, 57, 58] the paek
position at 540 - 550 cm™ corresponds to oxygen vacancies generated as charge compensation
defects induced by the introduction of other metal cations into the crystal lattice of cerium. Peak
position at 600 cm™ it explained by non- stoichiometry oxygen vacancy in cerium oxide. For

explain appearance of oxygen vacancy in Gd and Sm doped ceria is explained by the reaction:

Oxygen vacancy model: RE,05 + 2Ce0, — 2RE[, + 3V +Vj; (6)
Interstitial model: Gd,05; + 2Ce0, — 2Gd, +3V5 +V; (7)

Sm,05 + 2Ce0, — 2Smp, + 3V + V; (8)

4687 a) = 110 465 |
wl v o [5][13,14] 4641 D) = 1101
A [19] 463 4 ® [12][3]
466 v [16] 462 A (7] A
¢ [our],[our] 461 v [14] v
5 4857 460 ) ¢ [our],[our] *
§ GDC e 4599 -
S 464 4 Eas8] o
S S 45713 hle
< 463 . =
@ = 456
G462 o C 455
g g 454 -
& 4614 S 453
L 0 452
460 . 451
450
4594 A 429
458 4 448 1
447 .
457 T T T T T T 446 T T T T T T
10 12 14 16 18 20 15 16 17 18 19 20
Dopant concentration 2 Dopant concentration

Fig. 3.4.6. Raman shift of F2g mode versus dopant concentration (GDC 10, GDC 20, SDC15,
SDC 20)
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Fig. 3.4.7. FWHM of F2g mode versus dopamt concentration (GDC 10, GDC 20, SDC15 SDC
20)

Full width half maximum (FWHM). Raman shift of F2g mode on Gd and Sm doped ceria
(Fig. 3.4.6 and 3.4.7). We see that in the case of SDC in Fig. 3.4.6. b) the dependence of Raman
shift on dopant concentration. By increasing the dopant concentration the Raman spectra shifted
to the lower frequency wave side. This dependence was obtained as a result of a comparison of
the literature analysis [47, 50, 51, 5, 56, 57, 58, 59] and our results. This statement is more

pronounced for the Sm doped ceari samples rather than Gd doped ceria, which is shown in Fig.

3.4.6. a).

——GDC20
—— SDC15
——GDC10
460 —— SDC20
i 462 Deposition rate

A GDC - 1.2nm/s
R 45 SDC - 0.8nm/s

Intensity a.u.

550 600

T T T T T T 1
200 400 600 800
Raman shift cm™

Fig. 3.4.8. Raman spectra of different composition of Gd and Sm doped ceria on SiO; substrate
were deposition rate (GDC 10 and GDC 20) 1.2 nm/s, (SDC15 and SDC 20) 0.8 nm/s

FWHM in the F2g peaks are shown in Fig. 3.4.7 a) GDC, b) SDC) that fact by the
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increasing of the dopant concentration Sm and Gd, the line of Raman peaks becomes wider and
more asymmetric and it is visible in Fig. 3.4.8. As the author [60] showed, another reason for

broadening and asymmetric shift of the Ramon peak is the presence of oxygen vacancies.

The dependence of oxygen stoichiometry on the particle size of nanocrystalline CeO,.x is
confirmed by the Raman spectroscopy data. The authors of [62, 63] noted that the Raman mode
at 464 cm’ is sensitive to a change in the oxygen stoichiometry of CeO,. due to size effects. The
decrease in the size of the CeO,4 nanoparticles leads to systematic changes in the Raman
spectra, with the shift of the Raman peak to lower energies caused by an increase in the crystal
cell parameter of CeO,, and the broadening of the peak is determined by the inhomogeneous

lattice tensions.

459

SDC20
7 Depsoition rate - 0.2nm/s
417 Substrate - AI203

Intensity, a.u.

