
J. Electrochem. Soc., Vol. 142, No. 11, November 1995 �9 The Electrochemical Society, Inc. 3851 

cess has a high run- to- run  reproducibility, eliminating the 
need of expensive equipment for pad surface conditioning 
and end-point  determination. As the removal rate is mainly 
dependent on the chemical properties of the oxide, high 
selectivity between different dielectrics and metals can be 
obtained by the selection of suitable slurries. Another ad- 
vantage of the process is that high planarization rates are 
achieved at relatively low slurry concentrations. This 
combined with increased pad life reduces the cost of con- 
sumables, a major consideration in IC manufacturing. A 
more detailed modeling of the process is needed to further 
improve the understanding of various factors involved in 
polishing and their interactions. 
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ABSTRACT 

By means of electrochemical vapor deposition (EVD), it is possible to grow thin, dense layers of zirconia/yttria/terbia 
solid solution (ZYT) on porous ceramic substrates. These layers can be used as ceramic membranes for oxygen separation. 
The kinetics of the EVD process, the morphology of the grown layers and their oxygen permeation properties are investi- 
gated. At a deposition temperature of 800~ the EVD layer growth is limited by bulk electrochemical transport. At 1000~ 
the layer growth is limited by pore diffusion of the oxygen source reactant. The EVD-grown ZYT layers show columnar 
structures with prismatic grains on top; the size of the grains (I to 2 btm) increases slightly with temperature and deposition 
time. ZYT is deposited mainly in the cubic doped zirconia phase. Oxygen permeation experiments show that the oxygen 
permeation flux through the ZYT layers is limited by an electrochemical process. Permeation values in the order of 

8 2 o 10 mol/cm s have been observed (900-i000 C, air vs. CO/CO2). 

Introduction 
Yttria-stabilized zirconia (YSZ) is a well-known solid 

electrolyte with high ionic conductivity, high thermal and 
chemical stability. This material is used frequently as elec- 
trolyte phase in solid oxide fuel cells (SOFC), in oxygen 
sensors, and in oxygen pumps. For these purposes a low 
electronic conductivity is required. 

To be suitable as a membrane for oxygen separation by 
means of an electrochemical process, both the oxygen ionic 
and electronic conductivity should be high. For the case of 
bulk YSZ its low electronic conductivity limits the electro- 
chemical oxygen permeation. It is possible to improve the 
oxygen permeation by enhancing the electronic conductiv- 
ity by doping YSZ with a multivalent  ion, e.g., t i tanium, 1 
cerium, 2 or terbium. 3'4 The valence change of the multiva- 
lent cations results in an increased electronic conductivity 

due to hopping of electrons or electron holes among the 
multivalent cations. In this investigation terbia is chosen to 
enhance the electronic conductivity. The ionic conductivity 
should maintain  its high value. Besides the use of mixed 
(ionic and electronic) conducting materials in oxygen sepa- 
ration membranes, other applications are found in electro- 
catalytic reactors and as cathode material for SOFC. 

Oxygen permeation through a mixed conducting mem- 
brane increases when the thickness of the membrane de- 
creases unt i l  a surface exchange reaction becomes rate- 
l imiting for the permeation process. A suitable technique 
for growing thin, dense, solid oxide films (on porous sub- 
strates) is chemical/electrochemical vapor deposition 
(CVD/EVD). This technique was introduced by Isenberg 5 to 
deposit dense YSZ and Ce-doped YSZ films on porous ce- 
ramic substrates. YSZ layers with thicknesses in the range 
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of several tenths of a micrometer to -50 ~m have been 
reported (see, e.g., Ref. 5-8). 

An extensive outline of the principles of the CVD/EVD 
technique for depositing solid oxides on or in porous sub- 
strates is given in Ref. 5, 8-10. The technique is briefly 
outlined here for completeness. A mixture of metai chloride 
reactants is separated from a (mixture of) oxygen contain- 
ing reactants(s) by a porous ceramic substrate. Under cer- 
tain process conditions the reactants diffuse into the sub- 
strafe pores and react to form a metal oxide that deposits 
on the internal pore wall. When this process continues, pore 
narrowing occurs until the pores become totally blocked 
(plugged) with the metal oxide. Up to that point, the pro- 
cess is known as the opposite reactant CVD (ORCVD) pro- 
cess. n'~2 The process is followed by the so-called EVD pro- 
cess when the deposited solid oxide is mixed (oxygen ionic 
and electronic) conducting. A solid oxide film grows on the 
substrate, and the total film growth process consists of four 
steps: (i) diffusion of oxygen containing reactant(s) through 
the substrate pores to the plug; (it) reduction of the oxygen 
containing reactant(s) at the oxygen source/film interface; 
(iii) migration of oxygen ions (balanced by electrons or 
electron holes) through the film to the film/metal chloride 
interface; and (iv) reaction at this interface of Oxygen ions 
with the metal chlorides to form the metal oxide. 

EVD of mixed conducting yttr ia/ terbia stabilized zirco- 
nia (ZYT) on porous ceramic substrates is investigated. Ki- 
netic, morphological, and oxygen permeation aspects are 
described and discussed. The influence of temperature and 
substrate characteristics on the ZYT layer growth rate is 
investigated. When electrochemical diffusion through the 
layer is the rate-limiting step for EVD layer growth, it is 
expected that layers containing the electronically conduct- 
ing dopant terbia grow much faster than layers without 
terbia (e.g., YSZ). When pore diffusion of the oxygen con- 
taining reactant(s) is rate-limiting, no difference is ex- 
pected between the layer growth rate of ZYT and YSZ. 
Morphologic aspects are focused on the composition and 
distribution of zirconia, yttria, and terbia in the layers and 

on the relation between the average crystallite size and 
EVD process conditions. Oxygen permeation experiments 
with one EVD-formed ZYT layer was performed in an oxy- 
gen permeation reactor. A comparison is made with EVD- 
grown YSZ layers which are described and discussed in 
Ref. 13, 14. 

