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The change in conductivity of Fe and Ti implanted if-sputtered layers of yttria-stabilized zirconia (YSZ) was studied as a 
function of the temperature (400-800 °C) and oxygen partial pressure. In an oxidized state and in the temperature range of 400- 
600 ° C, the conductivity of the Fe implanted YSZ film ( 15 keV, 8 × 10 '6 at.cm - 2) was dominated by the n-type electronic con- 
ductivity of a thin Fe203 layer with an estimated thickness of less than 2 nm on top of the YSZ thin film. Due to the incorporation 
of a part of the implanted Fe atoms in the yttria-stabilized zirconia lattice, the ionic conductivity was somewhat decreased. In a 
reducing atmosphere this electronic conduction was no longer observed. In an oxidized state, the conductivity of the YSZ film 
was not influenced by the implantation of Ti ( 15 keV, 8 X 1016 at.cm-2). After reduction in a H2 atmosphere, an increase in the 
conductivity of the sputtered film with 2-3 orders of magnitude was observed. This has been ascribed to the presence of nonsto- 
ichiometric TiO2_x, which is an n-type semiconductor. 

1. Introduction 

Yttria-stabilized zirconia (YSZ) is an important  
oxygen ion conducting solid electrolyte [ I ]. Both ce- 
ramic bulk materials and thin films deposited by 
sputtering [2,3] or  chemical vapour  deposition 
[4,5],  are used in applications like oxygen sensors, 
oxygen pumps and fuel cells [6 ]. The exchange of  
oxygen between the gas and the electrolyte can be de- 
scribed with the following overall reaction: 

02 (g) + 2 V o  + 4 e -  = 2 0 ~ ,  (1)  

where, in Kr6ger-Vink notation, O~) is a normal 0 2 -  
ion in the yttria-stabilized zirconia lattice and, Vo 
an oxygen-ion vacancy. When noble metal electrodes 
are used, the exchange o f  oxygen between the gas 
phase and the solid electrolyte is geometrically lim- 
ited to regions near to the three phase boundary  be- 
tween the oxygen gas, solid electrolyte and electronic 
conductor.  

Mixed conducting oxides, which exhibit as high an 
ionic and electronic conductivity as possible, have 
advantages in comparison with the presently used 
electronic conductors [ 7-9  ]. With good mixed con- 

ducting oxides, the electrochemical exchange o f  ox- 
ygen would occur over the entire electrode-gas in- 
terfacial area in which both oxygen ions and electrons 
are mobile. The large increase in the reaction area 
will significantly decrease the electrode polarization 
and hence the efficiency losses at the electrode, 
02 (gas) /sol id  electrolyte interface. 

Mixed conducting zirconia-based electrodes 
[ 10,11 ] have advantages in comparison with other 
mixed conducting oxides in terms of  the chemical 
and mechanical stability o f  the electrode-electrolyte 
interface. As both the chemical composition and 
thermal expansion are similar to the electrolyte itself 
it is expected that the integrity o f  the electrode-elec- 
trolyte interface can easily be maintained. 

The electrode materials should also show good cat- 
alytic activity for the electrochemical oxidation o f  
H 2 and other fuel gases, if  used as anode, and for the 
electrochemical reduction o f  02 if used as cathode. 
The costs o f  the electrode material should be low and 
the lifetime as long as possible. 

Previous publications [ 12-14 ] reported on efforts 
to develop mixed conducting electrode materials by 
doping yttria-stabilized zirconia with transition metal 
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oxides [ 12-14  ]. In this paper the mixed conductiv- 
ity of the implanted layers is studied. The layers were 
prepared through implantation of  the corresponding 
transition metal ions into stabilized zircenia thin 
films, which were deposited on insulating Al203 sub- 
strates. This procedure was followed in order to in- 
crease the contribution of the ion implanted part of 
the yttria-stabilized zirconia substrate to the total 
conductivity of the ion implanted sample. If  a bulk 
ceramic yttria-stabflized zirconia substrate is used it 
is possible that the ionic conductivity of the not im- 
planted part of this substrate would have dominated 
the total conductivity of the sample. 

