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ABSTRACT 

The electrochemical vapor deposition (EVD) method is a very promising technique for making gas-tight dense solid 
electrolyte films on porous substrates, In this paper, theoretical and experimental studies on the kinetics of the deposition 
of dense yttria-stabilized zirconia films on porous ceramic substrates by the EVD method are presented, The more system- 
atic theoretical analysis is based on a mode] which takes into account pore diffusion, bulk electrochemical transport, and 
surface charge-transfer reactions in the film growing process. The experimental work is focused on examining the effects 
of the oxygen partial pressure and substrate pore dimension on the EVD film growth rates. In accordance with the 
theoretical prediction, the pressure of oxygen source reactant (e,g., water vapor), the partial pressure of oxygen and sub- 
strate pore dimension are very important in affecting the rate-limiting step and film growth rate of the EVD process. In the 
present experimental conditions (e.g., low pressure of oxygen source reactant and small substrate pore-size/thickness 
ratio), the diffusion of the oxygen source reactant in the substrate pore is found to be the rate-limiting step for the EVD 
process, 

Solid oxide fuel cells (SOFC) are very attractive poten- 
tial energy conversion systems due to their  many advan- 
tages over the conventional  energy conversion systems. 
The efficiency of the SOFC, which is theoretically much 
higher  than other fuel combust ion-based energy conver- 
sion systems, depends  on the ionic resistance of the solid 
oxide electrolyte and electrode materials.  I t  is generally 
known that  reducing the thickness  of  the solid oxide elec- 
trolyte layer can effectively increase the SOFC efficiency 
(1). Among the several techniques available for making the 
electrolyte layers, electrochemical  vapor  depos i t ion  has 
been demonst ra ted  to be a very promising technique for 
making thin electrolyte layers (films) on porous substrates 
(2-4). The yttr ia-stabil ized zirconia (YSZ) films of 10-50 ~tm 
thick were deposi ted on porous a lumina substrates by the 
EVD teehique (2-6). The integration o f  a ceramic mem- 
brane top layer with a coarse porous substrate  makes  it 
possible to deposi t  much thinner  (<2 ~m) layers. This kind 
of thin films also has potential  applicat ions in membrane  
separat ion processes due to their  high selectivity in oxy- 
gen permeation,  

In  the  EVD process for growing solid oxide electrolyte 
films, a porous substra te  (which serves as an electrode 
when the SOFC is made) separates a mixture  of two metal  
chlorides and an oxygen source reactant  (e.g., a mixture  of 
water  and hydrogen,  pure  water  or air). Init ially the two re- 
actants interdiffuse in the substrate  pore and react to form 
the corresponding solid oxide product.  The solid product  
under  certain condit ions (4, 7) can be deposi ted in the sub- 
strate pore near  the end at th e metal  chloride del ivery side 
and finally plug the pore part  exposed to the metal  chlo- 
r ide vapor, After this step no further direct  reaction be- 
tween the two reactants  occurs. If  the deposi ted solid 
oxide is mixed  conducting,  the metal  oxide film may grow 
on the substrate  surface exposed to the metal  chloride 
vapor  by  the Wagner scaling process (8). In  this process, 
oxygen is reduced at  the oxygen/film interface. The oxy- 
gen ions transfer  in the film and react with the metal  chlo- 
ride at the film/chloride interface to form the solid oxide, 
which is deposi ted to keep the EVD film growing. 

As such an EVD process is rather difficult to be experi- 
mental ly  monitored,  a theoretical  s tudy on its film growth 
kinetics is very impor tant  for unders tanding and control- 
ling the process, In  the current  literature, very limited data 
were repor ted  on the film growth kinetics of the EVD pro- 
cess. Carolan and Michaels (6) recently reported a theoreti- 
cal analysis, with exper imenta l  results, on the film growth 
kinetics in the EVD process. Only the electrochemical  
t ransport  in the metal  oxide film was considered in the 
analysis. Thus, following almost  the identical  procedure  as 
employed for der iving thickness-t ime relations for the 
Wagner scaling process (8, 9), they found that  the  EVD film 
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growth kinetics can be descr ibed by the conventional par- 
abolic law (film thickness  is proport ional  to the squared 
root of  time). This is consistent  with some kinetic data of 
film thickness vs. t ime for growing YSZ film on a porous 
alumina substrate  (6) and t in-doped indium oxide film on a 
dense YSZ substrate  (10). 

Some other  exper imenta l  work on deposi t ing YSZ on 
porous substrates,  however, shows that  the deposi ted film 
thickness  is a l inear function of t ime (2) and the composi- 
tion of  the doped oxide (yttria content) in the film is uni- 
form across the EVD film (11). These results suggest  that  
other mass-transfer step(s) may be the rate-limiting step. 
In  addition, it is found that  the exper imental ly  determined 
film growth rates are much smaller  than t h e  predicted 
ones if  electrochemical  t ransport  in the electrolyte film is 
the rate-l imiting step, More investigation on the EVD film 
growth kinetics is therefore needed in order  to gain a bet- 
ter insight of  the EVD process. In this paper  we present  a 
more systematic  theoretical  analysis on t h e  EVD f i lm  
growth kinetics, evidenced by  new exper imental  results of 
growing YSZ films on porous substrates.  As suggested by 
the theoretical  analysis, the  present  exper imenta l  s tudy is 
focused on investigating the film growth kinetics by  exam- 
ining the effects of the oxygen partial  pressure and sub- 
strafe pore dimension on the YSZ film growth rate. 

Theoretical 
Model development.--Figure 1 shows a cross-sectional 

view of the  porous substrate  separat ing a mixture  of YCI~ 
and ZrC14 vapor  (in the chloride chamber) and a mixture  of 
water/hydrogen (or air) (in the water  chamber). As indi- 
cated in Fig. 1, L and r are the thickness, and average pore 
radius of the substrate;  H is the thickness of the deposi ted 
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Fig. 1. An idealized cross-sectional view of the EVD process for de- 

positing dense electrolyte film on porous substrate. 
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EVD film; P ,  and P~w) are the partial pressures of water 
vapor and oxygen in the water chamber; P~[  and P ~ )  are 
the total partial pressure of the two chlorides and the par- 
tial pressure of oxygen in the chloride chamber. 