Experimental 
EVD of ZYT Layers on Porous Substrates 

Description of the CVD/EVD equipment.~All CVD/ 
EVD experiments are performed in a home-made reactor 
called the MM2 (membrane modif ier  2). In Fig. 1 a sche- 
matic overview is given of the MM2 equipment. The central 
part of the equipment is a single-zone tubu la r  furnace 
(Vectstar), temperature controlled by an 815P Type Eu- 
rotherm. Three dense c~-alumina sublimation beds for ZrCI~ 
powder (99.9%, 200 mesh, Cerac), YC13 powder (99.9%, 60 
mesh, Cerac), and TbC13 �9 6H~O pellets (99.9%, Janssen 
Chimica) are positioned in a quartz reactor tube (q). This 
tube can be disconnected from the outer atmosphere to al- 
low low pressure experiments inside the tube. It is 
known 15'16 that lanthanide halogenides react with quartz; 
to prevent this disintegration of the quartz tube, a dense 
s-a lumina tube (A) is inserted inside the quartz tube. This 
metal chloride generating section is further referred to as 
the chloride chamber. An N~ gas supply system and a pre- 
cursor drying system [including a safety cupboard (Union 
Carbide) in which HC1 (Praxair) was stored] are connected 
to this chamber. A small dense s-a lumina tube (od ]5 ram) 
with a porous ceramic substrate (S) sealed at the end is 
positioned in the chloride chamber. This small alumina 
tube is further referred to as the water chamber (WC) with 
a total volume of 133 ml. The oxygen-containing reactant 
which is delivered through this chamber to the porous sub- 
strate is a 1/1 air /water  mixture in all experiments. The low 
pressure in the chloride chamber, water chamber, and the 
water saturator is maintained by a vacuum pump (Leybold 
Heraeus). All valves, pressures, and mass flows are con- 
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Table I. CVD/EVD ceramic substrate characteristics. 

Mean pore 
Substrate Thickness diameter Porosity Fabrication 

type (mm) (~m) (%) method ~ 

Coarse porous 2 0.16 50 Pressing, 
c~-alumina b sintering 

Supported La- 5 ~m 0.02 47 Sol-gel, 
doped ~/-alumina b dipeoating, 

drying, 
sintering 

NKA c~-alumina 2 1.0 43 NKA c 

Sr015La0.~MnO3 d 2 0.9 67 Gel casting, 
sintering 

(ZrO2)092(Y203)008 d 2 0.2 57 Gel casting, 
sintering 

a All substratesexcept NKA c~-alumina are home-made. 
b Preparation is described in Ref. 17; the ~/-alumina top layer is 

always faced toward the water chamber. 
Nederlands Keramisch Atelier. 

a Preparation is described in internal report CT93/437/31. 

trolled manually. A more extended description of the MM2 
equipment is given in Ref. 14. 

Deposition experiments are performed at temperatures 
between 800 and 1000~ Since the furnace has only one 
heating zone, the positions of the metal chloride sublima- 
tion beds are dependent on the deposition temperature 
(temperature of the single heating zone, also known as re- 
actor temperature). The beds are placed at specific loca- 
tions in the temperature profile of the chloride chamber to 
obtain a sufficiently high vapor pressure for the individual 
metal  chlorides. A nominal composition (ZrO2)0.70(Y203)0.0~ 
(Tb203.5)0.25 is aimed at. Due to the low TbC13 vapor pressure 
at temperatures below 950~ it is not possible to place the 
TbC13 sublimation bed in such a position that  the TbClJ  
ZrC14 and TbC1JYC13 vapor pressure ratios are the same as 
at 1000~ Below 950~ for the TbC13 bed a distance of 
55 cm from the beginning of the quartz tube at the right 
side is chosen as a compromise between a highest possible 
temperature and a sufficient large distance from the sub- 
strate. This distance should be large enough for the TbCI~ 
vapor to be mixed with the other metal chlorides and the 
carrier gas. 

Experimental deposition procedure.~A porous sub- 
strate disk was sealed to the end oi the alumina tube using 
a ceramic seal (Autostic CF8, Carlton Brown & Partners 
Ltd). Several types of substrates were used as can be seen in 
Table I. Before each deposition experiment, the three alu- 
mina sublimation beds were filled with ZrC14 and YC13 
powder (from a glove box flushed with nitrogen) and 
TbC13 �9 6H20 pellets, and placed on the correct positions in 
the chloride chamber of the reactor. The reactor was then 
closed and both chambers were depressurized with a water 
jet pump to about 30 mbar. To dehydrate the hexahydrated 
TbC13 and to remove occasionally added water or oxygen 
from the ZrC14 and YC13, a drying procedure with HC1 gas 

Table II. Typical CVD/EVD experimental conditions for 
the MM2 reactor. 

Deposition temperature 
Reactor pressure �9 
ZrC14 sublimation bed temperature 
YC13 sublimation bed temperature 
TbCI~ sublimation bed temperature 
N2 carrier gas flow rate through 

chloride chamber 
Water saturator temperature 
Water reflux cooler temperature 
Air carrier gas flow rate through 

water saturator 
Total pressure in water saturator 
Air/water ratio in vapor 

800-1000~ 
500 Pa 
180~ 
580~ 

800_960oc a 
27.5 ml (STP)/min 

50~ 
40~ 

0.7 ml(STP)/min 

15 kPa 
1/1 

a Depending on deposition temperature. 

was carried out. After this procedure the water jet pump 
was replaced by the vacuum pump. Both reactor chambers 
were depressurized to 5 mbar and the temperature was 
raised to the desired deposition temperature between 800 
and 1000~ with a maximum ramp of -5~ 

The deposition experiment started when the water/air  
flow was forced into the water chamber by directing valve 
V5 to the water  chamber. Typical deposition conditions are 
given in Table II. After a desired deposition time (varying 
from 30 min to 4 h) the reaction was stopped by redirecting 
valve V5 forcing the water/air  flow directly to the pump 
instead of to the water chamber. The reaction time, taken as 
the elapsed time between starting and stopping the experi- 
ment by switching the water supply, is considered long 
compared to any delayed effects at the start or stopping of 
the experiment. After ending the deposition experiment, 
the sample was checked in situ to be gastight as described 
in the section on Characterization of the deposited layers. 
A more extended description of the experimental  deposi- 
tion procedure is given in Ref. 14. 

During the deposition procedure some small complica- 
tions occurred. The main complication was a small air leak 
into the chloride chamber causing the metal chlorides to 
degenerate. Practically, it was not possible to make the re- 
actor completely leak-free; this leakage problem was 
solved by using a large carrier gas flow through the chlo- 
ride chamber; metal chlorides were refreshed faster (short 
resident times). Another complication, which is inherent to 
the ORCVD stage of the CVD/EVD process was diffusion of 
water from the water chamber into the chloride chamber, 
also causing the metal  chlorides to degenerate. Also here 
was the remedy: a fast refreshment of the metal chlorides. 
Postdeposition effects (i.e., continuing deposition caused 
by reactants still present in the substrate pores after the 
real deposition experiment has stopped) could be annihi- 
lated by flushing for a long time with a large nitrogen flow 
after the deposition experiment ceased. 