T T T T T T T T T T T T T T !
200 300 400 500 600 700 800 900

Raman shift, cm™

Fig. 3.4.9. Raman spectra of Sm doped ceria (SDC20) on Al,O; substrate were deposition rate
0.2 nm/s
The observed pattern of changes in the cell size is caused by a gradual decrease in the
effective degree of cerium oxidation due to the removal of part of the oxygen ions from the
surface of the particles with the formation of oxygen vacancies. According to [61], the critical
particle size at which the total Ce’ "~ Ce* " transition is observed is 1.9 nm. The proposed model
of partial reduction of cerium includes protonation of surface oxygen atoms followed by removal

of water and formation of oxygen vacancies.
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Fig. 3.4.10. Raman spectra of Sm doped ceria on Si (100) substrate were deposition
rate SDC 0.2 nm/s

Figs. 3.4.9 and 3.4.10 show that in Sm doped ceria on Al,Ozand Si (100) substrates with
deposition rate 0.2 nm/s, Raman peaks have positions that are not expressed on other samples.
Our results are in accordance with the reported data [49, 47, 50, 56], attributing these peaks at
303, 415 and 417 cm™, to Fg + Eg and Ag for samarium, respectively [49]. In addition, there was
registered a peak position at 520 cm’', as we know from the literature this peak belongs to
silicon, in our case this peak comes from the substrate. It is very important to note the fact that
the vibrational mode corresponding to any free sesquioxide of rare-earth elements (Sm,Os,

Gd,0;) does not show activity of the Raman peak phase expected at 360 cm ™.
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CONCLUSION

. Thin films formed based on cerium oxide with (Gd and Sm) dopant retain crystalline
structure of the initial evaporated powder, regardless of the concentration of the powder
and used substrate.

SDC thin films have a single-phase and fluorite structure with space group Fm3m peaks
corresponding to crystallographic orientations (111), (200), (220), (311), (222), and
(400).

. The crystallite size of formed SDC20 thin films increases with increasing temperature of
the (Alloy 600 and SiO,) substrates, the smallest crystallite size is d=6.8 nm when the
temperature of substrate SiO; is Tgyp — 50°C and d=7.5nm on Alloy 600 when Tyy—
50°0).

SEM analysis shows that the susbtrate temperature has the influence on grain size of the
formed thin films, i.e., the grain size increases till 450 °C substrate temperature and starts
to decrease with further increase of the substarte temperature till 600 °C.

SDC and GDC thin ceramic films deposited on optical quartz substrates (Si0,) at
deposition rate from 0.2nm/s to 1.6 nm/s and the substrate temperature Tqu,- from 50°C to
600°C are uniform and do not have defects or cracks.

. The main Raman peak of pure ceria is presents at 465cm™ and corresponds to the F2g
vibrational mode, the Raman peak shifts 2 cm™ for SDC15 and 5 cm™ SDC20 thin films
deposited on Alloy600 substrates. The peaks for all the samples were similar to each
other in form, but the wave numbers and their intensity varied depending on the
investigated sample.

. The Raman peak (465cm™ corresponding to pure ceria) shifts to the lower side from 1
em™ to 13 em™ for the formed (GDC10, GDC20, SDC15, SDC20) thin films. That could
be influenced by an increase of oxygen vacancies and the size factor i.e., a change in
frequency Aw associated with a change in the lattice constant Aa.

. SDC20 thin films formed on Al,Os and Si (100) substrates with deposition rate of 0.2
nm/s, Raman peaks have positions that are not expressed on the other samples, attributing
these peaks at 303, 415 and 417 cm™', these peak positions corresponded to Fg + Eg and
Ag vibrational mode for samarium.

. The most significant shift from 465cm™ to 452 cm’™ is registered for Sm doped ceria
(SDC 20) thin films deposited on SiO, (substrate temperature of Tsub- 50 °C and1.6 nm/s
deposition rate) and the smallest shift from 465cm™ to 464 cm™ occurs for the peak
related to the pure cerium when Sm doped ceria (SDC 20) thin films were deposited on

SiO, with substrate temperature of Tsub- 600 °C and 0.4 nm/s deposition rate.
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