As ion implantation is a non-equilibrium process, 
it has the capability of producing materials with 
compositions and microstructures unattainable by 
conventional ceramic techniques. In this study, for 
example, concentrations of  the implanted ions are 
obtained which are far beyond the limit correspond- 
ing to the equilibrium solid solubility level. High 
concentrations of the transition metal oxide may be 
necessary in order to obtain the desired effects. 

2. Experimental 

Yttria-stabilized zirconia thin films (65-108 nm) 
were deposited on polished polycrystalline alumina 
substrates by rf-sputtering in a Leybold-Hereaus Z 
500 apparatus. The cathode was made of  finely pow- 
dered yttria-stabilized zirconia (composition: 
(ZrO2)0 .83(YOl .5)0 .17  , called 'ZY17') using polyvi- 
nylalcohol as binder [ 15 ]. The plasma atmosphere 
was a mixture of argon and oxygen (82 and 18%, re- 
spectively) and the total pressure was stabilized at 
1.5× 10-2mbar. All the deposits were made at a 
constant discharge power of 540 W and with a bias 
voltage of 120V. A deposition rate of 1.6 A/s was 
obtained. After deposition the samples were an- 
nealed at 900 °C in air during one hour. 

The Fe or Ti doping of the layer was accomplished 
by ion implantation. The ion implantations were 
performed at room temperature in a vacuum of 
4 × 10 -7 Torr. The YSZ films were implanted per- 
pendicular to the sample surface at a beam current 
density of 2 ttA cm -2 using the isotope separator of 
the Laboratory for General Physics (LAN) of the 
State University of Groningen. For the hot cathode 

ion source FeCI2"4H20 (Merck, p.a.) was used as 
feed material for Fe implantations. For the Ti im- 
plantation heated TiP2 (BDH Chemicals Ltd.) was 
chlorinated in situ with carbon tetrachloride. 

The compositions and thickness of the stabilized 
zirconia thin films were analyzed by Rutherford 
Backscattering (RBS) using a 2 or 3 MeV 4He ion 
beam. All measurements were carried out with a 
scattering angle (0) of 165 ° in the laboratory frame 
of reference, and with the analyzing beam perpen- 
dicular to the sample's surface. The mean compo- 
sition of the Fe and Ti implanted films in terms of 
cation concentration ratio's was determined from the 
area under the appropriate signals, taking into ac- 
count the corresponding differential scattering cross 
sections of the cations. The stopping cross section of 
the compound YSZ target was calculated from the 
atomic composition according to Bragg's rule [ 16 ], 
enabling the RBS energy scale to be translated into 
a depth scale (at.cm-2). The at.era -2 depth scale was 
recalculated in nm by assuming that the atomic den- 
sity was the same as that for crystalline yttria-sta- 
bilized zirconia. Corrections were applied for the 
limited energy resolution of the surface barrier de- 
tector (26 keV (FWHM)) ,  and for the range strag- 
gling (i.e. statistical broadening in the energy dis- 
tribution due to multiple interactions) of the 
scattered ions [ 16 ]. 

Four rectangular shaped platinum electrodes were 
painted on the surface of  the film, as shown in fig. 
1. The platinum electrodes were sintered in air at 
850°C during one hour. Four platinum point elec- 
trodes were spring loaded on these painted elec- 

Pt  p a i n t  

~ • 
10 rnm 

Fig. 1. Electrode geometry for the four point probe conductivity 
measurements, 
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trodes. All samples were oxidized in air at 850°C 
prior to the four-point probe conductivity measure- 
ments, which were performed in a N2 (Po~= 1 × 
1 0  - 5 arm ) or H2 ( Po2 -- 1 X 10 - 25 arm ) atmosphere 
in the temperature range of  400-800°C. The current 
between the two outer electrodes was delivered by 
the internal power supply of  a Keithiey 617 elec- 
trometer, which also measured the potential differ- 
ence between the two inner potential probes. The 
current was measured with a Keithley 616 electrom- 
eter. The resistance was determined from the slope 
of the steady-state current versus potential plot. 
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3.1. Composition analysis 

Fig. 2 shows RBS spectra observed on yttria-sta- 
bilized zirconia thin films, both before and after the 
implantation of  Fe or Ti ( 15 keV, 8 X 1016 at .cm- 2). 
The vertical arrows indicate the energy of  4He ions 
scattered from surface atoms of  Hf, Zr+Y,  Fe, Ti, 
AI and O, respectively. Hf  was present as an impur- 
ity (2 wt.%) in the sputtering target of yttria-stabi- 
lized zirconia from which the stabilized-zirconia thin 
film was deposited. Under the experimental condi- 
tions, the energy edges of 4He ions scattered from 
surface atoms of Y or Zr could not be resolved. The 
signal of 4He scattered from AI is shifted towards 
lower energy in comparison with the energy edge of 
4He scattered from surface atoms of  AI because of  
the energy loss in the yttria-stabilized zirconia layer. 