Characterization of the deposited layers. ~ A f t e r  a depo- 
sition experiment ceased an indication was given of the 
gastightness of the deposited sample by in situ nitrogen 
permeation. A pressure difference of 100 mbar between the 
chloride chamber (200 mbar) and the water  chamber 
(100 mbar) was applied by closing the valves to the vacuum 
pump and flowing nitrogen into the chambers until the 
correct pressure was reached. The pressure in the chloride 
chamber was kept at 200 mbar. The total pressure (and also 
the pressure increase) in the water chamber was recorded 
every half minute for 5 rain. That the water  chamber had 
no detectable leakage was checked from the outside by 
closing all supplies and valves and recording the total pres- 
sure in the water chamber, which remained constant. Nor- 
mal fluctuations in the pressure readout were -0.5 mbar. If 
the increase in water chamber pressure after 5 min was in 
the order of 0.5 mbar or less, the sample was considered to 
be gastight. 

Most of the deposited samples were investigated by x-ray 
diffraction (XRD, Philips PWI710 using Cu-K~ radiation 
with k = 1.5418 A) for a qualitative phase analysis. A fast 
line scan program was used in the range between 20 and 
90~ For three samples (no. 29, 38, and 60) a slow scan was 
recorded in the same range with scan step of 0.03~ and an 
intensity collection time of 5 s at each step. These samples 
were used for quantitative analysis. 

Layer thickness and structure analyses were performed 
by scanning electron microscopy (SEM, JEOL JSM-35CF) 
and high resolution scanning electron microscopy 
(HRSEM, Hitachi $800 field emission microscope). The lat- 
ter microscopic technique was used on a small selection of 
samples to get more detailed information at higher magni- 
fications. SEM was used in combination with energy dis- 
persive x-ray analysis (EDAX, KEVEX, Quantex software) 
for elemental analyses. Surface characteristics of the layer 
were analyzed by secondary electron imaging (SEI). The 
acceleration voltage varied between 7 and 35 keV, but the 
best results on these nonconductive samples were often ob- 
tained at the lower energy levels. Cross-sectional analyses 
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Fig. 2. SEM photograph of a 
cross section of an EVD-grown 
ZYT layer (sample 16). 

were performed by SEI and BEI (backscattered electron 
image) separately. The ZYT layer thickness on top of the 
substrate material was estimated from SEI or BEI pictures 
on the screen. The layer thickness was measured as an aver- 
age of the thickness found along the length of each sample. 
EDAX was performed to determine the Zr, Y, and Tb com- 
position of the surface of the deposit (surface scan) and in 
the layer itself (from a cross sectioned sample). At an accel- 
eration voltage of 35 keV K-lines were used for the ele- 
ments A1, Zr, and Y; for Tb the L-line was used. 

Oxygen permeation experiments.--Sample no. 76 (de- 
position for 3 h at 1000~ on a coarse porous co-alumina 
substrate, layer thickness 7-9 ~m) was put in oxygen per- 
meation reactor PR3 (of which the principles are exten- 
sively described in Ref. 18) with air (Po2 = 0.21 atm) at the 
high and helium (Po~ = 10 -4 atm) or a CO/CO2 mixture (Po~ = 
5 �9 10 -16 atm) at the low oxygen partial pressure side. Oxy- 
gen permeation was measured at 953 and 1002~ under a 
large oxygen partial pressure gradient (air vs. CO/CO2) and 
at 953~ under a small oxygen partial pressure gradient (air 
vs. He). During the measurements some leakage was ob- 
served, which became larger when measurement was at- 
tempted at 900~ 

Results and Discussion 
ZYT layers grow on the side of the substrate exposed to 

the metal chloride vapors. At 900 and 1000~ similar 
columnar layer growth and crystallites on top of the sur- 
face are observed as for zirconia/yttria (see, e.g., Ref. 13). 
At lower temperatures, e.g., 800~ no columnar structures 
are observed. A typical SEM photograph of a cross section 
of a ZYT layer deposited on a coarse porous co-alumina 
substrate for 125 rain at 900~ (sample 16) is shown in 
Fig. 2. The layer has a thickness of - 7  ~m. XRD analyses 
show that the layers formed consist mostly of the cubic 
doped zirconia phase; a very small amount of the mono- 
clinic doped zirconia phase is observed. 

Morphology of the deposited layers.--To get an impres- 
sion of the phases formed after deposition, XRD patterns 
are given in Fig. 3 of three ZYT samples (deposited for 2 h 
at 800, 900, and 1000~ on an s -a lumina  substrate). The 
deposit consists of a fluorite-type fcc zirconia phase only, 
with hardly any monoclinic zirconia present. This is in con- 
trast with EVD-grown layers of the ZrO2-Y203 system, 13'14 
in which tetragonal and/or monoclinic phases were often 
observed. A measurement of the amount of ZYT that has 
been deposited (or an indication of the ZYT layer thick- 

ness) is the ratio Ict(] 11)/I~(104) of the integrated K~I inten- 
sity of the cubic/tetragonal doped zirconia (111) peak 
around 30~ and the s -a lumina  (104) peak around 
35.1~ For samples 38, 60, and 29 (deposition for 120 rain 
at 800,900, and 1000~ respectively) Ict(lll)/I~(104) is 1.2, 
29.3, and 53.5, respectively. At higher temperatures the 
ZYT layers are thicker than at lower temperatures, as is 
expected. 

The integrated intensities for each of the ZYT peaks were 
compared with peak intensities of (randomly oriented) 
Y0.i~Zr0.~501.93 powder (JCPDS card 30-1468). Preferential 
orientation of the ZYT layers (i.e., deviation of the intensity 
ratios of the ZYT peaks compared to the intensity ratios of 
the randomly oriented powder) was hardly observed. Only 
at 1000~ a slight indication was given for preferential ori- 
entation since the ZYT (220) peak was somewhat higher (by 
a factor of 1.5) than expected for random orientation (from 
5CPDS card 30-1468). Preferential orientation is most 
likely related to the columnar layer structure that is ob- 
served, especially at higher temperatures (900 and 1000~ 
Preferential orientation in the [110] direction was observed 
by Carolan and Michaels 2~ for EVD of YSZ. 