In  the EVD process, water vapor (or oxygen) first dif- 
fuses into the substrate pore and, at the water/film inter- 
face, is reduced to oxygen ions. The oxygen ions then mi- 
grate in the EVD film toward the metal chloride/film 
interface (electrons move in an opposite direction) and 
react with metal chloride to form the metal oxide at the 
film/chloride interface. The growth of the EVD film should 
be determined by four steps in series: (i) water vapor (or 
oxygen) diffusion in the substrate pore; (ii) oxygen reduc- 
tion (charge transfer) reaction at the water/film interface; 
(i / i)  bulk electrochemical transport  of oxygen ions in the 
EVD film (counterbalanced by electron/hole migration); 
and (iv) Charge-transfer (oxidation} reaction for the forma- 
tion of metal oxide at the film/chloride interface, as shown 
in Fig. 2. As the fluxes considered in such a film growth 
process are generaUy very small, a quasi-steady-state and 
quasi-thermodynamic equil ibrium can be assumed to sim- 
plify the modeling. 

The water vapor flux rate in the diffusion step in the sub- 
strate pore can be described by the following equation for 
the steady-state diffusion in the axial direction of a cylin- 
drical pore (12) 

Jl(,v) = (Dw/LRT)(Pw - Pwr [1] 

where J,(~) is the water molar flux, D~ is the effective diffu- 
sivity of water i n  the substrate pore, and P , ~  is the water 
partial pressure at the inner  end of substrate pore. 

The quasi-equilibrium assumption for the water vapor 
dissociation reaction gives the relation Pw/P,(~)= [Po,~/ 
Po(~)] 1/2. Thus, the oxygen flux (1/2 O2) in the substrata pore 
can be found from Eq. [1] as 

J] = (DwPw/LRT  [Po(w~]]/2)([Po,~)]l~ - [Po(1)]  1/2) [ 2 ]  

where Po(,) is the oxygen partial pressure at the inner end 
of the substrata pore. If oxygen or air is used as the oxygen 
source reactant, the flux for (1/2 02) should be in the same 
form as Eq. [1] 

J] = (2DJLRT)(Po~w~-  P~D) [3] 

where Do is the effective diffusivity for oxygen (Oz) in the 
pore. 

At the water/film interface, the oxygen reduction 
(charge-transfer reaction) rate can be written as (13) 

J:2 = ~X2([Po(l)] 1/2 -- [Po(2}] t/2) [4 ]  

where a2 is the reduction rate constant and Pa2) ~s oxygen 
partial pressure in the EVD film at Z = 0. 

The oxygen anion diffusion and migration in the EVD 
film from water/film interface to film/chloride interface, 
balanced by the electron flux transfering in the opposite 
direction, are similar to the electrochemical transport in 
the metal oxide scaling process (8, 9). For a mixed con- 
ducting electrolyte, the following equation can be found 
for the oxygen anion flux (for 02- in mol/cm 2 �9 s) at steady 
state (6, 8, 9) 

J3 = - (ticrJ8F2)V~o [5] 

where Vtto is the chemical potential gradient for oxygen in 
the EVD film; ti and ~e are the oxygen anion transfer num- 
ber and electronic conductivity, respectively. 

As YSZ is an ionic conducting electrolyte material, tj ~ 1 
and the electronic conductivity of YSZ depends on the ox- 
ygen partial pressure in the EVD film as (9, 14) 

~e = a o[po]-,,4 + %O[Po],,, [6] 

where ~ ~  and %0 are the electron and hole conductivities 
at 1 atm of oxygen partial pressure. Assuming ideal gas 
law for oxygen at low pressure, Eq. [5] can be deduced to 

J3 = - ( R T a J 8 F 2 ) ( d [ l n  Po(mm)]/dZ) [7] 

Substi tut ing Eq. [6] into Eq. [7] and integrating from 0 to H 
(with -/3 constant; quasi-steady-state assumption) yields 

J~ = (1/H)(RT/2FZ){%o([Po(2)]I/4 - [po~3)] 1/4 + a~~ -1/4 

- [Po~2~]-1/4)} [ 8 ]  

where Po~3) is the oxygen partial pressure in the EVD film 
a t Z =  H. 

It is also possible to derive the following rate equation 
for the oxidation reaction (step 4) at the film/chloride inter- 
face as 

J4 = cr4(Po~3)- Po(m)) [9] 

where ~4 is the oxidation rate constant. 
The growth rate of the EVD film can be simply found 

from the mass balance 

d H / d t  = VmJ/2 [10] 

where J = J1 = J2 = J3 = J4 and Vm is the average molar vol- 
ume of YSZ in the EVD film, assumed to be the same as 
the molar volume of ZrO2 (V~ = 20.7 mYmol). This differ- 
ential equation, with initial condition of H = 0 at t = 0, can 
be solved together with the oxygen flux Eq. [2] (or [3]), [4], 
[8], and [9], to give the relation of H, as well as d H / d t ,  Por 
Por Po(~) as a function of time. This set of nonlinear al- 
gebraic and differential equations were readily solved with 
a recently proposed numerical  method (15). 
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Fig. 2. Four transport steps in 
series in the EVD film growth 
process. 
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Rate- l imi t ing  step.---Observing the above given oxygen 
flux and film growth equations [Eq. [2], [4], [8], and [9]), it is 
found that the film growth rate is determined by the sub- 
strate pore structure (r, L), the diffusivity of oxygen source 
reactant in the substrate pore (Dw or Do), electrochemical 
transport properties (%o and a,~ charge-transfer reaction 
rate constants (a2 and ~4), and experimental  conditions 
(controllable parameters Pw, Pc(w), and T). In principle, all 
these parameters except  Pc(m) are known or available from 
experiments [e.g., oxygen permeation through YSZ pellets 
(14-17)]. The oxygen partial pressure in the metal chloride 
vapor, Pc(m), is the value equilibrated with the metal oxides 
and chlorides in the chloride chamber. 

