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ABSTRACT. Chemical Vapar Depoasition (CVD) is a promising technology for the
fabrication of thin films for components of solid state electrochemical devices.
Electrochemical Vapor Deposition (EVD) is a special CVD technique for the
production of thin gas impervious films of the solid electrolyte, Yttria Stabilized
Zirconia (YSZ) for Solid Oxide Fuel Cells (SOFC’s). The kinetics of the film growth
of YSZ can be modeled considering the Wagner oxidation process and
thermodynamic equilibrium at the gas-solid interphases. The calculated
thermodynamic equilibrium can be used to predict the film growth rate. The results
show that the EVD growth of YSZ is most likely governed by defect transport in the
EVD layer, and a mass transfer limitation at the surface on the metal chloride side.
Metal Organic Chemical Vapor Deposition (MOCVD) has been used for the
fabrication of thinfilm TiS, cathodes for rechargeable batteries. The OCV of
TiS2|1M LiClO, in PC|Li batteries, and the chemical diffusion coefficient and
thermodynamic enhancement factor have been determined as a function of lithium
content in these films. Electrochemical measurements include GITT and Impedance
Spectroscopy on the cell Ti82| IM LiClO, in PC|Li. The influence of the MOCVD
conditions on the deposition rate and morphology has been investigated. The
morphology of the films seems to be independent of temperature and pressure, in
the temperature range from 250°C to 450°C and total pressures of 7.5 and 20 mbar,
and preferred orientation of the TiS, crystallites.

1. Introduction

In recent years there has been an enormous increase in the application of thin film
technologies in the fabrication of solid state electrochemical devices. Thin film
technologies offer the possibility to miniaturize devices and to decrease their internal
resistance by minimizing the thickness of the individual components. Devices in
which thin film components are utilized are e.g. Solid Oxide Fuel Cells (SOFC’s),
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thin film rechargeable batteries, and chemical gas sensors.

Chemical vapor deposition (CVD) is one of the synthesis techniques for the
fabrication of thin film components for solid state electrochemical devices. This
paper will focus on two CVD techniques; i.e. for the fabrication of the solid
electrolyte of SOFC’s, and for the cathode of rechargeable lithium batteries.

A SOFC is a device in which the free energy of a chemical reaction is converted
directly into electrical energy, so it has the advantage of not being Carnot limited.
High fuel efficiency and potentially very large power density are therefore possible.
To develop high energy density SOFC's, its weight and internal resistance must be
minimized.

There are three major types of SOFC’s, i.e. the tubular, the monolithic, and the
planar type. The ohmic polarization losses are dependent on the cell design. For the
thin-film tubular SOFC configuration developed by Westinghouse the contribution
of the individual components to the total cell resistance is given in Table 1 [1].
Although the electrodes have low specific resistivities in comparison with the solid
electrolyte and the interconnection material, they produce the largest polarization
loss because of the relatively long current pathways. To minimize the ohmic
polarization losses, the components should be as thin as possible, while maintaining
their other required properties.

Although the contribution to the total cell resistance is small in the tubular design,
the fabrication of thin gas tight films of the solid electrolyte yttria stabilized zirconia
(YSZ) has attracted widespread attention. For the synthesis of thin dense films of
YSZ, Electrochemical Vapor Deposition (EVD) has become a key technology. In
order to obtain a better understanding of the growth kinetics of the EVD process,
the experimental data on the growth of YSZ by means of EVD have been collected,
and a systematical comparison has been made. To explain the observed growth rates,

TABLE 1. Contribution of the individual components of a tubular SOFC to the total
cell resistance.

Component R (1000°C) Thickness | Contribution
(@ cm) (mm) to cell
resistance

(%)

cathode (La; Sr,MnO; () 0.013 0.07 65
anode (Ni-ZrO,) 0.001 0.10 25
electrolyte (Zr, .Y, O, 52) 10.0 0.04 9
interconnect (LaCry Mg O; ) 0.5 0.04 1
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the kinetics of the EVD growth of YSZ have been modeled using the Wagner
oxidation theory, and the thermodynamic equilibrium at the gas/solid interphases.

By miniaturizing solid state batteries, they can be integrated with electronic
circuits, and either the current or the voltage can easily be amplified by connecting
the batteries either parallel or in series.

Solid state lithium cells have the advantage of a high energy density, low self
discharge and a long shelf life. This makes them especially suitable for low-power
microelectronic devices such as read/write memories. One of the problems of the
lithium batteries is the current density. This depends on the respective rates of the
electrochemical processes in the cell. Diffusion of lithium into the insertion cathode
appears to be one of the limiting factors. The advantage of a thin-film lithium battery
is that the diffusion pathway for lithium is short.