Influence of deposition parameters and substrate type on 
the deposit morphology.--The morphology of the surface 
oi the ZYT top layers seems to depend on the deposition 

r 
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t ,,~176 (?%~ 

900~ #60 

. .  �9 ~ / ~ _ ~ ~  ~ 

30 40 50 60 70 80 90 

degrses two-theta 

Fig. 3. XRD patterns of ZYT deposited on coarse porous s-alumina 
substrates for 120 min; cubic ZYT peaks are indexed. 
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Table III. Overview of CVD/EVD morphological aspects. 

Crystallite 
Sample Substrate Td~p td~p Gastight? Thickness b size 

no. type ~ (~C) (min) (Y/N) (~m _+ 1 ~m) (~tm) ~ 

28 c~ 1000 120 - -  8-10 2.5 
29 c~ 1000 120 - -  5-6 1.9 
30 c~ 1000 120 - -  7-8 2.0 
31 c~ 1000 135 - -  7 - -  
33 c~ 1000 180 Y >5 - -  
34 ~ 1000 210 Y 13 - -  
76 c~ 1000 180 Y 7-9 - -  
77 c~ 1000 120 Y 5-6 - -  
52 YSZ 1000  120 - -  5-10 2.4 
53 YSZ 1000  120 Y 3 1.5 
55 NKA 1000 120 Y 4-5 3.1 
51 15SLM 1000 150 - -  4-30 ~ - -  
59 (~ 950 120 Y 4-6 1.4 
16 (~ 900 125 N - -  1.5 
19 c~ 900 240 Y 2 1 
25 (~ 900 150 N - -  1-2 
60 a 900 120 Y 5-6 3.1 
57 ~ 850 120 Y 2-8 ~ 1.5 
66 c~ 850 120 Y 1-2 d - -  
44 c~ 800 60 Y 2 - -  
40 c~ 800 90 Y 1-3 - -  
41 c~ 800 90 Y ~0 d - -  
42 c~ 800 90 Y 0-0.5 - -  
37 c~ 800 120 - -  - -  - -  
38 ~ 800 120 - -  1-2 ~ 0.8 
39 c~ 800 120 - -  1 - -  
43 ~ 800 180 N 1-3 ~ - -  
48 c~ 800 180 Y 3-4 ~ 1.1 
65 a 800 240 Y 0-9 1.6 
50 cr 800 120 Y 1 0.8 
67 NKA 800 120 Y 0 - -  
56 NKA 800 120 N 0 - -  

cr = coarse porous a-alumina, c~ t = La-doped ~/-alumina mem- 
brane, NKA = NKA a-alumina, YSZ = (ZrO2)0.92(Y203) 009, 15SLM = 
Srg.~sLa095MnQ. 

Determined by SEI/BEI. 
Determined by SEM and HRSEM. 

d Mainly cauliflower deposit structure. 
Both prismatic grains and cauliflower structures. 

t empera tu re .  Some morpho log ica l  aspec ts  are s h o w n  in 
Table III as func t ion  of depos i t ion  pa ramete r s .  At  h igh  de-  
pos i t ion  t e m p e r a t u r e s  (e.g., 900-1000~ EVD layers  on 
coarse  porous  a - a lumina ,  (ZrO2)092(Y203)0.08 and  N K A  sub-  
s t ra tes  exh ib i t  a co lumnar  s t ruc tu re  (Fig. 2). P r i sma t i c  
s t ruc tu res  were  found  on top  of the  columns.  A s u m m a r y  of 
the  average  sizes of the  p r i sma t i c  gra ins  is p r e sen t ed  in 
Table III. 

At  t e m p e r a t u r e s  be low 900~ o the r  undes i r ed  morpho lo -  
gies were  observed.  At  a depos i t ion  t e m p e r a t u r e  of 850~ 
and  a depos i t ion  t ime of 2 h, b o t h  p r i sma t i c  and  cau l i f lower  
s t ruc tures  were  observed.  At  a t e m p e r a t u r e  of 800~ differ-  
ent  sur face  s t ruc tu res  of ZYT on coarse porous  a - a l u m i n a  
were  found,  depend ing  on depos i t ion  t ime. Af te r  1 h depo-  
sit ion, the  gra ins  of the  subs t r a t e  were  covered wi th  a t h in  
layer  (surface modif ica t ion)  and  the  samples  were  not  
gast ight .  Caul i f lower  s t ruc tures  were  found  nea r  the  edge 
of the  samples .  When  the  depos i t ion  t ime was  s o m e w h a t  
longer  (1.5 h) caul i f lower- l ike  s t ruc tu res  were  observed  at  
severa l  pos i t ions  on the  c~-alumina subs t r a t e  surface,  bu t  
mos t ly  nea r  the  edge of the  subs t ra te .  Some p r i sma t i c  
gra ins  also could  be observed.  At longer  depos i t ion  t imes 
(2-4 h), t h in  gas t igh t  layers  were  observed.  However,  
cau l i f lower  s t ruc tures  were  found  on several  samples.  No 
cor re la t ion  could be observed  b e t w e e n  the  depos i t ion  con-  
d i t ions  and  the  morpho logy  of ZYT layers  g rown  on coarse  
porous  a - a l u m i n a  subs t r a t e s  depos i t ed  at  800~ even un -  
der  s imi lar  condi t ions  the - sca t t e r  was  large. 

Depos i t ion  at  800~ for  2 h on an L a - d o p e d  ~ -a lumina  
m e m b r a n e  compos i te  (sample  50) resu l ted  in a 1 ~m th in  
gas t igh t  ZYT layer  on top  of the  ~/-alumina m e m b r a n e  
layer. The p r i sma t i c  s t ruc tures  were  smal le r  and  roun d e r  
t h a n  those  observed  on any o the r  sample.  

