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Abstract

The extent of the surface charge, that develops during oxidation of zirconia, is determined us-
ing work function measurements for both bulk specimen and thin films. The bulk specimen of yt-
tria-doped zirconia (10 mol%) exhibits maxima of the surface electrical effect at 373 and 973 K
(130 and 280 mV, respectively) that can be considered in terms of oxygen chemisorption and oxy-
gen non-stoichiometry. Thin film of undoped zirconia exhibits a maximum at 473 K (260 eV). Ad-
dition of yttria (10 mol%) to the thin film results in a substantial reduction of the maximum, to
about 140 eV, that is shifted up to 600 K.

Keywords: charge transfer, Kelvin probe, oxidation, work function, zirconia

Introduction

Awareness is growing that performance of zirconia in electrochemical devices,
such as solid oxide fuel cells, is determined by interfaces, such as surfaces and grain
boundaries, rather than the bulk properties alone [1–4]. Consequently, the develop-
ment of zirconia, that may exhibit enhanced performance in the devices, requires an
increase in the present state of understanding on the local properties of interfaces
and the impact of interfaces on functional properties of materials.

The purpose of this study is to determine the electrical effects at the zirconia/oxy-
gen interface. Specifically, in this paper we report the surface electrical effects ac-
companying oxidation of zirconia involving bulk specimens and thin films. These ef-
fects were determined using high temperature Kelvin probe that allows to measure
work function changes at elevated temperatures and under controlled gas phase com-
position.

Work function

Work function (WF) is the electrical property that is extremely sensitive to the
properties of the outermost crystal layer on an atomic level.
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WF is the energy required to remove electron from the Fermi energy level to in-
finity. Figure la illustrates the band model of a p-type semiconductor surface without
a surface charge. In this case, the WF (Φ) includes a component related to the Fermi
energy, εv

−, (which also is termed the internal WF), and external WF, χ. For a charged
surface (e.g., due to the presence of chemisorbed species), the WF involves an addi-
tional component, Φs, corresponding to the surface charge (Fig. lb). Assuming that
there are no dipoles at the surface the WF asses the following form:

Φ = εv
− + Φs + χ (1)

The most convenient method of measuring the WF of solids at elevated tempera-
tures is based on the dynamic condenser method. This method, initially proposed by
Kelvin [5], has been substantially improved [6–9].

The principle of the Kelvin method is based on the measurements of the contact
potential difference (CPD) that is formed between two surfaces forming a con-
denser; one of them is the studied surface, of which WF is Φ2, and a reference sur-
face, of which WF is Φ1:

e(CPD)=Φ2 − Φ1 (2)

Accordingly:

Φ2 = Φ1+e(CPD) (3)

Later modifications of the Kelvin probe included introduction of continuous vi-
bration of the condenser, resulting in the generation of a continuous a.c. signal, and
the automatic compensation of the CPD [7–9] .

Figure 2 shows a schematic illustration of a high-temperature Kelvin probe in-
volving a vibrating condenser located in a reaction chamber where both temperature
and p(O2) are controlled and the electronic set-up is based on a lock-in amplifier.

Fig. 1 The band model of a p-type semiconductor: a – free of surface charge, b – involving
surface charge
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The principle of the Kelvin probe and its applications in the study of surface
properties of metal oxides at elevated temperatures and under controlled gas phase
compositions have been reported in ref. [9].

The construction of High-Temperature Kelvin Probe, that enables WF measure-
ments at elevated temperatures, is described in ref. [9] (Fig. 2). This construction al-
lows operation up to 1000oC under controlled oxygen partial pressure.

The main signal, which is generated by the vibrating capacitance, may be mea-
sured with sufficient accuracy only when the level of external noise is limited to a
minimum. Accordingly, careful screening of the condenser from noise signals is re-
quired.

As seen from Eq. (1), the absolute value of WF for a surface of an ionic solid has
a complex physical meaning and involves three different components (assuming that
changes of the dipole moment during interaction of a gas phase component with an
oxide surface can be neglected). Assuming that the structure of the outermost surface
layer rennains unchanged (χ=const), then WF changes are determined by only two
components:

∆Φ = −∆EF + ∆Φs (4)

Fig. 2 Schematic illustration of a high-temperature Kelvin probe
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where ∆EF is the WF component determined by changes in crystal composition
(non-stoichiometry) and resultant changes in the Fermi energy level, EF, where:

(∆Φ)s = −(∆EF)s (5)

The subscript s in Eq. (5) concerns surface layer.
Depending on the experimental procedure one of these two components is pre-

dominant. In the case of an oxide/oxygen system, the component ∆EF is predominant
at high temperatures when changes in p(O2) result in immediate changes in oxide
non-stoichiometry. However, at lower temperatures (below equilibrium), the
changes in WF due to variations in p(O2) are determined by the changes in surface
coverage by chemisorbed oxygen species.

When metal oxide remains in equilibrium with the gas phase then the following
relationships for the concentration of electronic charge carriers may be written:

n = NCexp[(EF – EC)/kT] (6)

p = NVexp[(EV – EF)/kT] (7)

n, p = const p(O2)
1/n (8)

where n is quantity that has been used in verification of defect chemistry models
[10–13]. Concordantly, the p(O2) WF dependence may be expressed by the follow-
ing expression:

1
nΦ

 = 
1
kT

∂Φ
∂lnp(O2)

(9)

The set of Eqs (6)–(9), and specifically the parameter nΦ in Eq. (9), allow to evaluate
the p(O2) dependence of electrical properties that can be used to verify defect mod-
els. The electrical properties based on WF data can be used to determine defect
model for the surface layer rather than for the bulk phase.