Titanium disulphide (TiS,) is a well-known cathode material for rechargeable
lithium batteries, because of its good ionic and electronic conductivity. Hexagonal
TiS, has a layered structure with weak VanderWaals bonding between the layers.
Lithium can easily be inserted between these layers. The lithinm conduction of TiS,
is anisotropic, so cells can suffer from polarization losses due to random crystallite
orientation. These losses may be reduced by depositing the TiS, layers with a
preferred crystallite orientation. In monocrystalline Li, TiS, the chemical diffusion
coefficient of lithium is on the order of 10°€ - 10 cm?'/s. In microcrystalline layers,
synthesized by means of CVD, the chemical diffusion coefficients appear to be much
smaller: 1.1x10"1 - 4x1013 cm?/s [2]. In this case the highest diffusion coefficient
was obtained in layers with a preferred orientation with the c-axis parallel to the
substrate surface.

Metal Organic Chemical Vapor Deposition (MOCVD) is used to deposit cathode
layers of TiS, with increased lithium diffusion coefficients, because it offers the
possibility of good microstructural control. The electrochemical properties of some
TiS, films have been determined.

First, the principle of CVD will briefly be discussed, as well as the principles of the
EVD and MOCVD processes.

2, Chemical Vapor Deposition Techniques
2.1 CHEMICAL VAPOR DEPOSITION

CVD is a process for the synthesis of solid products by chemical reactions between
gaseous reactants. With CVD, high temperature materials, such as ceramics or
refractory metals, are formed at moderate reaction temperatures. The reaction
temperature lies well below the melting point of the product. The materials can be
synthesized in the form of coatings, powders or formed solid products [3-6].
Powder synthesis is in volume the largest application of CVD. With CVD it is
possible to produce uniform particles of ultra high purity. E.g. titanium dioxide
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pigment, and highly sinterable silicon nitride powder are produced by CVD [7,8].

Conventional CVD is used to form wear, erosion and corrosion resistant coatings
of e.g. titanium nitride, titanium carbide, silicon carbide or cubic boron nitride [3-6,
9-13]. The CVD process is also used extensively in microelectronics, optics and
superconductivity research [14, 15].

Many different chemical reactions occur in CVD processes, i.e. thermal
decomposition reactions, oxidation and reduction reactions, nitridation, boronation,
and carburation reactions. The composition and properties of the product can be
controlled by the process parameters, which are deposition temperature, reactor
pressure, gas flow rates, reactant concentrations and reactor geometry. Each CVD
process occurs by a number of sequential steps, which can be summarized as follows
[16]:

1) Transport of the reactants to the reaction zone.

2) Diffusion of the reactants to the substrate surface, through a stagnant boundary
layer.

3) Adsorption of species on the substrate surface.

4) Chemical reaction at the substrate surface.

5) Desorption of volatile reaction products from the substrate surface.

6) Diffusion of the volatile reaction products through the stagnant boundary layer.

7) Transport of the waste products to the reactor outlet.

It is also possible that homogeneous reactions in the gas phase occur. Powders are
formed by means of homogeneous nucleation, but also gaseous products can be
formed.

At least one of these steps may determine the overall deposition rate, and each
step depends in a different way on the experimental parameters. An understanding
of the growth kinetics of a CVD process is necessary in order to be able to control
the process.

Nowadays there are many different types of CVD techniques. The names used for
these techniques refer to the most important aspect of the process, in which it
deviates from the conventional CVD process.

In conventional CVD the reactants are thermally activated, either in a hot- or
cold-wall reactor. Substrate temperatures are generally high (above 600°C). If the
substrates used can not withstand these high temperatures, more advanced CVD
techniques, such as Laser-CVD (LCVD) or Plasma Enhanced CVD (PECVD), have
to be used, or the nature of the reactants has to be altered, particularly by using
organometallic compounds (MOCVD).

In LCVD the reactants can be activated thermally using an IR-laser, or chemical
bonds can be selectively broken using a UV-laser. In PECVD the activation energy
for the reactions is provided by a glow discharge in the vicinity of the substrate. This
allows the deposition to occur at temperatures lower than those required for
conventional CVD.

In Low-Pressure or Atmospheric-Pressure CVD (LP- or APCVD) the name refers
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to the reaction pressure. In EVD [17-24] and Particle Precipitation aided CVD
(PPCVD) [25,26] the name refers to the type of chemical process. In Fluidized Bed
CVD (FBCVD) [27], and Hot Filament CVD (HFCVD) [28], it refers to the reactor
type used.

In the field of fabrication of thin films for solid state electrochemical devices EVD
and MOCVD are the preferred technologies. The principles of these processes will
be briefly discussed below.

2.2 ELECTROCHEMICAL VAPOR DEPOSITION

2.2.1 Principle of the process. EVD is a modified form of CVD, developed by
Westinghouse, which utilizes a chemical potential gradient to grow thin, gas
impervious layers of either electronically, or ionically conducting metal oxides on
porous substrates [17-24]. The primary application of EVD to date has been in the
fabrication of the solid electrolyte YSZ, and the interconnection material
magnesium-doped lanthanum chromite as used in SOFC's.

The steps involved in the EVD process are shown in figure 1. A porous substrate
separates the reactant metal chloride vapors from a mixture of oxygen (O,) and
steam (H,O). The first step in film formation involves pore closure by a normal
CVD-type reaction between the reactant metal chloride and steam (or oxygen).