It was  not  poss ib le  to ob ta in  dense  depos i t s  of ZYT on 
Sr0.~sLa0.8~MnO3 subs t ra tes .  Only homogeneous  depos i t s  
w h i c h  h a d  a b a d  adhe rence  to the  subs t r a t e  were  found  on 

top  of this  subs t ra te .  On a cross sec t ion  of sample  51 a 3 to 
5 ~m th ick  depos i t ion  layer  was  found,  w i t h  a homoge-  
neous  depos i t  on top  - 3 0  ~m thick,  cha rac te r i zed  by  
cau l i f lower  s t ruc tures .  Depos i t ion  of ZYT on an  N K A  c~- 
a lumina  subs t r a t e  (with about  the  same pore  size as 
Sr0.15La0.85MnO3) s h o w ed  a dense  EVD layer  of - 5  p~m af ter  
2 h of depos i t ion  at  1000~ (sample 55). The ma in  di f ference  
b e t w e e n  the  two subs t ra tes  is the  subs t r a t e  mater ia l .  Bad  
adherence  b e t w e e n  the  ZYT depos i t  and  the  porous  
Sr0.1~La0.8~MnO3 subs t r a t e  may  be the  cause for  t roub le  w i th  
th is  subs t r a t e  mater ia l .  Also the  pore  size d i s t r ibu t ion  of 
Sr0.15La0.85MnO3 was  broad;  w a t e r  can  diffuse easi ly 
t h rough  large pores  and  can reac t  at  the  o ther  side of the  
suppor t  in the  gas phase  w i t h  meta l  chlorides.  Hence  a 
porous  depos i t  is obta ined.  Depos i t ion  of ZYT on an  N K A  
a - a l u m i n a  subs t r a t e  at  800~ resu l t ed  only in a surface  
modi f ica t ion ,  and  no EVD layer  was  observed.  

Some samples  were  no t  gas t igh t  even a f te r  a cons ider -  
able depos i t ion  t ime. On these  samples ,  no reaI EVD layers  
could be observed.  In e x p e r i m e n t s  45-47 (deposi t ion  at  
800~ for  4, 1.5, and  1 h, respectively,  no t  s h o w n  in 
Table III) old ZrCI~ and  YC13 precursors ,  left  over  f rom ear-  
l ier  exper iments ,  were  used,  whi le  the  TbC13 p recu r so r  was  
re f reshed  for  each  of these  exper iments .  The n o rma l  dry ing  
p rocedure  w i t h  HC1 was  ca r r ied  out  for  all  these  samples .  It 
is conc luded  tha t  p recursors  should  not  be reused,  because  
they  canno t  be r egene ra t ed  to a suff ic ient  level by  n o rma l  
d ry ing  procedures .  

F rom the  observa t ions  d i scussed  above it is c lear  t ha t  the  
fo rma t ion  of an E V D - g r o w n  ZYT layer  on coarse  porous  
(~-alumina (and other) subs t r a t e s  is eas ier  at  t e m p e r a t u r e s  
900 - 1000~ t h a n  at  800~ Depos i t ion  of ZYT at a t emper -  
a ture  of 800~ leads  to surface  modi f i ca t ion  and  caul i -  
f lower  s t ruc tures  on top  of the  porous  subs t ra te ,  bes ides  the  
des i red  p r i sma t i c  layer  growth.  This p h e n o m e n o n  does no t  
occur  w i th  depos i t ion  of z i rcon ia /y t t r i a  layers  w h i c h  could 
be p r e p a r e d  at  800~ 13'21 

Influence of deposition parameters and substrate type on 
the layer thickness.--The E V D - g r o w n  ZYT layer  th i ck -  
nesses,  found  by  SEM and  H R S E M  analyses ,  are given in 
Table III as a func t ion  of depos i t ion  p a r a m e t e r s  and  sub-  
s t ra te  types.  This Table shows tha t  there  is a large sca t t e r  in  
da ta  b e t w e e n  samples  g rown  u n d e r  s imi lar  condi t ions .  Es -  
pecial ly  at  800 and  850~ it is diff icul t  to es t imate  the  
th ickness  of a dense  E V D - g r o w n  layer. However,  a c lear  
t r e n d  in the  resul ts  is ob t a ined  for  the  coarse  porous  a - a lu -  
mina  subs t ra tes .  The ZYT layer  (grown for  a cer ta in  t ime) 
becomes  th icker  as the  depos i t ion  t e m p e r a t u r e  increases.  
At 1000~ the  layer  th ickness  is in the  range  of 5 to 10 ~m 
(with  an average  of 7-8 ~m) a f te r  2 h deposi t ion ,  decreas ing  
to 1-2 ~m at 800~ Sample  60 s h o w ed  a layer  of 5 to 6 ~m 
th ickness  depos i t ed  at  900~ for  2 h. This sample  was  acci-  
den ta l ly  left  in the  reac tor  a f te r  s topp ing  the  exper iment ,  
for  more  t h a n  2 days  at  900~ This means  tha t  t races  of 
oxygen  source r eac t an t s  (e.g., H20 or 02) in the  n i t rogen  
f low th rough  the  w a t e r  chamber ,  could have  con t inued  the  
reac t ion  to some extent .  For  the  (ZrO2)0.92(Y203)0.08 subs t r a t e  
w i t h  an  a lmost  s imi lar  average  pore  size as coarse  porous  
c~-alumina the  ZYT layer  has  also g rown  b e t w e e n  5 a n d  
10 ~m in 2 h. For  Sr0.15La0.85MnQ subs t r a t e s  it  was  no t  pos -  
sible to es t imate  the  th ickness  of a dense  ZYT layer. 

Influence of deposition parameters and substrate type on 
the crystallite size.--In Table III the  re la t ion  is shown  be-  
tween  e x p e r i m e n t a l  condi t ions  (i.e., depos i t ion  t e m p e r a -  
ture,  depos i t ion  t ime,  subs t r a t e  type), layer  th ickness ,  and  
the  average  size of the  crys ta l l i tes  obse rved  on the  surface  
of E V D - g r o w n  ZYT layers.  It appea r s  t ha t  w h e n  the  ZYT 
layer  is th i cke r  (i.e., at h igher  depos i t ion  tempera ture ) ,  the  
crysta l l i te  size increases.  This has  also been  observed  for  
E V D - g r o w n  z i rcon ia /y t t r i a  layers  r epo r t ed  in Ref. 13, 14. 
No clear  re la t ion  is obse rved  b e t w e e n  subs t r a t e  type  and  
crystallite size. The average crystallite size of layers grown 
at 1000~ for about 2 h is around 2 ~m (• pum). At this 
temperature the smallest prismatic structures were iound 
on sample 58 consisting of zirconia doped with terbia only. 
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As a n  example ,  in  Fig. 4 a n  H R S E M  p h o t o g r a p h  is g iven  of 
the  top  sur face  of a n  E V D - g r o w n  ZYT layer  (no. 30), g r o w n  
at 1000~ for 2 h on a coarse porous c~-alumina substrate. 
Here the ZYT layer thickness is 7-8 ~m, the average crys- 
tallite size is 2 ~m. 