As can be seen in figs. 2b and 2c the depth profile 
of the implanted Fe and Ti ions extends over ap- 
proximately the whole thickness of the YSZ sput- 
tered film. This is somewhat unexpected as RBS 
measurements [ 17,18 ] from Fe and Ti implanted 
bulk ceramic discs (15keV, 8X1016at.cm -2) re- 
vealed and Fe and Ti depth profile extending to a 

Fig. 2. RBS spectra (2MeV 4He, 0=165 °, normal incidence, 
2.3 keV/channel) of thin fdms of yttria-stabilized zirconia on a- 
aluminium oxide substrates: (a) non-implanted; (b) after im- 
plantation of 15 keV Fe up to a dose of 8 X 1016 at.cm-2; (c) after 
implantation of 15 keV Ti up to a dose of 8 X 10 me at.cm-2. The 
thickness of the YSZ sputtered films as determined from the RBS 

spectra in figs. a, b and c amount to 108, 79 and 104nm, 
respectively. 
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Table 1 
Composition of yttria-stabilized zirconia films and their final thickness after the Fe and Ti implantation, as used for the conductivity 
measurements. Nv, Nz, Nve and NTi represent the total number of Y, Zr, Fe or Ti atoms in the layer, as determined by Rutherford 
Backscattcring (RBS). The ratio ( N v / ( N v + N z ~ ) )  =0.17 resulted from X-ray fluorescence (XRF). 

Ion Energy Dose Composition Thickness 
(keV) (at.cm -2) (nm) 

- - - ( N v / ( N y + N z ~ ) ) = O . 1 7  65 
Fe 15 8 X l 0 1 6  (NF¢/(Ny+Nz,+NF,) ) =0.37 56 
F¢ 50 8X 1 0 1 6  (NFe/ (Nv+Nz~+Nve) )=0 .39  50 
Ti 15 8X 1 0 1 6  (STi/(Ny+Nzr+NTi) ) =0.30 53 

depth of 20 nm, with a maximum F e / ( F e +  Z r + Y )  
and T i / ( T i + Z r + Y )  ratio of 0.5 and 0.7, respec- 
tively. This Fe and Ti depth profile would extend to 
half of  the thickness of the YSZ sputtered layer used 
in this study. The discrepancy may result from the 
fact that the RBS spectra of the implanted sputtered 
YSZ films have been measured after measuring their 
conductivity. Diffusion of the implanted ions into 
deeper layers of the sputtered YSZ film during the 
conductivity measurements might have occurred, 
giving rise to a broader Fe and Ti depth distribution. 
The composition and thickness of the sputtered films 
which were used for conductivity measurements are 
shown in table 1. 

3.2. Electrical conductivity measurements 

The conductivity of a non-implanted yttria-sta- 
bilized zirconia thin film as a function of the tem- 
perature is shown in fig. 3 (Arrhenius diagram). In 
the same figure it is compared with the conductivity 
of an yttria-stabilized zirconia single crystal of the 
same composition ((ZrO2)o.s3(YO1.5)o.17), as de- 
termined by Badwal [ 19 ]. The conductivity values 
of the sputtered film are one order of magnitude 
lower than the single crystal values. In the Arrhenius 
diagram of the conductivity of the sputtered film a 
decrease in the activation energy is observed from 
(121±4)  kJmol -I  at 800°C to (76+_4) kJmo1-1 at 
400 ° C. The conductivity of this yttria stabilized zir- 
conia film is the same in a HE or  N2 atmosphere. 