MeCl, (g) + 2 H,0 (g) - MeO, (s) + 4 HCI (g) )

Once pore closure is complete, the reactants are no longer in direct contact.
Film growth then proceeds by oxygen ion diffusion through the film due to the
presence of a large oxygen chemical potential gradient across the deposited film.

1 CHEMICAL VAPOR DEPOSITION 2 ELECTROCHEMICAL VAPOR DEPOSITION

| mecy,

Figure 1. The principle of the two stages of the EVD process. The diffusion
processes during the EVD growth of YSZ are also shown.
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In this step oxygen ion vacancies and electrons formed at the metal chloride
side diffuse through the thin metal oxide layer to the oxygen-rich side. This results
in a net flux of oxygen to the metal chloride side, where the oxygen reacts with
the metal chloride vapor to form the metal oxide product.

MeCl, (g) + 2 OF -~ MeO, (s) + 4 ¢ +2 ¥V +2 Cl (g) @)

The pore closure step is very important in determining the ultimate properties of
the deposited film. Ideally, the pore plugging layer (CVD layer) should form on the
substrate surface at the metal chloride side, and barely penetrate the substrate pores,
be thin and as close to the composition of the EVD layer as possible.

2.2.2 Solid state transport in EVD layers. The overall film growth can be limited by a)
gas diffusion, b) surface kinetics on either side of the film, or ¢) solid state diffusion
in the growing film. When the rate of film growth is controlled by solid state
diffusion the kinetics are similar to the Wagner oxidation of metals. In Wagner
oxidation the rate of film growth is inversely proportional to the oxide thickness
[29,30].

a _ % @)
da L
The integrated form of equation (3) yields the parabolic rate law.

L2 =2Ky+ C, )

Here K is the parabolic rate constant, L the film thickness, t the total deposition
time of the second step (EVD growth), and C; a constant of integration.

This equation has been used to verify as to whether EVD growth of YSZ is
controlled by solid state diffusion. The film growth data in the literature have been
fitted according to equation (4) [17-24]. The fitted growth rate constants from these
experimental data have been used for further analysis of the EVD process [31].

The diffusion processes which take place during EVD growth of YSZ are also
shown schematically in figure 1. Oxygen ion diffusion is only possible if at the same
time a counterdiffusion of a species with the same charge or a parallel diffusion of
a species with opposite charge occurs to preserve electroneutrality. In YSZ metal ion
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diffusion can be neglected.

When solid state diffusion in the growing film is rate limiting the reactions at the
gas/solid interphases are considered to be rapid such that thermodynamic equilibria
at these interphases are established. The oxygen partial pressures on either side of
the film are determined by the thermodynamic equilibria.

In terms of jonic flux (j;) the growth rate can be expressed as [30]:

L 2,
G ®

Here z is the total cation charge, V_ is the molar volume of the growing oxide.
For an ionically conducting material the general expression for the iomnic flux is
given by,

Po,
. _ RT 1 (6)
& [2CF2,{2 %adinFo) 37

where R is the gas constant, T the absolute temperature, C the total anion charge
per equivalent of YSZ (i.e. 3.82 for 10 m/o YSZ), F the Faraday constant, o, the
total electronic conductivity, Py, the oxygen partial pressure on the water side and
P02 the oxygen partial pressure on the metal chloride side. From equations (5) and
(6) the parabolic growth rate can be derived to yield [17-24],

Ky - R (o) @Y - @)+ o @) Ry O

where 0¥ is the electron hole conductivity at an oxygen activity of one, and ag the
electron conductivity at an oxygen activity of one. Substituting values expected to be
typical for EVD experiments, i.e. low oxygen partial pressures, in equation (7)
reveals that this equation can be simplified to (8).

RTV,,
CF?

o, (Po) ™ 8)

K, =

It should be noted that this equation can only be valid as long as the oxygen
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partial pressure is low enough to maintain an electron controlled semiconductivity
in YSZ.

Equation (8) can be used to calculate the parabolic growth rate constant provided
the oxygen partial pressure on the metal chloride side and the electron conductivity
are known as a function of temperature and oxygen partial pressure.

An expression for the electron conductivity of YSZ as a function of its surrounding
atmosphere can be derived. Assuming that all defects are fully ionized, the defect
reaction for YSZ can be written as (9).

Y,0, ~ 2 Y, +3 05+ V, 9)

Hence, the oxygen ion vacancy concentration is determined by the dopant
concentration of yttria. The following non-stoichiometric defect reaction for YSZ at
low oxygen partial pressures can be written [32]:

Op=2e+Vs+20,@® (10)
The equilibrium constant K, for this reaction is given by,

Ky = Vo) [ Py 1y

where [V] is the concentration of fully ionized oxygen ion vacancies in the oxygen
sub-lattice, and [e ] the electron concentration in the conduction band.

Thus, at a given dopant concentration and temperature, the concentration of
electrons is determined by the partial pressure of oxygen.