At 900~ the average crystallite size is -1.5 ~m. Here the 
largest prismatic structures are found on sample 60, that 
was accidentally left at 900~ (after stopping the experi- 
ment) for about 70 h, before cooling. 

The average grain size of ZYT layers grown at 800~ on 
coarse porous a-alumina is about 1.2 Ixm and increases 
with increasing deposition time (i.e., layer thickness). De- 
position at 800~ for 2 h on an La-doped ~/-alumina mem- 
brane (sample 50, layer thickness 1 ~m) results in small 
crystallites (500-800 nm). 

Transmission electron microscopic (TEM) results of an 
EVD-grown YSZ layer (see Ref. 13, 14) revealed that the 
size of the crystallites was rather uniform in three dimen- 
sions; the crystallite shape was not columnar. When this 
is extrapolated to the results presented here, each layer 
(hence also each column) consists of.about 2 to 4 crystallites 
and about a similar number of grain boundaries perpendic- 
ular to the thickness direction. A schematic representation 
of this microstructural feature is given in Fig. 8 of Ref. 13. 

Influence of deposition parameters and substrate type on 
the layer composition.--Energy dispers ive  x - r a y  ana lyses  
(EDAX) were  used  for  e l e m e n t a l  analyses .  E D A X  l ine  
scans  were  m a d e  to o b t a i n  a compos i t i on  profi le .  At  a n  
acce l e r a t i on  vo l t age  of 35 keV At-K,  Zr-K,  Y-K, a n d  T b - L  
l ines  were  used.  The  a c c u r a c y  of t he  E D A X  was  checked  b y  
a n a l y z i n g  th r ee  po l i shed  y t t r i a - d o p e d  z i r con ia  samples  
t h a t  h a d  b e e n  a n a l y z e d  by  x - r a y  f luorescence  spec t roscopy  
(XRF). The  E D A X  resu l t s  s h o w e d  a n  o v e r e s t i m a t i o n  of t h e  
a m o u n t  of y t t r i a  by  a b o u t  3 mole  pe r cen t  (m/o). I n c o r p o r a t -  
ing t he  r o u g h n e s s  of the  E V D - g r o w n  samples ,  t he  e r ro r  in  

Fig. 4. HRSEM photograph of the top surface of an EVD-grown ZYT 
layer (sample 30), grown at 1000~ for 2 h on a coarse porous 
c~-alumina substrate. ZYI" layer thickness 7-8 I~m, average crystallite 
size 2 ~m. 
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Table IV. Composition of EVD-grown ZYT layers measured by EDX. 

Sample Tdo~ td~p S(urface)/ [Zr] [Y] [Tb] 
no2 (~C) (min) L(ayer) scan [a/o] [a/o] [a/o] 

29 lOOO a 120 S 76 7 17 

59 950 120 S 80 12 8 

60 900 120 S 88 4 8 
L 86 4 10 

57 850 120 S 83 3 14 

66 850 120 S b 83 3 14 
S ~ 82 3 15 

44 800 e 60 L 89 4 7 

42 800 90 L 87 6 7 

38 800 120 S 92 2 6 

43 800 180 L 91 2 7 
S b 74 5 21 
S c 88 4 8 

65 800 240 L 88 1 11 
S 69-60 3-4 17-27 

All ZYT layers are deposited on a coarse porous c~-alumina sub- 
strate. 

b Scan of cauliflower structures. 
Scan of modified substrate. 
Expected vapor pressure ratio at 1000~ ZrC14YC13:TbC13 = 

58.9:2.4:38.7. 
eExpected vapor pressure ratio at 800~ ZrC14:YC13:TbC13 = 

92.2:3.7:4.1. 

the compositions found by EDAX was estimated to be 
-5%. 

For most samples a scan was made on two or more dif- 
ferent sites. The observed compositions of the substrate 
surface and inside the EVD layer (both as measured) are 
presented in Table IV; the presented values are averaged 
values of the number of sites scanned. All samples consist 
of more than 74 atom percent (a/o) zirconium. The amount 
of yttrium is not larger than 6 a/o with an exception of 
sample 59. According to the XRF comparison these num- 
bers should be even lower. The amount of terbium varies 
between 6 and 27 a/o. 

The amounts of yttrium are in good agreement with the 
amounts expected from the vapor pressure ratios in the 
metal chloride chamber (Table IV). The amounts of terbium 
are relatively high at 800~ (6-27 a/o) at deposition times of 
3 or 4 h (samples 43 and 65, respectively), compared to what 
is expected from vapor pressure ratios in the metal chloride 
chamber. The amounts of terbium are relatively low at 
1000~ (17 a/o for sample 29) compared to what is ex- 
pected. However, the terbium concentration was lower 
t h a n  w as  a i m e d  at:  (ZrO2)c,7~(Y203)0.05(Tb20~,5)0,z~. The  te r -  
b i u m  c o n c e n t r a t i o n s  show la rge  v a r i a t i o n s  w h i c h  m a y  be  
caused  b y  the  i n a c c u r a c y  of the  E D A X  m e t h o d  a n d / o r  the  
p o s i t i o n i n g  of the  TbCI~ s u b l i m a t i o n  bed.  I n c o m p l e t e  m i x -  
ing  of TbC13 w i t h  t h e  o t h e r  m e t a l  ch lo r ide  vapor s  a n d  the  
n i t r o g e n  ca r r i e r  gas  m a y  h a v e  occu r r ed  over  the  sho r t  dis-  
t a n c e  to  t h e  subs t r a t e ,  espec ia l ly  a t  800~ The  d i s t ance  of 
the  t e r b i u m  ch lo r ide  s u b l i m a t i o n  b e d  to the  s u b s t r a t e  is 
- 2 0  cm a t  1000~ a n d  - 6  cm a t  800~ The  h i g h  a m o u n t s  of 
t e r b i u m  a t  long  depos i t i on  t imes  ( samples  43 a n d  44) m a y  
be  caused  by  the  fac t  t h a t  t h e  o t h e r  ch lo r ides  d e g e n e r a t e  
f a s t e r  in  t i m e  by  poss ib le  (p rac t i ca l ly  u n a v o i d a b l e )  oxygen  
l eakage  in to  t h e  reactor .  Var ia t ions  in  t h e  y t t r i a  c o n c e n t r a -  
t i on  can  be  caused  b y  t h e  p o s i t i o n i n g  of t h e  YC13 s u b l i m a -  
t ion  b e d  in  t h a t  p a r t  of the  r e a c t o r  w h e r e  a s teep  t e m p e r a -  
tu re  prof i le  exists;  sma l l  v a r i a t i o n s  in  pos i t i on  cause  la rge  
ch an g es  in  the  s u b l i m a t i o n  b ed  t e m p e r a t u r e .  