The implantation of the stabilized zirconia film 
with 15 keV Fe up to a dose of 8×  1016 at.cm -2 re- 
sults in a small decrease of the conductivity of  the 
stabilized zirconia layer in the temperature range of 
600-800°C, as shown in fig. 4. The activation en- 
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Fig. 3. Conductivity of if-sputtered yttria-stabilized zirconia 
(YSZ) thin film (Po2 = 1 X 10 -5 atm) in comparison with the 
conductivity of a YSZ single crystal (Po~ ffi 0.21 arm, Badwal et 
aL [ 17 ] ), pure Fe203 (P o= = 0.21 arm, Warnes et al. [ 21 ] ) and 
pure TiO2_x ( (Pco/Pco~)=0.9 ,  Poumellec et aL [25]). The 
conductivity values of the YSZ sputtered film and single crystal 
represent the ionic conductivity, whereas the conductivity values 
of Fe203 and TiO2_x represent their n-type electronic conductiv- 
ity: (I-1) YSZ, thin film (this study); (O)  YSZ, single crystal 
(ref. [19]); ( + )  Fe203 (ref. [23]); (V)  TiO2_~ (ref. [27]). 

ergy increases from ( 121 ± 4) kJ mol-  1 for the non- 
implanted film towards ( 152 ± 5 ) kJ tool-  1 for the 
Fe implanted film. In the temperature range of 400- 
600°C the conductivity is approximately equal to the 
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Fig. 4. Conductivity of yttria-stabilized zirconia thin fdm after 
the implantation of 15 keV Fe up to a dose of 8 X 101~ at.cm -2 
and subsequent oxidation in air at 850°C, as measured in an at- 
mosphere of either N2 (Po=--lXl0-Satm) or H2 
(Po= = 1 X 10 -2s arm) gas. The conductivity data for the non-im- 
planted film arc shown for comparison: ([]) non-implanted, N2 
atmosphere; ( O ) 15 keV Fe, 8 X 1016 at. cm 2, N2 atmmosphere; 
( 4- ) 15 keV Fe, 8X 10 '6 at. cm z, H2 atmosphere. 
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Fig. 5. Conductivity of yttria-stabilized zirconia thin film after 
the implantation of 50keV Fe up to a dose of 8X 10~+at.cm -2 
and subsequent oxidation in air at 850°C, as measured in an at- 
mosphere of either N2 (Po==lXl0-Satm) or H2 
(Po= = 1 X 10-2s arm) gas. The conductivity data for the non-im- 
planted film are shown for comparison: ([]) non-implanted, N2 
atmosphere; (O) 50 keV Fe, 8X 10 ~6 at. cm 2, Nz atmosphere, 
( -I- ) 50 keV Fe, 8X 10 t+ at. cm 2, H2 atmosphere. 

conduct iv i ty  o f  the non- implan ted  f i lm i f  measured  
in a N2 atmosphere.  The conduct ivi ty  o f  the Fe doped  
fi lm in the tempera ture  range o f  4 0 0 - 6 0 0 ° C  de- 
creases, however,  considerably  i f  the sample  is re- 
duced at 800 °C in a H2 a tmosphere .  Af t e r r educ t ion  
in the  H2 atmosphere ,  a l inear  Arrhenius  d iagram is 
observed with an ac t iva t ion  energy o f  ( 152_+ 5) 
kJ mol -~  in the whole t empera ture  range o f  400-  
800°C. 

The  implan ta t ion  o f  the s tabi l ized z i rconia  f i lm 
with 50keV Fe up to a dose o f  8 ×  10J~at.cm -2 re- 
sults also in a decrease in the conduct iv i ty  o f  the sta- 
bi l ized z i rconia  film, as shown in fig. 5. Both in a H2 
and N2 a tmosphere  a l inear  Arrhenius  d iagram is ob- 
served in the whole temperature  range o f  400-800 °C 
with an act ivat ion energy o f  ( 152 _. 5 ) kJ m o l -  t. This 
ac t ivat ion energy resembles the ac t iva t ion  energy o f  

the conduct ivi ty o f  the 15 keV Fe implanted  film after 
reduct ion in the H2 atmosphere." 

The  implan ta t ion  o f  the s tabi l ized z i rconia  f i lm 
with 15 keV Ti  up to a dose o f  8 ×  10~6 a t .cm -2  does 
not  result in a significant change in the conduct iv i ty  
i f  measured  in a N2 a tmosphere ,  as shown in fig. 6. 
However ,  the reduct ion o f  the Ti  implan ted  fi lm in 
H2 at  800°C results in an increase o f  the conduct iv-  
i ty with 2 -3  orders  o f  magni tude.  The  act ivat ion en- 
ergy changes f rom ( 121 _. 4)  kJ m o l -  ~ for the non- 
implan ted  fi lm towards  (29_+ 1 ) kJ mol-~  for the Ti  
implanted  sample after reduction in a H2 atmosphere.  