The electron conductivity is given by [30],

=[] la| , (12)

where q is the electronic charge, and u, the electron mobility. If the mobility is
independent of the electron concentration the electron conductivity is proportional
to the electron concentration. Assuming that the equilibrium in reaction (10) is
present, an expression for the electron conductivity can be obtained by combining
equations (11) and (12).
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lg|p N
g < R w

Equation (13) is proportional to P(')%/ 4 Also other sets of defect reactions,
involving electrons and oxygen ion vacancies, instead of reaction (10) can be used
to obtain an expression for the electron conductivity. These expressions will always
comntain a product of several equilibrium constants and Pé%/ 4 Each of these products
of equilibrium constants is equal to the square root of equilibrium constant K, [33].
Equation (13) can be combined with equation (8) to obtain an expression for the
parabolic growth rate constant.

2.2.3 Thermodynamics. P(i)2 is determined by the thermodynamic equilibrium of the
species present at the metal chloride side. The assumption that a gas phase
thermodynamic equilibrium is present, is justified as long as the solid state diffusion
is rate limiting, and all other reaction rates are infinite. Thermodynamic equilibria
can be computed with the SOLGASMIX and Chemsage programs [34,35]. The
thermochemical data of the species necessary for these calculations are obtained
from the JANAF Tables [36].

In order to calculate the parabolic growth rate constant from equation (8), the
electron conductivity as a function of the metal chloride containing atmosphere has
to be known. In principle this information can be obtained from thermodynamic
calculations provided the thermochemical data of the individual defects in YSZ. are
known. Since such data are not available these calculations can not be executed.
Hence, the electron conductivity 0,, as a function of oxygen partial pressure, has to
be obtained from conductivity data of YSZ from literature [32]. The oxygen partial
pressure has to be calculated from the thermodynamic equilibrium at the gas/solid
interphase.

For simplicity only the presence of zirconium containing species will be considered
in the following discussion. The actual equilibrium between ZrCl, and ZrO, (i.e. the
EVD film of YSZ) is given by (14).

ZrCl, (g) +2 05 = ZrO, (s) +4 ¢ +2V, +2 Cly (8) (14)

Equilibrium constant of equilibrium (14) can be expressed as a function of oxygen
partial pressure by incorporating the equilibrium of ZrCl, with oxygen, i.e.
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ZrCl4 (g + 02 ® = Zr02 () +2 Clz ® (15)

The actual partial pressure of oxygen can be governed by several parameters,

depending on experimental conditions which affect the partial pressures in reaction
15).

( 1525 long as the conversion of reactant in the EVD process is relatively low, P(SZ can

be determined, provided the partial pressure of chlorine is known. Chlorine is not

an input species, but it is a product formed by some chemical reaction. So the partial

pressure of chlorine will be determined in one of the following ways:

(a) by the conversion of metal chloride reactant at the metal oxide surface.
However, this partial pressure of chlorine is determined by the growth rate of the
film itself and is dependent of several mass transport processes such as adsorption
and desorption and gas phase diffusion. This complex set of mass transport processes
makes it very difficult to obtain realistic values of the chlorine partial pressure,

(b) by the dissociation of ZrCl,.

3 -
3 ZrClg) = Y. (ZrCl(g) + (4-n) (“T“) Ch® +aCli®)) aclol] (16)

n=1

Because the equilibrium in reaction (15) still holds , P(’)Z can be calculated from this
equilibrium,

(c) by the presence of oxygen in the carrier gas stream. This will have a major
influence on the partial pressures of the species present in equilibrium (15).

Cases (b) and (c) can be studied by calculation of the thermodynamic equilibrium
present in the gas phase on the metal chloride side.

The thermodynamic equilibria have been computed as a function of temperature
and partial pressures of the input species [37]. The total pressure was kept constant
at 0.01 atm through all calculations. Using the results of these calculations, values
for the parabolic growth rate constant have been calculated. Finally, these calculated
growth rate constants have been compared with the fitted growth rate constants from
the experiments and the results will be discussed.

2.3 METAL ORGANIC CHEMICAL VAPOR DEPOSITION

The main characteristic of the MOCVD process is the use of organometallic
compounds as the source for the metal ions, The organometallic compounds are
usually volatile, and the bonding between the metal and non-metal atoms is relatively
weak. Hence, in comparison with the conventional CVD process, generally lower
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substrate temperatures are required. Furthermore, there are no extremely hot and
corrosive gases present in the reactor. A disadvantage of the process, for non-
carbides and non-oxides, is the possible incorporation of carbon or oxygen into the
deposits.

A typical (MO)CVD system is outlined in figure 2. It contains a gas delivery
system with a purification section and gas flow controllers. Part of the carrier gas
stream can be passed through a reflux evaporator, in case a liquid reactant is used,
or a solid compound evaporator, in case of a solid reactant. The gas stream can
either be mixed in a mixing chamber, or be fed directly into the reactor. Experiments
can be performed in a hot- as well as a cold-wall reactor. The waste gases are passed
through a liquid nitrogen trap, to protect the pump unit, which is used to establish
low pressures.

