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Electron beam reduction of cubic Y(III)-doped Zr02(100) has been studied by X-ray photoelectron 
spectroscopy. In the initial stages of irradiation with 2-keV electrons oxygen loss is accompanied by 
specific reduction of Zr(IV) to Zr(0) without concomitant reduction of Y(II1). The cross section for 
oxygen desorption is estimated to be 3.9 x lo-*O cm2. Surface stoichiometry is restored by argon-ion 
bombardment. 8 1987 Academic press, IIIC. 

Yttria-doped cubic zirconia ZrI-2rY2r 
02-x is a high-temperature ceramic material 
with a range of potentially useful properties 
including good mechanical toughness and 
high oxygen ion conductivity (I ). Many ap- 
plications of zirconia depend intimately 
upon its surface chemistry. Thus, when 
used as an oxygen sensing electrode the re- 
sponse rate is governed by the kinetics of 
oxygen exchange at the surface: consider- 
able effort has been devoted to improve- 
ment of surface exchange rates by suitable 
surface pretreatments (2). In assessing the 
mechanical properties and electrical con- 
ductivity of polycrystalline material, due 
consideration must be given to the influ- 
ence of segregation of Y3+ to grain bound- 
aries (3). Here surface segregation provides 
a model for grain boundary segregation. In 
a quite different context Y-doped ZrOz(100) 

* To whom correspondence and proofs should be 
addressed. 

has been suggested as an optimal substrate 
for epitaxial growth of silicon on insulator 
layers, the lattice match being much better 
than with more conventional A1203 sub- 
strates (4). Against this background we are 
involved in the study of cubic zirconia by 
surface sensitive electron spectroscopic 
techniques and report here some results 
pertaining to the reduction of Y-doped zir- 
conia under electron irradiation. The strik- 
ing feature we wish to highlight in the 
present communication is that electron 
bombardment leads to selective reduction 
of host Zr(IV) without parallel reduction of 
the Y(II1) dopant. 

Experiments were conducted on slices of 
(100) oriented 16% Yz03-doped Zr02 sup- 
plied by Ceres Inc. Material from this batch 
had previously been used in studies of oxy- 
gen-ion diffusion by dynamic secondary ion 
mass spectroscopy (5). Crystal slices gave 
weak but well-defined LEED patterns after 
annealing at elevated temperatures 
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FIG. 1. MgKa! X-ray photoelectron spectra of 16% 
YzO, doped ZrOz in the metal 3p region. (a) Cleaned 
annealed surface. (b) Following electron bombard- 
ment. Note additional structure in Zr 3p spectrum to 
the low binding energy side of the original spin-orbit 
components. 

(>6OO”C) in UHV, indicating that no major 
faceting of the polar (100) fluorite surface 
had taken place (4, 6). In the course of de- 
velopment of procedures for producing 
well-ordered Zr02( 100) surface in an 
ESCALAB X-ray photoelectron spectrom- 
eter (base pressure IO-i0 Ton-), crystal 
slices that had been cleaned by argon-ion 
bombardment and resistive annealing at 
temperatures below 600°C were subject to 
electron beam heating. There was no indi- 
cation of reduction of the sample surface as 
a result of the initial argon bombardment 
from a Penning ion gun. However, even 
when the electron flux was nominally di- 
rected on the back of the sample holder, 
rapid desorption of oxygen by stray elec- 
trons was apparent. Figure 1 for example 
shows 3p region spectra before and after 
electron irradiation of this sort. Electron 
bombardment leads to the appearance of a 
second set of spin-orbit components over- 
lapping the original Zr 3p components on 
the low binding energy side: the new peaks 

are associated with a reduced zirconium 
species. No corresponding changes are 
found in the Y 3p region. Further experi- 
ments established that surface stoichiome- 
try could be restored by 2-keV argon-ion 
bombardment: thus even for electron-dam- 
aged surfaces where the 0 1s signal had 
been reduced to 20% of its initial value, 2- 
keV ion bombardment at 20 PA/cm2 for 
about 15 min led back to the original 0 : 1s 
intensity and a simple spin-orbit doublet in 
the Zr 3p region. 