By analogy with other electrical properties, the WF data taken at the gas/solid
equilibrium are well defined and may be considered as material data that are charac-
teristic of the material under study. According to Eq. (9), the WF value measured in
equilibrium is determined by the parameters describing the equilibrium, such as
temperature and oxygen partial pressure. Then WF is independent of the experimen-
tal procedure applied.

Preparation

Bulk specimens

Polycrystalline yttria-stabilised (10 mol% ) zirconia, provided by Tosoh Co. ,
was first uniaxially pressed into discs (diameter – 10 mm, thickness – 2 mm), then
isostatically pressed under 200 MPa at room temperature, sintered at 1673 K for 2 h
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and finally isostatically pressed again at 1473 K under 200 MPa for 1 h. The relative
density of the specimens was 99.8% and grain size 2–3 µm.

Sintered specimens were cleaned with acetone, polished with 0.25 µm diamond
powder, cleaned with acetone in ultrasonic bath, polished again and then annealed
for 2 h in air at 1473 K.

Thin films

The zirconia thin films were deposited using a CVD method. The Zr(O⋅t–C4H9)4
vapour was generated by bubbling nitrogen through liquid and Y(C11H19O2)3 vapour
was formed through heating and passing nitrogen. The mixture of both vapours and
oxygen (under 1330 Pa) was then introduced into a CVD reactor, through a nozzle,
involving substrates made of yttria-doped zirconia pellets. The temperature of the
substrate was 873 K.

Experimental procedure

The gas phase in the reaction chamber was imposed by air (oxidation) and argon
(reduction) flowing through the reaction chamber at a flow rate of 100 ml min–1. The
respective oxygen partial pressure was 2.1⋅104 and 13.7 Pa.

Before each measurement, the specimen was heated to 1173 K in argon at a rate
of 400 K h–1 annealed at 1173 K in Ar for 2 h and then cooled down, with the same
rate, to the temperature of the experiment in the range 297–1173 K. The oxidation
experiments involved an increase of oxygen pressure from 13.7 Pa to 2.1⋅104 Pa.
Then the CPD changes, caused by oxidation, were determined.

Results and discussion

The CPD changes during oxidation can be considered as a certain measure of
chemical affinity between the zirconia surface and oxygen. The bulk component of
this change is determined by the change of oxygen non-stoichiometry and related
changes in Fermi energy. The surface component of the CPD change, that corre-
sponds to the surface charge, is determined by surface coverage with chemisorbed
species and their valency.

Figures 3 and 4 show the CPD changes caused by change in p(O2) during oxida-
tion for the bulk zirconia specimen, named as standard specimen, (curve 1), for the
thin film of undoped zirconia (curve 2, Fig. 3) and yttria-doped zirconia (curve 2,
Fig. 4). Since the temperature of films deposition was 873 K, the highest tempera-
ture applied for the WF measurements was also 873 K.

As seen the ∆CPD for the standard zirconia assumes two maxima. The maximum
at 373 K, that corresponds the state below equilibrium [13], is about 130 mV. The
maximum at 973 K, that corresponds to equilibrium of the zirconia/oxygen system
[13], is twice larger.

The maximum for undoped zirconia film at 373 K (curve 2 in Fig. 3) is twice
larger than that for the standard zirconia (curve 1 in Fig. 3) and is shifted to 473 K.
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After assuming minimum at 623 K an increase of the ∆CPD with increase of tem-
perature can be observed. Entirely different picture is observed for the thin film of
zirconia stabilised with yttria. As seen from Fig. 4 addition of yttrium to the film re-
sults in a substantial reduction of ∆CPD at 373 K (curve 2 in Fig. 4), in comparison
to that of standard specimen (curve 1 in Fig. 4). Maximum of the ∆CPD for the thin
film involving yttria is at 600 K and then has a tendency to decrease with temperature.

Fig. 3 The CPD changes during isothermal oxidation; 1 – standard (bulk) zirconia involving
10 mol% Y2O3, 2 – undoped ZrO2 thin film

Fig. 4 The CPD changes during isothermal oxidation; 1 – standard (bulk) zirconia involving
10 mol% Y2O3, 2 – ZrO2+Y2O3 (10 mol%) thin film
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Conclusions

The standard zirconia specimen exhibits two maxima of ∆CPD; one at 373 (be-
low equilibrium) and at 973 K (in equilibrium). This 373 K maximum corresponds
to maximum of oxygen chemisorption isobar. The 973 K maximum indicates that at
this temperature oxidation results in the formation of the surface charge that is re-
lated to the presence of chemisorbed oxygen species. This charge decreases at higher
temperatures.

For undoped ZrO2 film the maximum of oxygen isobar is shifted to 473 K, as-
sumes minimum at 623 K and then has a tendency to increase at higher temperatures.
In the case of the thin film containing Y2O3 the picture is entirely different. The in-
itial maximum of ∆CPD appears at 600 and then, above 600 K, has a tendency to de-
crease suggesting that the charge build-up for thin film is lower than that for the bulk
material.
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