To examine the rate-limiting step in the EVD process, it 
is suggested that one may calculate the film growth rate for 
each step assuming it is rate-limiting. With this assump- 
tion, the total oxygen partial pressure drop (from Pc(w) to 
Pam)) is taken to occur across this rate-limiting step. Thus, 
the following four equations are used for this purpose: 

1. The diffusion in the substrate pore (step 1) is rate lim- 
iting. For water as the oxygen source reactant 

dH/dt = (VmDwPw/2LRT [ P o ( w ) ] l / 2 ) ( [ P o ( w ) ]  u2 - [Po(m)] 1/2) [11] 

For O2 or air as oxygen source reactant 

dH/dt  = (VmDo/LRT)(Po(,) - Pc(m)) [12] 

2. The oxygen reduction (step 2) is rate limiting 

dH/dt = (V~J2)([Po(~)] u2 - [Pc(m)] 1/2) [13] 

3. The bulk electrochemical transport in the EVD film 
(with a thickness of H = 1 pLm) (step 3) is rate limiting 

dH/dt = K/H(=I i~m) [14a] 

with 

K = (VmRT/4F2){%~ - [Porto)If/4]) 

+ G n ~  -1 /4  - -  [ P o ( w ) ] - l / 4 ) }  [14b] 

4. The oxidation rate of the metal chloride (step 4) is rate 
limiting 

dH/dt = (Vmcq/2)(Po(w) - Pc(m)) [15] 

If  the growth rates estimated by these four equations are 
in the same order of magnitude, there should be no rate- 
limiting step. If the estimated growth rate for a certain step 
is much smaller than the others, this step is likely to be the 
rate-limiting step. 

The application of these equations to examine the rate- 
limiting step of the EVD process will be demonstrated 
later. In the previous studies, the electrochemical trans- 
port in EVD film has been assumed to be the rate-limiting 
step. In this situation, integration of Eq. [14] gives the fol- 
lowing H(t) relation, for the case when P~w) and Po(~ are 
very low so that the first term in Eq. [14b] is neglected 

H = (RTYma~~ -1/4 - [Po(w)]-1~) u~ X/t [16] 

which is the same as the model equation developed by Ca- 
rolan and Michaels [6]. In this situation, H(t) is parabolic. If  
another step is rate-limiting, a linear H(t) is expected. 

The oxygen flux equations also suggest that the oxygen 
partial pressures, Pc(,) and Po(~), on both sides of the sub- 
strate are very important in determining the rate-limiting 
step and film growth rate. To show this, the film growth 
rates at different Pare) in each step are calculated using 
Eq. [14], [13], and [11] (or [12]), for the following three cases 
of different oxygen source reactants (at a total pressure of 
about 10 3 atm and a temperature of 1000~ (i) air, 

Table I. Values of the rate parameters at 1000~ 

Parameter Value Remark 

~2(mol/cm 2 �9 s �9 atm l~) 7.5 x 10 -n (from Ref. (13) for CSZ) 
%~ latm-U4) 5.8 • 10 -5 (fromRef.(14)for8rrgoYSZ) 
m,~ -1 cm -1 atm I/4) 5.7 • 10 9 (from Ref. (14) for 8 m/o YSZ) 
D~ (cm2/s) 0.16 (Knudsen diffusivity for pore 
Do (cm2/s) 0.12 with r = 0.1 ~m; L = 0.2 cm) 

Pc(w) = 10 -3 atm; (ii) pure water vapor, Pc(w) = 10 -9 atm; (iii) 
water vapor-hydrogen mixture, Pc(w) = 10 -'s atm. The sim- 
ulation results are presented in Fig. 3-5 for the rate- 
limiting steps of the bulk electrochemical transport, the 
surface reaction, and the pore diffusion, respectively. The 
parameter values used for the simulation are obtained 
from the literature and listed in Table I. 

Figure 3 shows the effect of Pc(m) at three different Pc(w) 
on the film growth rate for the rate-limiting step of the 
bulk electrochemical transport. The growth rate increases 
with decreasing Pc(m) in the range of Po(~) being smaller 
than Pc(w). The growth rates become the same for all the 
three cases of different Pc(w) when Pc(m) is smaller than 10 -d~ 
atm. It is also interesting to note that for a higher Pc(w) it is 
possible to have the growth rate less changed in a larger 
range of Pc(m). For example, the growth rate decreases from 
10 to 1 ~m/h with Pc(m) increasing from 10 -15 to 10 -4 atm (11 
orders of magnitude) for the case of Pc(w) = 10 -a atm. How- 
ever, for the case of  Pc(w) = 10 -'s atm, the growth rate drops 
from 10 to 0 ~m/h with Pam) increasing from 10 -'7 to 10 -'5 
atm (2 orders of magnitude). This suggests that a higher 
oxygen pressure in the water chamber  will make it easy to 
obtain a constant film growth rate, regardless of the possi- 
bly large variation of oxygen pressure in the chloride 
chamber. When oxygen pressure in the chloride chamber 
is smaller than 10 -2~ atm, varying the oxygen pressure in 
the water chamber  does not change the film growth rate. 

The effects of oxygen pressures on the film growth rate 
for the rate-limiting step of surface reaction or pore diffu- 
sion are similar to each other, and also simpler than those 
for the bulk electrochemical transport as the rate-limiting 
step, as shown in Fig. 4 and 5. For different Pc(w), the film 
growth rate is in a constant max imum value when Pc(m) is 
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Fig. 3. Effects of oxygen pressures on the film growth rate for the 
rate-limiting step of bulk electrochemical transport in the EVD film. 
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Fig. 4. Effects of oxygen pressures on the film growth rate for the 
rate-limiting step of interface charge.transfer reaction. 
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Fig. 5. Effects of oxygen pressures on the film growth rote for the 
rate-limiting step of water or oxygen diffusion in substrate pore. 

about 2 orders of magnitude smaller than Po(w~. The maxi- 
mum growth rate is determined by 

For the surface reaction as the rate-limiting step 

dH/dtlmax = Vm~2[P~wjU2/2 [17] 

For the pore diffusion as the rate-limiting step 

dH/dt[max = VmDwPw/2LRT (for water) [18] 

dH/dtlmax = VmDoPo(w]LRT (for air) [19] 

Equations [17]-[19] suggest that increasing the water 
vapor pressure (or oxygen pressure) in the water chamber 
raises the growth rate. For pore diffusion as the rate- 
limiting step, this max imum rate is also proportional to the 
substrate pore size/thickness ratio (r/L) since in the 
Knudsen  diffusion regime (low pressure, high tempera- 
ture, and small pore size) the effective diffusivity is di- 
rectly related to the Knudsen  diffusivity Dk (18) 

Dk = 0.97r(T/Mw) It2 [20] 

where Dk is in cm2/s, r is in ~m, and T in K. M w  is the mole- 
cule weight of the diffusing gas. 