TiS, has already been synthesized by CVD using titanium tetrachloride (TiCl,) and
dihydrogen sulphide (H,S) at temperatures ranging from 300 to 1000°C [2]. By using
hexamethyldisilathiane (HMDST) instead of H,S as the sulphur precursor, it might
be possible to lower the deposition temperature [38]. TiS, is formed by the following
reaction:

TiCl, (8) + 2 (CH)Si,S (8) - TiS, (s) + organic products (g) a7

REFLUX
EVAPORATORS
REACTOR
SUBSTRATE
CF G
Ticl HMDST i
4
GAS FLOW
oS TROID RS

o2
il
H,S
Figure 2. Experimental setup for (Metal Organic) Chemical Vapor Deposition of
TiS,.
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Using this reactant, it might be possible that, besides carbon, silicon will be
incorporated into the deposit.

The objective is to increase the current exchange area by depositing a smooth TiS,
film, and to eliminate the influence of crystallite orientation by depositing a three-
dimensionally conducting TiS, film. Therefore, either an amorphous or a
microcrystalline film is needed. If the film is used in combination with a solid
electrolyte, it should have no porosity. Because an increase in porosity will result in
higher current densities, and this will lead to enhanced polarization at grain
boundaries. In amorphous films lithium diffusion may be slower than in crystalline
films, because the VanderWaals gaps allow for relatively fast diffusion. However, in
a randomly oriented and non-porous microcrystalline film the diffusion coefficient
should be 2/3 of that in a single crystal, in the direction perpendicular to the ¢c-axis.

TiS, films have been deposited using TiCl, and HMDST or H,S as precursors [38].
The depositions were carried out in a hot-, as well as a cold-wall reactor in the
temperature range of 200 - 400°C, and at pressures of 7.5 and 20 mbar. The feed gas
consisted of 1.4 vol% HMDST and 0.25 vol% TiCl,, or 11 vol% H,S and 0.38 vol%
TiCl, in argon. The resulting films were analyzed using X-Ray Diffraction (XRD)
and Scanning Electron Microscopy (SEM) (JEOL JSM-35). The electrochemical
properties of the films were analyzed by Open Circuit Voltage (OCV) and
Galvanostatic Intermittent Titration (GITT) [39] measurements using a EG&G/PAR
273 potentiostat/galvanostat, and Impedance Spectroscopy (IS) using a Solartron
1250 frequency response analyzer and a Solartron 1286 Electrochemical Interface.
All measurements were performed at room temperature on the cell T1'82|1 M
LiClO, in Propylene Carbonate|Li [38].

3. Modeling of the EVD growth of YSZ
3.1 THERMODYNAMIC CALCULATIONS

The thermodynamic calculations have been divided into two sections. The first
section comprised calculations with only ZrO, and ZrCl, as input species, while a
large excess of ZrO, with respect to ZrCl, was chosen in order to prevent depletion
of ZrO,. This set of calculations is used to study the effect of the dissociation of
ZrCl, (case (b)). In figure 3 the equilibrium partial pressures of the main species,
with the exception of the input species, because of their large excess, are presented
as a function of temperature. The equilibrium partial pressures of all species, with
exception of ZrCl,, increase with increasing temperature, indicating that the
decomposition of ZrCl, and ZrO,(s) becomes more important. The thermodynamic
calculations as a function of input amount of ZrCl, reveal that the equilibrinm
partial pressures of all species are proportional or inversely proportional to a n-th
power of the input amount of ZrCl, because of its large excess, where n can be 0,
0.5, and 1, respectively. From these results all existing equilibria can be calculated.
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Figure 3. The equilibrinm partial pressures P,, of the main species versus
temperature, where the input partial pressure of ZrCl, is 103 atm, and the input
partial pressure of oxygen is kept zero. ZrO, is present in large excess.
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Figure 4. The equilibrium partial pressures P, of the main species versus the input
partial pressure of oxygen at a temperature of 1373 K, where the input partial
pressure of ZrCl, is 10™ atm. ZrO, is present in large excess.



244

The second set of calculations comprised calculations with ZrO,, ZrCl,, and 0,.
This set of calculations is used to study the effect of the presence of oxygen in the
input carrier gas. The variation of the input partial pressure of oxygen may have a
large influence on the equilibrium partial pressures of the other species. The
thermodynamic calculations as a function of temperature reveal that the equilibrium
partial pressure of oxygen is high with respect to the equilibrium partial pressure of
oxygen for case (b), where no oxygen was taken into account as input species.

The equilibrium partial pressures of the main species as a function of the input
partial pressure of oxygen is presented in figure 4. The equilibrium partial pressures
of the species are determined by the input amount of ZrCl, and ZrO, as long as the
input partial pressure of oxygen 1s kept below 108 atm. However if the input partial
pressure of oxygen is above 108 atm, there is a steep increase in the equilibrium
partial pressure of oxygen. From these observations it can be concluded that the
presence of oxygen in the carrier gas stream has no influence on the equilibrium
partial pressures of the gas phase spec1es prov1ded the oxygen impurity in the carrier
gas stream is less than 1 ppm (i.e. 108 atm in the reactor as calculated).