Kinetics of EVD Growth of Zirconia/Yttria/Terbia Layers 
Influence of deposition temperature and time.--A1- 

t h o u g h  a l a rge  s c a t t e r  in  l ayer  t h i cknes se s  was  f o u n d  
(Table III) a n  a t t e m p t  is m a d e  to d e t e r m i n e  t h e  g r o w t h  r a t e  
c o n s t a n t  for  EVD layer  g r o w t h  of t e r b i a / y t t r i a / z i r c o n i a  o n  
coarse  porous  a - a l u m i n a  b e t w e e n  800 a n d  1000~ The  
l aye r  t h i cknes se s  vs. depos i t i on  t ime  for  ZYT on a - a l u m i n a  
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at 800 and 1000~ are shown in Fig. 5. The straight lines 
through the measuring points are drawn using a least 
square fitting method; this does notimply,  however, that  a 
linear layer growth regime should hold for these data. The 
error bars are estimated from the variance in observed 
layer thickness by SEM. 

The linear layer growth rate constant at 1000~ for ZYT 
on coarse porous a-alumina is 4 • 1 ~m/h according to 
Fig. 5, corresponding with an oxygen permeation value of 
about 5 x 10 .6 mol/cm 2 s. When this is compared to the 
growth rate constant at 1000~ for the zirconia/yttria sys- 
tem that is described in Ref. 13, 14, the difference is about 
a factor 2.5 (1.6 p~m/h for zirconia/yttria at 1000~ 13,14 For 
the zirconia/yttria system at 1000~ and 2 mbar on a coarse 
porous a-alumina substrate (in another CVD/EVD reactor) 
the layer growth is l imited by diffusion of the (water con- 
taining) oxygen source reactant through the substrate 
pores. ~9 For the ZYT system at 1000~ and 5 mbar on a 
coarse porous a-alumina substrate also the pore diffusion 
is rate-limiting; the difference by a factor 2.5 originates 
because the oxygen partial  pressures in the both CVD/EVD 
reactors under standard operating conditions differ by a 
factor 2.5. This is all in accordance with Eq. 2 in Ref. 13 for 
pore diffusion of the oxygen source reactants. From this, we 
conclude that the rate-l imiting step for deposition of ZYT 
on a-alumina substrates at 1000~ and low pressure is pore 
diffusion of the (water containing) oxygen source reactant. 

The line drawn at 800~ in Fig. 5 is based on data points 
with a relative large scatter; large deviations of the layer 
thickness were found over the substrate surface. At short 
deposition times only surface modifications were found. At 
longer deposition times the surfaces were locally covered 
with cauliflower structures, in most cases located only on 
the edge of the substrates. Only when the deposition time 
was 2 h or longer, dense EVD layers started to develop. 
More details on the morphology of the surfaces were given 
in section on Influence of deposition parameters and sub- 
strate type on the deposit morphology. If the experimental 
points in Fig. 5 are fit to a straight line the linear layer 
growth rate constant at 800~ is 1.2 • 0.4 ~m/h, corre- 
sponding with an oxygen permeation value of about 2 • 
i0 -9 mol/cm 9 s. In Ref. 14, 21, for the zirconia/yttria system 
deposited at 800~ and 2 mbar on a coarse porous a-alu- 
mina substrate, no detectable EVD layer growth was re- 
ported between 2 and 4 h of deposition. This implies that 
introducing an electronic conducting component (here ter- 
bia) to the mainly ionic conducting zirconia/yttria system 
really increases the layer growth rate at 800~ This has 
also been observed by Isenberg ~ where the addition of 5 m/o 
ceria increased the YSZ layer growth by a factor of nearly 
three. 

At 800~ pore diffusion is no longer rate-l imiting for ZYT 
layer growth. If pore diffusion should be rate-l imiting at 
800~ the layer growth rate should be larger than at 1000~ 
as is shown in Ref. 21 (see, e.g., Fig. 3 in this reference). 
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Fig. 5. ZYT layer thickness as function of deposition time at 800 
and 1000~ grown on coarse porous s-alumina substrates. 
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Fig. 6. ZYT layer thickness as function of deposition temperature 
after 2 h deposition on coarse porous c~-alumina substrates. 

From this, with the same arguments as in Ref. 13, 21, we 
conclude that  the bulk electrochemical transport is rate- 
limiting at 800~ For zirconia/yttria at 800~ the elec- 
tronic conductivity limits the EVD layer growth. An .in- 
creased electronic conductivity by doping zirconia/yttria 
with Tb enhances the EVD layer growth rate at 800~ 
Using the data of Fig. 5 and transforming them to the 
squared layer thickness vs. time, a parabolic growth rate 
constant for ZYT at 800~ is about 6 _+ 2 ~m2/h, again 
corresponding with an oxygen permeation value of about 
2 • 10 -9 mol/cm 2 s. 

From the relation between the ZYT layer thickness and 
the deposition temperature at one fixed deposition time an 
estimate can be made of the transition temperature for the 
rate-limiting step (from electrochemical diffusion at 800 to 
pore diffusion at 1000~ A graphical representation of 
this relation is shown in Fig. 6 for a deposition time of 2 h 
on coarse porous c~-alumina substrates at each tempera- 
ture. Under electrochemical diffusion limitations the layer 
growth rate should increase with increasing temperature 
(see Eq. 3 in Ref. 13); a decrease can be expected under pore 
diffusion limitations (Eq. 4 in Ref. 13). Therefore, a maxi-  
mum in the layer growth rate is expected at the transition 
temperature. In Fig. 6 no real maximum is observed be- 
tween 800 and 1000~ the scatter in data is relatively large. 
However, a trend can be seen in Fig. 6: layers are relatively 
thin after 2 h deposition at 800 and 850~ while the layers 
are substantially thicker at temperatures of 900~ and 
higher. These data suggest that the transition temperature 
is somewhat above 850~ 

Inf luence of the subs t ra te . - -The  influence of the sub- 
strale is based mainly on the mean pore diameter (and also 
on the pore diameter/pore length ratio) and the pore size 
distribution. The pore diameter varies between relatively 
small (0.02 ~m) for the La-doped ~]-alumina membrane, 
and relatively large (1.0 ~m) for the Sr0.15La085MnO3 sub- 
strate, as is shown in Table I. (In the latter substrate the 
pore size distribution is broad.) 