The maximum film growth rates are the same for the 
rate-limiting step of pore diffusion with pure water vapor 
or a water vapor-hydrogen mixture as the oxygen source 
reactant, despite the difference in Po(w~, as shown in Fig. 5. 
However, the max imum rate decreases substantially with 
decreasing PoCw> for the rate-limiting step of the surface re- 
action. As discussed before and shown by Eq. [18] and [19], 
the pore diffusion can become the rate-limiting step by de- 
creasing the substrate pore size/thickness ratio and/or oxy- 
gen source reactant pressure in the water chamber which 
determines the maximum growth rate. The pore diffusion 
as the rate-limiting step should result in: (i) a linear film 
thickness-deposition time relationship; (ii) constant doped 
oxide concentration across the EVD film; and (iii) a con- 
stant max imum growth rate with a large variation of oxy- 
gen partial pressure in the metal chloride chamber (this 
makes it easy to operate the experiments). 

part of the apparatus is a reactor made of three dense-wall 
a lumina ceramic tubes, which were heated by a six-zone 
furnace to give the desired temperature profile, as shown 
in Fig. 6. A porous substrate disk (2 mm thick; 12 mm 
diam) was cemented onto the end of the smallest alumina 
tube to separate the reactor into two chambers. A mixture 
of the chloride vapors was generated by sublimation of 
powdered YC13 and ZrCl4, which were placed inside the re- 
actor. The partial pressures of the two chlorides were con- 
trolled by the sublimation bed temperatures and flow rates 
of the Ar carrier gas. The oxygen source reactant was intro- 
duced by passing H~ or air through a water sparger or 
using the dry air directly. The apparatus was automated so 
that all the experimental  conditions could be well con- 
trolled. 

In the EVD experiments, the reactor was first slowly 
heated (at a rate of about 100°C/h) to the desired tempera- 
ture profile. The Ar streams were passed through the subli- 
mation beds at given flow rates and the oxygen source re- 
actant stream bypassed the reactor to the vacuum pump. 
When all the experimental  conditions were stable, an EVD 
experiment was started by introducing the oxygen source 
reactant stream into the reactor. The initial period of the 
substrate pore narrowing and closure was monitored by an 
in si tu permeation technique (5). After the pore was closed 
the experiment continued for an extended period of time 
in order for the EVD process of film growth to take place, 
and was terminated by stopping the oxygen source reac- 
tant stream. The reactor was then cooled down to room 
temperature, and the sample was removed from the tube 
for characterization. The film thickness was determined by 
scanning electron microscopy (SEM). A typical SEM 
photo for sample no. 23 is given in Fig 7 which clearly 
shows a dense top layer on the coarse substrate. The depo- 
sition of YSZ (with about 8 mole percent (m/o) Y~Os, deter- 
mined by EDS) on the substrates was also confirmed with 
XRD. 

The present experiments were focused on determining 
the growth rates of YSZ films with different oxygen partial 
pressures in the water chamber on two types of substrates 
with different pore dimensions. Investigating the effects of 
the reactant concentration (pressure) on the reaction rate 
is a common approach for the kinetic studies in the chemi- 
cal reaction engineering. The substrate pore dimensions, 
experimental  conditions, and determined results for the 
five typical cases of YSZ deposition are summarized in 
Table II. Other experimental conditions which are not 
listed in the table include: total pressure in the reactor, 
-10 -3 arm (2 mbar); reaction temperature, 1000°C; and 
chloride chamber oxygen partial pressure, Po(m)= 10 -23 
atm [using the data reported in Ref. (2, 19)]. The film 
growth rates determined in these studies are about 
1.5 ~tm/h for the smaller pore substrate and 30 ~tm/h for the 
composite substrate. Growth rates of about 5 ~m/h were 
previously reported by other investigators (2, 4, 6) for 
growing YSZ on porous substrates. As the detailed experi- 
mental conditions were not reported in those studies, it is 
difficult to make a quantitative comparison between this 
work and the previously reported work. 

Exper imental  Results and Discussion 
Exper imen ta l  resul ts . - -The EVD experiments were per- 

formed in a homemade CVD/EVD apparatus. The central 

Fig. 6. A schematic diagram of the central reactor part of the EVD Fig. 7. SEM photograph of EVD run 23 showing a dense YSZ film with 
apparatus, uniform thickness of about 5-6 I~m on the alumina porous substrote. 
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Table II. EVD experimental conditions and summary of results 

Case I Case 2 Case 3 Case 4 Case 5 

Run no. 13 24 23 25 26 
Substrate Coarse ~-AI~O~ Composite 
L (cm) 0.2 0.0035 (0.1) ~ 
r (~m) 0.08 0.2(5) ~ 
Oxygen source H20/H2 H20/H2 Air ~ Air H20/H~ 
H20:H~ 3:2 3:2 - -  - -  3:2 
Pw (atm) 6.5 • 10 4 6.5 • 10 -~ - -  - -  6.5 • 10 _4 
Po(~ (atm) ~ 1.1 • 10 -~ 1.1 • 10 -~5 4.3 • 10 -~ 4.3 • 10 ~ 1.1 • 10 -~5 
Deposition time (h) 4 2 4 2 2 
Pore closure time (h) 0.75 0.75 0.75 1.0 1.75 
Film thickness H (~m) 4 2 5 ~0.5 8 
Growth rate dH/dt (~m/h) 1.2 1.6 1.5 ~0.5 32 

The composite substrate consists of a coarse support and a fine top layer. The data out of and within the parenthesis are of top layer and 
support, respectively. 