In order to quantify the reduction behav- 
ior under electron irradiation, a cleaned and 
annealed crystal slice was subject to front 
face 2-keV electron bombardment from a 
tungsten filament at an electron flux of 5 
mA/cm2 for periods up to 500 sec. Figure 2 
shows the progressive growth of peaks to 
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FIG. 2. Variation with time in the Zr 3p and Y 3pl12 
signals in the MgKol spectrum of 16% Y203 doped ZrOz 
under 2-keV electron irradiation at 5 mA/cm*. (a) 82 
set, @) 140 set, (c) 200 set, (d) 300 set, (e) 460 sec. 
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the low binding energy side of the original 
Zr 3p peaks with a constant chemical shift 
difference of 2.8 eV between the two. In 
Fig. 3 we show the corresponding changes 
as a function of time in the intensity of the 
high and low binding energy (HBE and 
LBE) Zr3pJ,z features, together with a plot 
of the variation of the logarithm of the in- 
tensity ratio between the 0 Is and Zr3pJlz 
peaks. The initial decay of the intensity ra- 
tio conforms to first order behavior: 

R(t) = R(0) exp(-u&/e) 

where R(f) is the intensity ratio at time t, 
R(0) its initial value, 4 the electron flux, (T 
the cross section for oxygen desorption, 
and e the electron charge. From this rela- 
tionship we estimate that the desorption 
cross section is 3.9 x 10p20 cm2. This is 
smaller than the cross section 1.3 x IO-l9 
cm2 for desorption of oxygen from the 
W(100) surface by 2.5keV electrons (7), 
but we believe it is the correct order for a do 
oxide. The corresponding cross section for 
decomposition of Na0.72W03 with 3-keV 
electrons if 6.0 x 10w2’ cm2 (8). This lower 
value presumably reflects the efficient oper- 
ation of the Knotek-Feibelmann inter- 
atomic decay mechanism (9) for only the do 
systems. 

Further consideration of the oxygen de- 
cay curve allows us to gain some insight 
into the oxidation state of the zirconium 
species responsible for the low binding en- 
ergy peaks. The bulk stoichiometry of the 
crystal Zro.72Y0.2sOi.s6 gives a Y/Zr ratio of 
0.39. However, the ratio of Y/Zr peak in- 
tensities in XPS (with due allowance for 
photoionization cross-section effects (10)) 
is 0.6, corresponding to a surface stoichi- 
ometry of Zro.63Yo.3701.81. The surface seg- 
regation of Y(II1) in cubic zirconia implied 
by these data has been noted previously (3, 
4, II ), but it is particularly striking at our 
single-crystal surfaces, the OlZr ratio in- 
ferred from consideration of 0 1s and Zr 
3pj12 peaks is 3.1, in reasonable agreement 

with our proposed surface stoichiometry 
where O/Zr = 2.9. Assuming exclusive re- 
duction of Zr(IV) under electron irradia- 
tion, it is possible to estimate the diminu- 
tion in the O/Zr intensity ratio necessary to 
effect complete reduction of the Zr(IV). If 
the LBE peak corresponded to Zr(III), the 
oxygen loss curve of Fig. 3a suggests that 
about 200 set electron bombardment 
should be sufficient to ensure complete 
conversion to the LBE species. However, 
it is obvious from Figs. 3a and b that both 
LBE and HBE species coexist after this 
time, precluding the possibility of reduction 
to Zr(II1). In fact, our intensity data are 
consistent only with Zr(0) as the product of 
electron reduction, and electron beam ex- 
posures of around 1000 set are necessary 

lo9 I~OlSl 

[ I 
eIur:3p ) 

* 

I(LBEI 

IbflEl 

o- 
0 200 LOO 

TIME/set 

FIG. 3. (a) Variation with time in the 0 ls/Zr 3pm 
intensity ratio under electron irradiation as in Fig. 3 
after correction for cross-section effects. The decay of 
the oxygen intensity is seen to conform to first order 
kinetic behavior. (b) Variation with time in the inten- 
sity of the low binding energy (LBE) Zr 3pvz compo- 
nent. (c) Variation with time in the intensity of the high 
binding energy (HBE) Zr 3p,, component. In (b) and 
(c) the vertical line marks the time at which complete 
conversion to a Zr(II1) LBE species would be ex- 
pected. 
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for complete reduction of Zr(IV). After pro- 
longed electron irradiation of this sort some 
reduction of Y(II1) is also evident. Finally, 
note that the chemical shift difference of 2.8 
eV between the LBE and HBE components 
of the Zr3p,,* signal in reduced cubic zirco- 
nia is very close to the value of 2.6 eV mea- 
sured in our spectrometer between zirco- 
nium foil and an oxidic overlayer grown by 
exposure of the foil to molecular oxygen at 
p = 5 x 10e6 mbar. Oxidation of Zr foil is 
known to produce a Zr02 overlayer (4, 22). 