In Table III the ZYT layer thickness after - 2  h deposition 
at 800 and 1000~ for different types of substrates is given. 
Thicker EVD layers are obtained at higher tempera- 
tures regardless of the substrate type. Only for the 
Sr0.1~La0.9~MnO3 substrates no dense ZYT layers were 
found. As mentioned before, this is probably caused by wa- 
ter diffusion through the substrate pores and subsequent 
gas-phase reaction with the metal chlorides in the chloride 
chamber followed by a homogeneous deposition. Therefore 
it is hard to compare this substrate type with the others. At 
a deposition temperature of 1000~ a decrease in the EVD 
layer thickness (after - 2  h deposition) with increasing pore 
diameter was observed. Under pore diffusion limitation, an 
increase of the growth rate with increasing pore diameter is 
expected. However, substrates with large pores (i.e., NKA) 
should have a much larger pore closure time than sub- 
strates with small pores (i.e., coarse porous a-alumina). 

Downloaded 23 Jun 2009 to 130.89.112.86. Redistribution subject to ECS license or copyright; see http://www.ecsdl.org/terms_use.jsp



3858 J. Electrochem. Soc., Vol. 142, No. 11, November 1995 �9 The Electrochemical Society, Inc. 

Therefore, when EVD layer growth rates are calculated by 
dividing the layer thickness by the EVD deposition time 
(= total deposition time minus pore closure time), the large 
differences should disappear. This could not be checked by 
us since the number of successfully deposited NKA samples 
was too low. 

At 800~ the NKA substrate with large pores shows no 
detectable EVD layer after 2 h deposition, while the coarse 
porous a-alumina substrates show a 1 to 2 p~m thick EVD 
layer. The parabolic growth rate is small at 800~ while the 
pore closure time is slightly lower as compared to the pore 
closure time at 1000~ For the NKA substrate, apparently 
the EVD deposition time was too short to observe any layer 
growth. The EVD deposition time for coarse porous a-alu- 
mina substrates and also La-doped ~]-alumina membranes 
have been long enough to develop a thin EVD layer. 

Oxygen permeation exper iments . - -A  few experiments 
were performed in an oxygen permeation reactor. In this 
reactor oxygen permeation through sample 76 (3 h deposi- 
tion of ZYT at 1000~ on a coarse porous a-a lumina sub- 
strate) was measured under a well-controllable high and a 
low oxygen partial pressure gradient at 953 and 1002~ 
Oxygen permeation fluxes of 3.5 • 10 -B (_+60%) and 4 • 
10 .8 (_+30%) mol/cm 2 s were found at 953 and 1002~ re- 
spectively, with air (Po2 = 0.21 atm) at the high and a CO/ 
CO2 mixture (Po2 = 5 • 10 -16 atm) at the low oxygen partial 
pressure side. There is no strong temperature dependence 
for the oxygen permeation through sample 76. 

An oxygen permeation flux of around 7 • 10 10 mo]/cm 2 
s was found for sample 76 in the permeation reactor at 
953~ with air (Po2 = 0.21 atm) at the high and helium (Po2 = 
10 -4 atm) at the low oxygen partial pressure side. Compar- 
ing this value with 76 measured under a large Po2 gradient 
shows that the oxygen partial pressure gradient over the 
membrane has a large influence on the oxygen permeation. 
The results of sample 76 are compared with the permeation 
results of zirconia/yttria sample 92001 in Ref. 13, 14 where 
a permeation value of around 6 • 10 -11 mol/cm 2 s was found 
at 1100~ with air (Po2 = 0.21 arm) at the high and helium 
(Po2 -- 10 4 arm) at the low oxygen partial pressure side. It 
seems that doping with terbia has a large influence on the 
oxygen permeation process. For ZYT the permeation value 
is one order of magnitude larger than for zirconia/yttria 
while the permeation temperature for ZYT is about 150~ 
lower! Since oxygen permeation is enlarged by enhancing 
the electronic conductivity (by doping with terbia) this in- 
dicates that electrochemical diffusion through the ZYT 
layer may (partly) be rate-limiting for the permeation pro- 
cess at 953~ 

Conclusion 
Thin layers of zirconia/yttria/terbia (ZYT) can be de- 

posited on porous ceramic substrates at temperatures be- 
tween 800 and 1000~ At 800~ the EVD layer growth is 
limited by bulk electrochemical transport. The parabolic 
growth rate constant, for EVD layer growth of ZYT on 
coarse porous a-a lumina at 800~ is around 6 ~m2/h. Un-  
der bulk electrochemical transport limitation, the EVD 
layer growth is enhanced by the addition of terbia. At 
1000~ the EVD layer growth rate is limited by pore diffu- 
sion of the oxygen source reactant. The linear growth rate 
constant, for EVD layer growth of ZYT on coarse porous 
a-a lumina at 1000~ is around 4 jxm/h. 

The EVD-grown ZYT layers show columnar structures 
with prismatic grains on top at temperatures between 800 
and 1000~ The size of the grains increases slightly with 
temperature and deposition time. The average prismatic 
grain size at 800~ is less than 1 ~m and at 1000~ - 2  ~m. 
At temperatures below 900~ also cauliflower structures, 
deposited by a homogeneous reaction, were found. These 
structures do not appear at higher temperatures and longer 
deposition times. XRD analyses showed that the ZYT de- 
posits mainly consist of the cubic-doped zirconia phase. 
Some samples show very small amounts of monoclinic 
phase. 

Oxygen permeation values in the order of i0 -s mol/cm 2 s 
in the temperature range 900 to 1000~ under a large oxy- 
gen partial pressure gradient (air vs. CO/CO2) have been 
observed. 
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