Moistened with 1.4% water. 
Calculated by Po~ = Ke~(PJPH) 2, with Ke = 6.5 • 10 ~ at 1000~ see J. M. Smith and H. C. van Ness, "Introduction to Chemical Engi- 

neering Thermodynamics," McGraw-Hill, New York (1975). 

D i s c u s s i o n . - - S i n c e  t h e  e l e c t r o c h e m i c a l  p r o p e r t i e s  of  
Y S Z  h a v e  b e e n  wel l  s t u d i e d  (14, 16, 17), i t  is pos s ib l e  to  
p r ed i c t  t h e  fi lm g r o w t h  ra te  i f  Po~m~ is k n o w n  w h e n  t he  elec- 
t r o c h e m i c a l  t r a n s p o r t  in  t h e  E V D  film is t he  r a t e - l imi t ing  
step.  Thus ,  t h e  p r e d i c t e d  g r o w t h  ra t e  da t a  are  g iven  in  t h e  
first  r ow  in T a b l e  I I I  for  t h e  five cases  of  Y S Z  depos i t ion ,  
w h i c h  we re  ca l cu l a t ed  w i t h  Eq.  [14] (for H = 1 ~tm) u s i n g  
t he  e l ec t ron i c  c o n d u c t i v i t y  da t a  l i s ted  in  T a b l e  I a n d  t h e  
p r e v i o u s l y  r e p o r t e d  v a l u e  of  10 -23 a t m  for  P o ~  (2, 19). T h e  
p r e d i c t e d  g r o w t h  ra tes  a re  m u c h  la rger  t h a n  t h e  exper i -  
m e n t a l l y  d e t e r m i n e d  ones.  T h i s  i nd i ca t e s  t h a t  t he  b u l k  
e l e c t r o c h e m i c a l  t r a n s p o r t  m a y  no t  b e  t h e  r a t e - l imi t ing  
step.  S i n c e  o n e  m a y  a r g u e  t h a t  t h e  l a rge r  p r e d i c t e d  g r o w t h  
ra te  is d u e  to t h e  u se  of  10 -~3 a t m  for  P o ~ ,  w h i c h  m a y  b e  
sma l l e r  t h a n  t h e  ac tua l  P o ~  in  t h e  e x p e r i m e n t s ,  a m o r e  de- 
t a i l ed  d i s c u s s i o n  s h o u l d  b e  g iven  on  t h i s  point .  

As  m e n t i o n e d  earl ier ,  Po~m~ is t h e  o x y g e n  par t ia l  p r e s s u r e  
e q u i l i b r a t e d  w i t h  t h e  fo l lowing  r e a c t i o n  at  E V D  fi lm/chlo-  
r ide  i n t e r f a c e  

O2 (wi th  Por + MC14 < = = > MO2(s) + 2Cl~(g) 

E s t i m a t i o n  of  Por f r o m  t h e  t h e r m o d y n a m i c  e q u a t i o n  for  
th i s  r e a c t i o n  is c o m p l i c a t e d  b y  t he  fact  t h a t  P~ is no t  
k n o w n  for  t h e  EVD e x p e r i m e n t a l  p r o c e s s e s  (2-5) in  w h i c h  
on ly  Pmr in  t h e  m e t a l  Chlor ide v a p o r  is con t ro l led .  Thus ,  
t h e  two  u n k n o w n s  (Po~m~ a n d  P~1) c a n n o t  b e  so lved  f rom 
th i s  s ing le  e q u i l i b r i u m  re la t ion .  A n o t h e r  re la t ion ,  w h i c h  is 
d e t e r m i n e d  b y  t h e  E V D  e x p e r i m e n t a l  p r o c e s s e s  ( such  as 
r e ac to r  shape ,  f low pa t t e rn ,  etc.), s h o u l d  b e  g iven.  Wi th  a 
con t ro l l ed  Pmr t h e  e q u i l i b r i u m  re l a t i on  for  t h e  a b o v e  reac- 
t ion  s h o w s  t h a t  Po~m~ is p r o p o r t i o n a l  to [Pd] 2. A success fu l  
E V D  e x p e r i m e n t a l  p r o c e s s  s h o u l d  p r o v i d e  a v e r y  low Pd 
v a l u e  in  o r d e r  to  l ower  Pocks, so i n c r e a s i n g  t h e  d r i v i ng  force  
for  t h e  f i lm g rowth .  

I f  t h e  w a t e r  is u s e d  as t h e  o x y g e n  s o u r c e  reac tan t ,  t h e  
overa l l  r e a c t i o n  for  t h e  E V D  p r oces s  is as fo l lows 