4. Discussion 

The conduct ivi ty  o f  the sample, as de termined with 
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Fig. 6. Conductivity of yttria-stabilized zirconia thin film after 
the implantation of 15keV Ti up to a dose of 8× 101Sat.cm-2 
and subsequent oxidation in air to 850°C, as measured in an at- 
mosphere of either N2 (Po2ffil×10-Satm) or H, 
(Po2 ffi 1 × 10 - ,5 atm) gas. The conductivity data for the non-im- 
planted film are shown for comparison: ([])  non-implanted, Na 
atmosphere; (O)  15 keV Ti, 8× 10 m6 at. cm a, N2 atmosphere; 
( + ) 15 keV Ti, 8 × 10 ~ 6 at. cm 2, H2 atmosphere. 

the four platinum probes, is the sum of both the ionic 
and electronic conductivity [ 20 ]. The two types of 
conductivity can be discriminated from each other 
by their oxygen partial pressure dependence. The 
ionic conductivity of yttria-stabilized zirconia is in- 
dependent of the oxygen partial pressure, as the ox- 
ygen vacancy concentration is fixed by the amount 
of yttria. The electronic conductivity is, however, 
strongly dependent on the oxygen partial pressure. 
The total conductivity may be dominated by one of 
the two types of conductivity. 

The conductivity of the rf-sputtered film of YSZ 
is independent of the oxygen partial pressure 
( N 2 ( P o , = l × 1 0 - S a t m )  versus H2(Po,=10 -2s 
arm) ). In this study, this is taken as an indication 
that the measured conductivity is essentially ionic. 
Other investigators [2,3] proved this more rigor- 

ously by measuring the ionic transport number. Val- 
ues close to unity were obtained for both calcia- and 
yttria-stabflized zirconia thin films. 

The conductivity of the rf-sputtered film of YSZ 
is one order of magnitude smaller than the conduc- 
tivity of a single crystal with the same composition. 
Part of this difference can be explained with the sur- 
face roughness of the underlying polycrystalline AI~O3 
substrate. By polishing, a mean surface roughness was 
obtained of about 50 nm, which is close to the thick- 
ness of the sputtered films (65-108 nm) used in this 
study. The texture of the sputtered film was not stud- 
ied, but a poor crystallinity, grain boundaries and 
porosity will all contribute to a decreased conduc- 
tivity of the sputtered thin film in comparison with 
the YSZ single crystal. The change in activation en- 
ergy of E,c,=(76__.4) kJ/mol (400-600°C) to 
E,~---(121 __.4) kJ/mol (600-800°C) is in the op- 
posite direction as the change in ionic conductivity 
of polycrystalline YSZ bulk materials [ 21 ]. No ex- 
planation for this effect can be given so far. 

The implantation of 15 keV Fe up to a dose of 
8 X 1016 at.cm -2 results after oxidation in air in a sta- 
bilized zirconia layer with approximately the same 
conductivity as the non-implanted layer. This result 
implies that the increased conductivity of a stabi- 
lized zirconia film after the implantation of Fe up to 
a dose of 8× 1016at.cm -2, as observed by Scholten 
[22], could not be reproduced. This discrepancy 
might result from a different thermal history of the 
sample. As observed in RBS spectra of the Fe im- 
planted film, some redistribution of the implanted 
Fe atoms towards deeper layers takes place during 
the conductivity measurements. The thickness of the 
YSZ films used in the conductivity measurements of 
our study (60 nm) was somewhat smaller than the 
f'flm thickness used by Scholten ( 100 nm). So changes 
in the conductivity of the Fe implanted film would 
have been more easily observed in our study. But also 
the measurement technique has been improved. The 
small current (only several nA) has been measured 
more accurately. The conductivity was no longer 
measured during heating of the sample but after a 
thermal equilibration of a few hours. In the present 
study the conductivity of the sample has been de- 
termined from the slope of the steady state current 
versus potential plot. Scholten [ 22 ] determined the 
conductivity from a single measurement of the cur- 



B.A. van Hassel, A.Z Burggraaf / Electrical properties of YSZ thin films 199 

rent and the corresponding potential, neglecting a 
possible offset voltage. More careful analysis showed 
the offset voltage to be too large to be ignored. 