3.2 REVIEW OF EVD EXPERIMENTS
All the reported data of film thickness as a function of deposition time have been

fitted according to equation (4). This equation was chosen to verify as to whether
solid state diffusion is the general rate limiting step in the EVD growth of YSZ in

-10 —

ln(%(x(sK/umz))
[s]

1
(%2l
|

-20 T I

6.5 7 75 8
“Tx104k

Figure 5. Least squares fit of the parabolic growth rate constant as a function of
temperature.
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the reported studies [17-24]. In all EVD experiments approximately 8 to 10 m/o
yttria was present. All reported EVD experiments could be fitted well by the
parabolic growth rate equation (4) [31, 33, 37].

The parabolic growth rate constants are presented as an Arrhenius plot in figure
5. The strong temperature dependence justifies the assumption that the process is
indeed controlled by solid state diffusion. The slope of the fitted line is proportional
to the apparent activation energy of the process. This apparent activation energy of
44 = 0.7 eV is a direct function of the activation energy for electron conduction in
YSZ, and the change in enthalpy of the equilibrium at the metal chloride side, if
solid state diffusion is assumed to be rate limiting and all other reaction rates are
assumed to be infinite. In this case the apparent activation energy is not directly
proportional to the activation energy of electron conduction as was discussed earlier
[31].

3.3 MODELING RESULTS OF EVD GROWTH

The parabolic growth rate constants were calculated from equation (8) [31, 37]. The
equilibrium oxygen partial pressures were obtained from the calculations where only
ZxCly , ZrO,, and Ar were used as input species. The results of these calculations
for different input concentrations of ZrCl, are presented in figure 6. The parabolic

0

o>

ln($x(sK/um2))
=
|

1
o
1

-20 T T

6.5 7 7.5 8
T-1x104K

Figure 6. The calculated growth rate constant as a function of temperature, when no
oxygen is present as input species. Line A: py c(input) = 106 atm, line B:
Pz cainput) = 107 atm, line C: Pz.ci4linput) = 10" atm, and line D: Pz cislinput)
= 107 atm,
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growth rate constant in figure 6 decreases with increasing ZrCl, input concentration
due to the increasing equilibrium partial pressure of oxygen, thereby reducing the
chemical potential across the film.

The equilibrium oxygen partial pressures used for the calculation of the parabolic
growth rate constants are so low that YSZ is no longer in its electrolytic domain.
Hence, the oxygen ion vacancy concentration is not constant anymore. The oxygen
ion vacancy concentration and the electron concentration then become proportional
to the oxygen partial pressure to the power -1/6 [30]. Thus, the electron conductivity
data used are not valid anymore. In this region it is possible that the mass transport
in YSZ is determined by the oxygen ion conductivity instead of the electron
conductivity.

However, these calculations are still indicative and can still be used to evaluate the
experimental data of EVD growth. The predicted parabolic growth rate constant is
far too high with respect to the observed parabolic growth rate constant. This
discrepancy can not be explained with the fact that YSZ is not in its electrolytic
domain anymore, because the calculated parabolic growth rate constant is still far
too high in the low oxygen partial pressure limit of the electrolytic domain of YSZ
(i.e. Poo= 1023 atm).

Yttrium containing species were not considered within the thermodynamic
calculations. However, this can not be the explanation for the calculated parabolic
growth rate constant being too high, because the calculated equilibrium partial
pressure of oxygen becomes lower if yttrium containing species are taken into
account due to the formation of yttrium oxychloride (YOCI). This would result in an
even higher theoretical parabolic growth rate constant.

Only the metal chloride and metal oxide were considered as input species in the
thermodynamic calculations discussed above. However, it is not likely that the carrier
gases, argon or helium, used in the experiments are completely free of oxygen.
Hence, the influence of small amounts of oxygen in the carrier gas stream on the
growth rate has to be investigated.

In order to study the influence of oxygen as an impurity in the carrier gas stream
thermodynamic calculations have been performed using O,, ZrCl,, ZrO,, and Ar as
input species [33,37]. The parabolic growth rate constants were calculated using
equation (8). The results of these calculations are presented in figure 7, If the input
partial pressure of oxygen drops below 10"12 atm the calculated parabolic growth rate
constant remains unaffected. The equilibrium partial pressure of oxygen in this case
is determined by the input amount of ZrCl, and ZrO,. Hence, the parabolic growth
rate constant is the same as in the situation where oxygen is not an input species.
Thus, line D in figure 6 is equal to lines C, D, and E in figure 7.