2H20(g) + MC14(g) = >  MO2(s) + 2H2 + 2C12 

w h i c h  is gene ra l ly  t h e r m o d y n a m i c a l l y  u n f a v o r a b l e  for t h e  
m e t a l  ox ide  f o r m a t i o n  [e.g., t h e  s t a n d a r d  AG ~ for t he  forma-  
t ion  of  ZrO2 b y  t h i s  r e a c t i o n  is a b o u t  +220 k J / m o l  at  
1000~ (5)]. Th i s  m e a n s  t h a t  a t  t he  s t a n d a r d  c o n d i t i o n  Po~m~ 
is g r e a t e r  t h a n  Po~w~, i n d i c a t i n g  a n e g a t i v e  d r iv ing  force  
ac ross  t h e  E V D  film. T h e  e x p e r i m e n t a l  resul ts ,  howeve r ,  
do  s h o w  t h e  f o r m a t i o n  o f  ZrO~ (or YSZ)  b y  th i s  reac t ion .  
T h e  r e a s o n a b l e  e x p l a n a t i o n  on  t h i s  a p p e a r e d - t o - b e  con-  
t r ac t ive  e x p e r i m e n t a l  e v i d e n c e  is t h a t  t h e  e x t r e m e  exter -  
na l  c o n d i t i o n s  ( m o s t  l ike ly  t h e  ve ry  low P~l value ,  as m e n -  
t i o n e d  earl ier)  a re  i m p o s e d  on  t h e s e  e x p e r i m e n t s  to sh i f t  
t h e  t h e r m o d y n a m i c  e q u i l i b r i u m .  Thus ,  Po~m~ is a p rocess -  
d e p e n d e n t  p a r a m e t e r .  Po~m> or Pr t h e r e f o r e  s h o u l d  b e  di- 
r ec t ly  m e a s u r e d ,  for  e x a m p l e ,  u s i n g  a n  o x y g e n  sensor .  B u t  
t h e  m e a s u r e m e n t s  of  Po~m~ or  Pd were  f o u n d  r a t h e r  i mprac -  
t ical  d u e  to t h e  fac t  t h a t  t h e  e x t r e m e l y  r eac t ive  a t m o s p h e r e  
in  t h e  r eac to r  q u i c k l y  c o n s u m e s  me ta l l i c  e lec t rodes ,  mak-  
ing  it  v e r y  d i f f icul t  to  f ind  a re l iab le  o x y g e n  s e n s o r  dev ice  
(6). On  t h e  o t h e r  h a n d ,  i t  was  a lso diff icul t  to  s a m p l e  a con-  

s i de r ab l e  a m o u n t  of  gas  f rom t h e  ch lo r ide  c h a m b e r  for  
c h e m i c a l  ana lys i s  b e c a u s e  t h e  ch lo r ide  c h a m b e r  was  oper-  
a t ed  at  h i g h  t e m p e r a t u r e  a n d  low pressu re .  Neve r the l e s s ,  
in  t h e  p rac t i ca l  E V D  p r o c e s s  t h e  c o n s u m p t i o n  ra te  of  t h e  
m e t a l  ch lo r ide  d u e  to t h e  EVD film g r o w t h  is genera l ly  
m u c h  sma l l e r  (<0.1%) t h a n  t h e  m e t a l  ch lo r ide  s u b l i m a t i o n  
ra te  in  a n  EVD appa ra tu s .  Th i s  m e a n s  t h a t  on ly  a v e r y  
smal l  a m o u n t  of  ch lo r ine  is g e n e r a t e d  b y  t h e  EVD reac-  
t ion.  As t he  EVD e x p e r i m e n t s  are  n o r m a l l y  o p e r a t e d  in a 
f lowing  s y s t e m  at  low p r e s s u r e  w i t h  a re la t ive ly  large  car- 
r ier  gas  f low rate ,  t he  g e n e r a t e d  ch lo r ine  can  b e  r ap id ly  
m o v e d  away  f rom t h e  ch lo r ide  c h a m b e r ,  r e s u l t i n g  in  a 
r a t h e r  low v a l u e  of  Pc~ in  t h e  ch lo r ide  c h a m b e r .  To e n s u r e  
a pos i t ive  d r i v ing  f o r c e  for  t he  EVD process ,  i t  is sug-  
g e s t e d  t h a t  o x y g e n  or  a i r  ( m i x e d  w i t h  w a t e r  for  k ine t i c  
pu rposes ,  to  be  d i s c u s s e d  nex t )  b e  u s e d  as t he  o x y g e n  
sou rce  r e a c t a n t  so t h a t  Po~w~ c a n  b e  i n c r e a s e d  subs tan t i a l ly .  

A l t h o u g h  t h e  ac tua l  v a l u e  of  Po~m~ was  n o t  d e t e r m i n e d  in  
t h e  p r e s e n t  e x p e r i m e n t s ,  i t  is ce r t a in  t h a t  Por is sma l l e r  
t h a n  Pocw~ as e v i d e n c e d  b y  t h e  f o r m a t i o n  of  a Y S Z  film. In  
add i t ion ,  Por s h o u l d  b e  t h e  s a m e  for  t he  five e x p e r i m e n t a l  
r u n s  d u e  to t h e  iden t i ca l  p r o c e s s  c o n d i t i o n s  in  t h e  ch lo r ide  
c h a m b e r  in  t he  five e x p e r i m e n t s .  I f  t h e  ra te - l imi t ing  s tep  
was  t h e  b u l k  e l e c t r o c h e m i c a l  t r anspo r t ,  t h e  g r o w t h  ra te  for 
cases  1 a n d  2 s h o u l d  b e  t he  s a m e  as t h a t  for  case  5 ( same 
Po~w~ a n d  PoemS, b u t  d i f f e ren t  in  s u b s t r a t e  p o r e  d imens ion ) ,  
a n d  m u c h  d i f f e ren t  f rom t h a t  for  cases  3 a n d  4 ( same sub-  
s t r a t e  po re  d i m e n s i o n ,  b u t  d i f f e ren t  Po~w~), in  o rde r  to b e  
c o n s i s t e n t  w i t h  t h e  t heo re t i ca l  p r e d i c t i o n  (Eq. [14]). The  
e x p e r i m e n t a l  r e su l t s  g iven  in  Tab le  II, howeve r ,  are no t  
c o n s i s t e n t  w i t h  t he  t heo re t i ca l  p red ic t ion ,  s u g g e s t i n g  t h a t  
a n o t h e r  s tep  is r a t e  l imi t ing .  