It is interesting to compare the reduction 
behavior of Y-doped Zr02 with that of other 
transition metal oxides. Many do oxides in- 
cluding TiOz, MOOR, and W03 undergo fac- 
ile reduction under either electron or ion 
bombardment. In the initial stages of reduc- 
tion, d’ states are introduced into the lat- 
tice. Thus argon-bombarded TiOZ shows 
strikingly similar electronic properties to 
T&03 (14). However, Kim and Winograd 
(15) noted that oxides such as Ta205 with 
free energies of formation above about 500 
kJ/mole did not undergo reduction under 
bombardment by 400-eV argon ions: ZrOz 
with a free energy of formation of 1037 kJ/ 
mole (16) falls naturally into this group. 
Nonetheless ZrOz thin films on Zr metal are 
reduced by 5-keV argon ions (12). Electron 
bombardment reduces most oxides includ- 
ing Ta205, A1203, and Si02 (I 7). In this 
sense the resilience of the Y(II1) dopant in 
ZrOz to reduction under 2-keV electron 
bombardment must be considered remark- 
able. Note in particular that the enthalpy of 
formation per metal atom is lower for Y203 
(879 kJ/mole) than for Zr02(1101 kJ/mole) 
(16): we thus expect that the Y-O bond in 
cubic doped zirconia should be intrinsically 
weaker than the Zr-0 bond. However, the 
smaller covalency of Y-O bonds as com- 
pared with Zr-0 bonds will be one factor 
favoring selective desorption of oxygen 
ions surrounded dominantly by Zr through 
the interatomic Auger decay mechanism. 
We can also envisage that electrons left be- 

hind after oxygen desorption will be 
trapped preferentially in Zr 4d (rather than 
Y 4d) states. Disproportionation of these 
states must then occur to generate Zr(0). Of 
course the failure to observe reduced oxide 
phases in our experiments on ZrOz accords 
with the fact that well-defined bulk MzO3 
and MO oxides phases are unknown for zir- 
conium (18). 

Acknowledgments 

We are grateful to Dr. J. Kilner and Professor B. C. 
H. Steele (Department of Metallurgy and Materials 
Science, Imperial College) for the loan of the ZrOz 
crystals and for their interest in this work. We also 
thank Dr. W. C. Mackrodt of the ICI New Science 
Group for helpful comments. M.C. thanks ICI for a 
CASE award. The equipment used was funded by the 
SERC. 

References 

1. 

2. 

3. 

4. 

5. 

6. 
7. 

8. 

9. 

10. 

11. 

12. 

T. H. ETSELL AND S. N. FLENGAS, Chem. Rev. 
70, 339 (1970). 
L. J. OLMER, J. C. VIGUIE, AND F. J. L. 
SCHOULER, Solid State Zonks 7, 23 (1981). 
W.J.A. WINNBUST, P.J.M. KROOT,AND A.J. 
BURRGRAAF, J. Phys. Chem. Solids 44,955 (1983). 
V.A. LOEBS, T.W. HAAS,AND J.S. SOLOMON, J. 
Vat. Sci. Technol. A 2, 596 (1983). 
D.S.TANNHAUSER,J. A.KILNER,AND B.C.H. 
STEELE, Proceedings of the Sixth International 
Conference of Ion Beam Analysis, Tempe, Ari- 
zona 1983. 
P. W. TASKER, J. Phys. C l2,4977 (1979). 
G. D. WATTS, A. R. JONES, AND B.J. HOPKINS, 
Surf. Sci. 45, 705 (1974). 
M. A. LANGELL AND S. L. BERNASEK, J. Vat. 
Sci. Technol. 17, 1287 (1980). 
M.L.KNoTEKANDP.J. FEIBELMAN, Phys.Rev. 
Let?. 40, 964 (1978). 
S.EVANS,R.G.PRITCHARD,ANDJ. M. THOMAS, 
J. Electron Spectrosc. 14, 341 (1978). 
J. S. SOLOMON AND J. T. GRANT, J. Vat. Sci. 
Technol. A 3, 373 (1985). 
R. HOLM AND S. STORP, Appl. Phys. 12, 101 
(1977). 

13. J. S. SOLOMON AND J. T. GRANT, Proceedings of 
the Ninth International Vacuum Congress and 
Fifth International Conference on Solid Surfaces 
(Extended Abstracts) p. 9. 



368 BRIEF COMMUNICATIONS 

14. V. E. HENRICH, G. DRESSELHAUS, AND H. J. 17. “Auger Electron Spectroscopy” M. D. Thomson, 
ZEIGER, Phys. Rev. Lett. 36, 1335 (1976). M. D. Baker, A. Christie, and J. F. Tyson, Wiley, 

IS. K. S. KIM, W. E. BAILINGER, J. W. AMY, AND N. New York (1985). 
WINOGRAD, J. Electron Spectrosc. 5, 351 (1974). 18. “Transition Metal Oxides” C. N. R. Rao and G. 

16. “The Oxide Handbook” G. Samsonov, IFI/ V. Subba Rao, National Bureau of Standards, 
Plenum, New York (1982). U.S. Govt. Printing Office, Washington (1974). 