The temperature dependence of the calculated parabolic growth rate constant
represented by solid line A in figure 7 seems to describe the experimental parabolic
growth rate constant reasonably well. This predicted parabolic growth rate constant
is obtained using an input oxygen partial pressure of 1074 atm. The calculated
apparent activation energy of this parabolic growth rate constant is 3.45 eV [33,37].
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Figure 7. The calculated growth rate constant as a function of temperature at a
ZrCl, input partial pressure of 103 atm for different input partial pressures of
oxygen. Line A: P(’)Z(input) = 10 atm, line B: Péz(input) = 10® atm, line C:
P(’)z(input) = 102 atm, line D: P(’)Z(input) = 10" atm, and line E: Pc’)z(input) =
10% atm.

Hence, the experimental results can be understood assuming an oxygen concentration
in the carrier gas of 10* ppm (i.e. typically 10" atm in the reactor). However, it is
unlikely that such an amount of oxygen is present in the carrier gas. It is common
to have an oxygen impurity level of 1 to 10 ppm [24].

Yet, if parabolic growth is assumed and the oxygen concentration in the carrier gas
is on the order of 1 to 10 ppm, the predicted growth rate is too high, as discussed
earlier. From these observations it may be concluded that the EVD layer may act as
an oxygen selective membrane, and that only a small portion of the total oxygen flux
through the EVD layer contributes to the actual growth. Hence, this might result in
an increase of the oxygen partial pressure at the metal chloride side.

The ratio between the observed and the predicted growth rate is proportional to
the conversion of transported oxygen to metal oxide. This ratio (i.e. conversion)
increases with increasing temperature, and varies from a few tenth of a percent to
a few percent typically [33]. This information can only be used in a qualitative way,
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because the low conversion of oxygen will affect the actual oxygen partial pressure
on the metal chloride side, and consequently the oxygen flux through the film,
Besides, the assumption that solid state diffusion is rate limiting and that all other
reaction rates are infinite can not be valid anymore. These observations suggest an
EVD process which is determined by a combination of solid state diffusion and
surface kinetics.

The increase in conversion with increasing temperature might be explained in
terms of some limitations in the surface kinetics. However, at this stage this
indistinctness of EVD growth can not be solved, because to our knowledge there are
no reliable data concerning the surface kinetics between O, and ZrCl, present. In
principle an EVD growth rate constant can be calculated by a numerical solution of
the mass transport through the film and the kinetics at the surface provided that the
required data are known. Consequently this calculated growth rate constant has to
be compared with experimental data of EVD growth to verify as to whether the
EVD growth is indeed controlled by a combination of solid state diffusion and
surface kinetics.

Tt should be noted that the electron conductivity data used for these calculations
were obtained from sintered YSZ samples [32]. It might be possible that the actual
electron conductivity in the EVD layer differs from the electron conductivity data
used in the calculations, e.g. due to the incorporation of chlorine or hydrogen during
the EVD process, or grain boundary polarization phenomena, resulting in a lower
electron conductivity of the YSZ. However, it is not very likely that this possible
difference in electron conductivity can explain the discrepancies, as discussed.

4, MOCVD of TiS, thin film cathodes
4.1 PROCESS PARAMETERS AND MICRO STRUCTURE

In figure 8 the deposition rates for hot-wall depositions using 1.4 vol% HMDST and
0.25 vol% TiCl, at 7.5 and 20 mbar are presented. This figure shows that an increase
of the pressure from 7.5 to 20 mbar does not affect the deposition rate.

XRD showed that all TiS, films above 0.5 um consist of hexagonal TiS,. The
preferred orientation appeared to be a function of either temperature or film
thickness. Strong preferred orientation with the c-axis parallel to the substrate
surface was found in a 5.4 pm thick film deposited at 350°C and 20 mbar with
HMDST, and in a 1.5 ym thick film deposited at 455°C with H,S. Hence, in these
samples the lithium conducting planes are oriented perpendicular to the substrate,
Almost no preferred orientation was found in a 1.54 pm thick film deposited at
250°C with HMDST, while in a 0.5 pm thick film deposited at 357°C with H,S the
crystallites were found to have a preferred orientation with their conducting planes
parallel to the substrate. Hence, strong preferred orientation with the c-axis parallel
to the substrate surface is found in the thickest layers, or the ones deposited
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Figure 8. Deposition rates of TiS, for hot-wall depositions from 1.4 % HMDST and
0.25 % TiCl,, at total pressures of 7.5 and 20 mbar, respectively.

at the highest temperatures, while the thinner layers, or the ones deposited at lower
temperatures show either no preferred orientation, or a preferred orientation with
the c-axis perpendicular to the substrate surface. Earlier observations also revealed
improved orientation with increasing temperature or thickness [2,40].

In spite of the varying preferred orientations, all films showed a similar
morphology. Only the film deposited at 207°C and 7.5 mbar with HMDST as sulphur
precursor showed a different morphology (figure 9). Also TiS, deposited by Physical
Vapor Deposition techniques exhibit a similar morphology. The reason why the
morphology is almost independent of the deposition technique or deposition
conditions is not yet clear.

The porosity of the films seems to be determined by the deposition conditions, and
appears to decrease with increasing temperature or thickness.