F o r  t h e  r a t e - l imi t ing  s t ep  of  t h e  su r face  r eac t i on  a t  t he  
oxygen / f i lm in ter face ,  t h e  g r o w t h  ra t e s  ca l cu la t ed  b y  
Eq.  [13] u s i n g  t h e  da t a  g i v e n  in  T a b e l  I for  ~2 are  l i s ted  in  

Table III. Predicted EVD film growth rate dH/dt (l~m/h) 

Rate-limiting step Cases 1 and 2 Cases 3 and 4 Case 5 

Film bulk (Eq. [14]) 
(at H = 1 ~m) 6820 6880 6820 

Surface reaction 
(Eq. [13]) 9.3 x 10 10 5.8 x 10 _4 9.3 x 10 10 

Pore diffusion a 
(Eq. [llJ or [12]) 1.7 1.6 118 (55) c 

a Dw or Do values are 0.15, 0.11, and 0.18 (4.5) b cm2/s for the three 
conditions, respectively. The effective diffusivities are calculated 
by Dw (or Do) = eDJT; where T and �9 are the substrate tortuosity and 
porosity. Dk is the Knudsen diffusivity, Eq. [20]. The available data 
of �9 = 0.5 and �9 = 2 were used for the coarse substrate (cases 1-4); in 
R. J. van Vuren et al., in "High Tech Ceramics," P. Vincenzini, Edi- 
tor, p. 2235, Elsevier, Amsterdam (1987). For case 5 the substrate 
tortuosity and porosity are not available, �9 = 0.5 and �9 = 4, as sug- 
gested by C. N. Satterfield, in "Mass Transfer in Heterogeneous 
Catalysis," MIT Press, Cambridge, MA (1970), were used. 

b Data out of and within parenthesis are the diffusivities in top 
layer and support, respectively. 

Data out of and within parenthesis are the growth rate pre- 
dicted considering top layer only and both top layer and support, 
respectively. 
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the second row in Table III. The predicted growth rates are 
much smaller than the experimental  results. It should be 
pointed out that due to unavailability of the rate constant 
data (u2) for the surface reaction at the oxygen (or water)/ 
EVD film interface, the predicted growth rates were calcu- 
lated using the available data of Dou et al. (13) for the sur- 
face reaction at the oxygen/Ca-stabilized zirconia inter- 
face. In  most studies on oxygen permeation through YSZ, 
e.g., Ref. (14), the surface reaction is assumed (without 
proof) to be much faster than the bulk diffusion. This is 
probably true when the YSZ pellets are relatively thick 
(about 1-2 ram). The work of Dou et al. appeared to be the 
only study considering the surface reaction in the oxygen 
permeation through the stabilized zirconia pellets in 
which they pointed out that the surface reaction can be a 
rate-limiting step when CSZ thickness is less than about 
0.2 ram. Therefore, the values of ~2 reported by Dou et al. 
(13) were used in the present calculation. The discrepancy 
between the predicted and experimentally measured film 
growth rates can probably be attributed to the inconsis- 
tency between the present EVD experimental  conditions 
and the conditions on which a2 was measured (13). For ex- 
ample, in the present EVD experiments,  the presence of 
water in the oxygen source reactant may have some cata- 
lytic effects to increase the surface reaction rate. This is 
evidenced by the measured film growth rates of case 3 and 
case 4 in Table II. The film growth rate with moistened air 
is at least three times larger than that with dried air. There- 
fore it is suggested to add water to dried air (or pure oxy- 
gen) in order to raise the surface reaction rate. An experi- 
mental  program has been started in this laboratory to 
investigate the surface reaction at the interface of oxygen 
(or water)/EVD-grown YSZ film and oxygen permeation 
through the very thin EVD-grown YSZ films. The prelimi- 
nary results of the oxygen permeation study (20) suggest 
that the surface reaction step is not the rate-limiting step 
for the oxygen transport  through the very thin EVD-grown 
YSZ films. This, in fact, is also supported by the present 
experimental  results that YSZ film growth rate is essen- 
tially independent  of the oxygen partial pressure Po(~) 
(compare case 2 and case 3 in Table II). It is obvious from 
the theoretical analysis that film growth rate should be 
proportional to Po(~) ~2 if the surface reaction step was rate 
limiting. 

Finally we assume that the oxygen (or water) diffusion in 
the substrate pores is the rate-limiting step. The predicted 
results calculated by Eq. [Ii]  for water or by Eq. [12] for ox- 
ygen are listed in the third row in Table III. A remarkably 
good agreement is found between the predicted film 
growth rates and the experimentally determined ones for 
all five cases. This suggests that the pore diffusion may be 
the rate-limiting step for the EVD process in the present 
EVD experiments.  Under  present experimental condi- 
tions, the oxygen partial pressure has essentially no effects 
on the film growth rate. The pressure of the oxygen source 
reactant (e.g., water, or oxygen if the air is used) and sub- 
strate pore dimension determine the film growth rate. 

Conclusions 
New experimental  results and a more systematic 

theoretical analysis were presented which improved the 
unders tanding of the kinetics of the EVD process for 
growing thin YSZ film on porous substrates. The experi- 
mental  work was focused on the effects of the oxygen par- 
tial pressure and substrate pore size on the EVD film 
growth rates. The theoretical analysis, based on a model 
taking into account the pore diffusion, interface charge- 
transfer reaction, and bulk electrochemical transport, and 
the experimental  results show that the pressure of the oxy- 
gen source reactant, oxygen partial pressure, and sub- 
strate pore dimension are important  in affecting the rate- 
limiting step and the film growth rate. 

The difference of effects of oxygen partial pressure on 
the film growth rate with different rate-limiting steps is 
theoretically investigated. The EVD film thickness-depo- 
sition time relation may vary from parabolic to linear, de- 
pending on which step is the rate-limiting step. The exper- 
imental results show that water vapor or oxygen diffusion 
is the rate-limiting step in the EVD process for depositing 

YSZ film under  the present experimental  conditions (i.e., 
low pressure of oxygen source reactant and small sub- 
strate pore size/thickness ratio). 
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LIST OF SYMBOLS 
Do effective diffusivity of oxygen in substrate pore, 

cm2/s 
Dk Knudsen  diffusivity, cm2/s 
Dw effective diffusivity of water in substrate pore, 

cm2/s 
F Faraday constant  
H EVD film thickness, ~m 
Ji oxygen (1/2 02 or 02-) flux at different step (i = 1, 2, 