The conductivity of the Fe implanted film is, how- 
ever, different from the conductivity of the non-im- 
planted film in respect to its oxygen partial pressure 
dependence. The conductivity of the Fe implanted 
film in the temperature range of 400-600°C signif- 
icantly decreases after reduction in a H2 atmosphere. 
This was not observed for the non-implanted film. 

In view of the results obtained previously, the out- 
ermost surface of this Fe implanted stabilized zir- 
conia layer will mainly consist of Fe203 with an ap- 
proximate thickness of 2 n m [  17,18 ]. Pure Fe203 is 
an n-type semiconductor [23] below 800°C and its 
conductivity is determined by electronic charge car- 
tiers. Its electronic conductivity is somewhat larger 
than the ionic conductivity of stabilized zirconia, as 
indicated in fig. 3. Due to the limited extent of this 
Fe203 layer, it will contribute only little to the total 
conductivity of the stabilized zirconia film. But es- 
pecially in the low temperature region, it may dom- 
inate over the ionic conductivity. 

The reduction of this Fe implanted sample in a H2 
atmosphere will result in a reduction of the Fe203 
layer towards metallic Fe. The microstructure of this 
layer is not known but in a similar experiment per- 
formed on Fe implanted Al203 it was shown that 
metallic Ire particles were formed which were not 
connected [24]. In the "as-implanted" state of Fe 
implanted YSZ metallic Fe precipitates have been 
identified by Scholten [ 22 ] and Burggraafet al. [ 14 ], 
using Conversion Electron M6ssbauer Spectroscopy. 
Hence the conducting surface layer of Fe203 is lost. 
If the precipitates are not connected this will result 
in a decrease of the conductivity of the Fe implanted 
film. 

Fe 3+ can be substitutionally incorporated for Zr 4+ 
in the stabilized zirconia lattice up to 7 tool% Fe203 
[ 22 ], which corresponds to a cation fraction of 0.15. 
Precipitation of small Fe203 particles occurs when 
the concentration corresponding, to this solubility 
level is exceeded. The mean concentration of Fe in 
the sputtered film, as shown in table 1, exceeded the 
Fe concentration corresponding to its solubility level 
(cation fraction of 0.15). Thus part of the implanted 
Fe can be expected to form Fe203 precipitates in an 
oxidizing atmosphere. The dissolution of Fe203 in 

the YSZ lattice results in oxygen vacancies in the ox- 
ygen sublattice according to the following incorpo- 
ration reaction (Kr6ger-Vink notation): 

Fe203 ~2Fe~r + 30~) + V o .  (2) 

Such an increase in oxygen vacancy concentration 
may in principle result in an increase of the ionic 
conductivity of the stabilized zirconia film. This is, 
however, only true in the case of low dopant con- 
centrations. When the dopant concentration in- 
creases an optimum is reached whereafter the con- 
ductivity starts to decrease [25]. At the same time 
an increase in the activation energy is observed. Due 
to the doping with Y203, an oxygen vacancy con- 
centration was present in the stabilized zirconia film 
close to this optimum in the ionic conductivity. 
Hence, further doping with other three-valent cat- 
ions will result in a decrease of the conductivity and 
an increase in the activation energy. Both the re- 
duction of the Fe203 layer towards not intercon- 
nected metallic Fe precipitates and the optimum 
which is present in the ionic conductivity of YSZ as 
a function of the dopant concentration can explain 
the decrease in conductivity in the range of 400- 
600°C in the Arrhenius-diagram of fig. 4, followed 
by a simultaneous increase of the activation energy. 

The implantation of 50 keV Fe up to a dose of 
8X 1Ol6at.cm -2 results in a gaussian depth prof'de 
under the surface of the stabilized zirconia film with 
a mean projected range of 19nm and range strag- 
fling of 8.5 nm. The stabilized zirconia film is more 
uniformly doped due to the larger mean projected 
range and range straggling of the implanted Fe atoms 
in comparison with the 15 keV Fe implantation. No 
surface layer of Fe203 is expected to be present. Both 
in a N 2 and H2 atmosphere a decrease in the con- 
ductivity in combination with an increase in the ac- 
tivation energy is observed in comparison with the 
non-implanted YSZ layer. This can be explained with 
the same argument as discussed for the case of the 
15 keV Fe implanted layer. Once again a dopant con- 
centration is reached beyond the optimum in the 
curve of ionic conductivity versus dopant 
concentration. 