4.2 ELECTROCHEMICAL PROPERTIES

Electrochemical measurements were performed on TiS,-films deposited from
HMDST at 7.5 mbar in a cold-wall reactor. Figure 10 shows the OCV of the cells
as a function of the lithium content in the Li,TiS,-cathode. The OCV varies from 2.7
V for x=0 to 1.9 V for x=1.0, for both films. Figure 11 shows the thermodynamic
enhancement factor, as derived from the OCV-curve, as a function of lithium
content. It increases with lithium content from +5 to +50.
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Figure 12 shows the chemical and component diffusion coefficient as a function
of lithium content, determined with GITT and IS. The lithium diffusion coefficients
found are mgmﬁcantly 1ower than the lithium diffusion coefficient in pressed powder
TiS,, which is 5.6x10 cm?/s. The slow rise of the lithium diffusion coefficient for
0<x<0.4, and decrease for 0.4<x<0.9 is in agreement with the behaviour found in
single crystals [41,42], and in a thin film deposited by means of activated reactive
evaporation [43]. The slight increase in the diffusion coefficient for 0.9<x<1.0, as
shown in figure 12, is mainly due to the increase in the thermodynamic enhancement
factor.

The lithium conduction of the 207°C sample is much lower than that of the 250°C
sample. There are two possible explanations for this difference. One cause could be
a difference in grain boundary polarization, because the lithium diffusion path
crosses more grain boundaries in the 207°C film. The difference in lithium
conductivity could also be caused by a difference in stoichiometry [41].

The diffusion coefficients in both films are lower than the ones found in single
crystals or TiS, powder. This may be due to an error in the estimated current
exchange area. In the calculations the current exchange area was approximated by
the geometrical surface area of the films. However, for the 250°C film this value
should be much smaller, as can be seen from its morphology. The calculated
diffusion coefficient is inversely proportional to the square of the current exchange
area. Hence, an inaccurate value for the current exchange area will lead to large
errors in the calculated diffusion coefficients.

Figure 12 shows that there can be a considerable difference between results of IS
and GITT. This difference may be the result of either the interpretation of the
impedance spectra or polarization effects due to porosity of the films.

IS only yields reliable results in the case of well interpretable spectra. An example
of such a spectrum is shown in figure 13, This spectrum can be I‘Cddlly fitted by the
physically well justified equivalent circuit R;QpRsTs, where R represents the
lithium conduction in the electrolyte, Q; a CPE element related to charge transfer
phenomena, R, the charge transfer resistance, and T the finite-length diffusion
through a medium with a reflective boundary [42]; s and p stand for series and
parallel, respectively. In other cases data have been obtained from only that small
part of the spectrum, which has a slope of 45°, and which has been interpreted as
the 45° degrees slope of a T-element.

Polarization effects due to porosity may give erroneous results with both IS and
GITT. In the case of thin film mixed conductors, the two measurement techniques
are essentially based on the same principle: the mathematical description of the
polarization of a finite-length mixed conductor due to lithium diffusion. The only
difference is that IS describes the response to an AC current as a function of
frequency, and GITT the response to a DC current pulse. It is clear that polarization
due to porosity can cause serious variations in the values of the lithium diffusion
coefficient determined with either method.
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5. Conclusions
5.1 EVD GROWTH OF YSZ

The temperature dependence of the experimental parabolic growth rate constant of
YSZ was used to verify whether the growth rate is limited by solid state diffusion,
The high observed apparent activation energy of 4.4 eV of the EVD growth justifies
the assumption that solid state mass transport through the film is the rate limiting
step.

'IBhe calenlated parabolic growth rate constant is higher than the experimental one.
Hence, either the material constants used for the calculations are not valid for the
EVD layer, or the growth rate mechanism is more complex then originally assumed.

Taking into account that traces of oxygen at the metal chloride side have a large
influence on the theoretical parabolic growth rate constant, the expemneutally
determined parabohc growth rate constant can be understood if the presence of 10°
ppm of oxygen in the carrier gas at the metal chloride side is assumed.
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From the observations it might be concluded that the EVD layer acts as an oxygen
pump and that only a small portion of the oxygen actually reacts with the metal
chloride to form the metal oxide.

In principle this complex mass transport phenomenon can be solved numerically.
However, at this stage there are not enough data present to solve the equations.
Hence, more experimental work concerning the kinetics of EVD and CVD using
ZrCl, and O, as reactants has to be done in order to obtain a full model which can
predict the EVD growth rate of YSZ.

5.2 MOCVD OF TIS,

The preferred crystallite orientation in MOCVD TiS,-films seems to be a function
of either temperature or film thickness. The overall chemical diffusion coefficient for
lithium in thin-film TiS, is lower than in powder TiS, and depends on the porosity
of the film.

Furthermore, there is a need of accurate models for and microstructural analyses
of porous, rough and anisotropically conducting mixed conducting thin-film
electrodes. These will allow a systematic optimization of the electrode properties and
a correct interpretation of the IS and GITT results.
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