3, 4) of the EVD process, mol/cm 2 - s 
Jl(w) water vapor flux in substrate pore, mol/cm 2 �9 s 
K parabolic rate constant for the film growth, ~m2/s 
L substrate disk thickness, mm 
Po(w) oxygen (02) partial pressure in the water chamber, 

atm 
Po(,) oxygen (02) partial pressure at the inner  end of sub- 

strate pore, atm 
Po(2) oxygen (O~) partial pressure in the EVD film at 

Z = 0, atm 
Po(3) oxygen (02) partial pressure in the EVD film at 

Z = H, atm 
P~m) oxygen (02) partial pressure in the metal chloride 

chamber, atm 
Pcl partial pressure of chlorine (Cl~) in the metal chlo- 

ride chamber, atm 
P~d partial pressure of metal chloride vapor in the chlo- 

ride chamber, atm 
Pw partial pressure of water vapor in the water cham- 

ber, atm 
Pw(1) water vapor pressure at the inner  end of the sub- 

strate pore, atm 
R gas constant 
r average substrate pore radius, ~m 
T reaction temperature, K 
t deposition time, s or h 
ti oxygen ion transfer number  in the EVD film 
Vm molar volume of the metal oxide of the EVD film, 

cm3/mol 
Z position along EVD film growing direction, mm 
~2 overall rate constant  for the reduction charge- 

transfer reaction, mol/cm 2 - s .  atm '~ 
~4 overall rate constant  for the oxidation charge trans- 

fer reaction, mol/cm 2 �9 s �9 atm 
~ electronic conductivity in the EVD film, ~-~ cm- '  
~n ~ free-electron conductivity in the EVD film at 1 atm 

of oxygen partial pressure, ~2-~ cm- ~ atm-l~4 
~po hole conductivity in the EVD film at 1 atm of oxy- 

gen partial pressure, ~ - '  cm- '  atm ~4 
~o chemical potential of oxygen in EVD film, J/tool 
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ABSTRACT 

Divalent europium-activated barium magnesium silicate phosphor (BaMg2Si2OT:Eu) has been significantly improved 
by either retiring or rewashing. The greatest improvement  was obtained when the phosphor was retired with NH4F flux 
and rewashed with KOH. This reprocessing resulted in a fluorescent lamp of higher maintenance and a lamp output of 
100h, twice that of the original phosphor. Surface characterization of treated phosphors using ESCA indicated a dramatic 
change in the surface chemistry as a result of reprocessing. A strong correlation between phosphor surface composition 
and lamp performance was observed. 

Divalent europium-activated barium magnesium sili- 
cate, also known as Sylvania Type 217 phosphor, was first 
developed by Barry (1). It is generally used in fluorescent 
lamps, for photocopy applications. Excitation of the phos- 
phor using 254 nm radiation will result in an emission 
band at 398 nm whose width at half-height is 24 nm. Phos- 
phor prepared using Barry's procedure generally has poor 
100h lamp performance, with maintenance of about 50% 
and radiant output of approximately 3000 mW in the UV 
region. 

Reprocessing of this phosphor by retiring and/or re- 
washing has resulted in a significant improvement  in both 
lamp output and maintenance. An increase of up to 20% on 
Oh output is observed for a lamp made of phosphor 
subjected to this procedure. Improvement  at 100h is even 
more significant. Lamp output is doubled when reprocess- 
ing is applied. 

To understand the mechanism for this improvement, we 
have used electron spectroscopy for chemical analysis 
(ESCA) to characterize the surface, and x-ray diffraction 
spectrometry (XRD) and atomic absorption spectroscopy 
(AA) to study the bulk composition of the phosphor. Re- 
sults of these analyses have shown that reprocessing has 
little effect on bulk chemistry, but it dramatically changes 
the phosphor's surface composition. A strong correlation 
between surface composition and lamp performance has 
been observed. ESCA has been extensively used in mate- 
rial characterization (2-7), but its application in phosphor 
study has been limited (8-10). In  this paper, we will illus- 
trate the usefulness of ESCA in the study of divalent euro- 
pium-activated barium magnesium silicate phosphors. 
The effects of processing treatments on the phosphor's 
surface chemistry and the relationship between results of 
surface characterization and lamp performance will be dis- 
cussed. 

Experimental 
Detailed discussion of the phosphor preparation can be 

found in the Appendix. Barry's procedure (1) was followed 
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in preparation of the conventional divalent europium-acti- 
vated barium magnesium silicate phosphor. Reprocessing 
was achieved through rewashing and/or retiring with or 
without flux. Procedures for rewashing and retiring are 
similar to the original washing and firing steps used in the 
phosphor synthesis. Rewashing was done in a KOH solu- 
tion at 60~ for 2h. After KOH washing, the phosphor was 
repeatedly washed with deionized water unti l  the pH wash 
was less than 10.0. The sample was then filtered and oven- 
dried. Retiring was carried out in a 33% HJ67% N2 atmos- 
phere at 1230~ for 200 min. When flux was used, ammo- 
n ium fluoride (NH4F) was blended with the phosphor. 

Lamp tests were performed on the materials to deter- 
mine their worth as commercial products. A standard phos- 
phor (Sr2P2OT:Eu) was included in each measurement  as a 
control. The UV output  in mW from 300 to 480 nm was re- 
corded for each lamp at 0 and 100h of operation. Mainte- 
nance, which demonstrates a lamp's ability to preserve its 
output during operation, is defined as the ratio of the out- 
put at 100h to that at Oh. For each lamp, the output and 
maintenance were also compared to the control lamp and 
the differences (A) were calculated. The normalized h value 
is generally a better indicator for evaluating the lamp per- 
formance, because it has been corrected for differences in 
lamp processing conditions. 

ESCA analyses were carried out on a Physical Electron- 
ics Model 590 AM ESCA-SAM. Aluminum Ka (1486.6 eV) 
radiation from the dual anode source was used for excita- 
tion in ESCA studies. The spectrometer was operated at 
15 kV and 300W and the base system pressure was below 
5 • 10 9 torr. Binding energies were referenced to the Cls 
peak at 284.6 eV. Integrated peak areas were converted to 
atomic percentages using atomic sensitivities provided by 
Physical Electronics. The sputtering was carried out using 
a 3-keV Ar+ ion gun rastered over an area of 10 x 10 mm. 
Sputtering rate calibrated against Ta20~ at this condition is 
5 A/min. X-ray diffraction results were obtained using a 
Rigaku D/Max automated diffractometer. Bulk composi- 
tion was determined using a Perkin Elmer Model 5000 
atomic absorption spectrophotometer. 
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