In view of the results obtained previously [ 17,18 ], 
the outermost surface layer of the Ti implanted sam- 
ple will mainly consist of TiO2. Just below this sur- 
face layer, the stabilized zirconia layer is doped with 
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Ti up to a depth of 18 nm and with a maximum cat- 
ion fraction of Ti of about 0.70. TiO2 can be sub- 
stitutionally incorporated for Zr in the stabilized zir- 
conia lattice up to 15 tool% [ 10,26 ]. Precipitation of 
ZrTiO4 was observed in ceramic yttria-stabilized zir- 
conia samples if the TiO2 concentration exceeded the 
concentration corresponding to this solubility level 
[26], but not yet for Ti implanted YSZ. The mean 
concentration of Ti in the sputtered film, as shown 
in table I, exceeds the Ti concentration correspond- 
ing to the solubility level of TiO2 in YSZ. From the 
conductivity measurements it can, however, be con- 
cluded that neither the incorporation of TiO2, nor 
the expected precipitation of ZrTiO4 did apparently 
result in a change in the conductivity of the YSZ layer 
if measured in a N2 atmosphere. 

The reduction of the Ti implanted layer resulted 
in a remarkable increase in the conductivity with 2- 
3 orders of magnitude. This may result from the for- 
mation of a layer of nonstoichiometric TiO2_ x, which 
is an n-type semiconductor [27]. The conductivity 
of TiO2_x has been indicated in fig. 3 for compari- 
son. A large increase in mainly electronic conduc- 
tivity can indeed be expected. It may also result from 
the reduction of that part of Ti that is incorporated 
substitutionally for Zr in the YSZ lattice. In this view, 
the Ti 4+ states, which act as electron acceptors when 
empty, are filled upon reduction, i.e. the forming of 
Ti 3+. At sufficiently high concentrations of these 
(acceptor-)states, an impurity band can form, re- 
sulting in an increase of the conductivity of the Ti 
implanted YSZ film. Furthermore, when Ti is in- 
corporated for Zr in the YSZ lattice this may result 
in a decrease of the bandgap. This effect is presently 
under investigation [28]. Previously this effect has 
been observed in the system SrZrO3 [29 ]. In strongly 
reduced Ti-doped YSZ the Ti 3+ states may then act 
as electron donors, increasing the concentration of 
conduction band electrons and hence increasing the 
electronic conductivity. 

ascribed to the microstructure of the sputtered film. 
The implantation of 15 keV or 50 keV Fe up to a 

dose of 8>< 10~6at.cm -2, and subsequent oxidation 
of the implanted layer in air results in a decrease in 
ionic conductivity and an increase in its activation 
energy. This has been explained by the incorporation 
of part of the implanted Fe atoms as Fe 3+ on a Zr 4+ 
lattice position in the YSZ lattice. 

The conductivity of the 15 keV Fe implanted layer 
is oxygen partial pressure dependent in the temper- 
ature range of 400-600°C. This can be ascribed to 
the presence of an Fe203 layer ( thickness < 2 nm) on 
top of the sputtered YSZ thin film. In this low tem- 
perature region, the n-type electronic conductivity of 
Fe203 dominates the ionic conductivity of the un- 
derlying YSZ sputtered film. 

The implantation of 15 keV Ti up to a dose of 
8×10~6at.cm -2 does not result in a significant 
change in the total conductivity of the YSZ thin film 
if measured in an oxidized state. After reduction in 
a H2 atmosphere at 800°C, an increase in conduc- 
tivity is observed with 2-3 orders of magnitude. This 
large increase in conductivity can be ascribed to the 
n-type conductivity of nonstoichiometric TiO2_x. 
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5. Conclusions 

Rf-sputtering of yttria-stabilized zirconia (YSZ) 
resulted in thin f'flms with an ionic conductivity 
which has one order of magnitude lower than the 
conductivity of YSZ in a single crystal form. This is 
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