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Abstract
Electron beam-induced charging and -stimulated desorption have been used to probe the electronic properties of gadolinia-

doped ceria (GDC) surfaces. The main cationic desorption products resulting from electron bombardment are H+, H3O+ and O+.

The dependence of the H+ and H3O+ ion kinetic energies and yields on the surface potentials have been systematically

investigated. Positive potentials increase the cation kinetic energies linearly while negative potentials reduce the cation yields

dramatically. The charging of GDC by electron beam bombardment is dependent on the incident electron energy: negative at

lower energy and positive at higher energy. Irradiation with 400 eV electrons can produce a positive surface potential of several

volts while irradiation of the sample with 75 eVelectrons can produce a negative sample potential of at least �6 V. The positive

charge caused by high-energy electron irradiation can be neutralized by the negative charge generated by low-energy electrons

and vice versa. The probable hole traps are sites close to Gd3+, and the abundant presence of defects at oxygen vacancy-rich grain

boundaries can serve as very effective electron traps.
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1. Introduction

Solid oxide fuel cells (SOFCs) are highly efficient

and environmentally benign chemical-to-electrical
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energy conversion devices with excellent fuel flexibility

[1–6]. Largely due to their high operating temperatures

(800–1000 8C), the cost of SOFC systems is still too

high to be commercially viable. However, the interfacial

polarization resistances of the current SOFCs increase

rapidly as the operating temperature is reduced and

severely limit fuel cell performance. In the search for

SOFC materials suitable for low-temperature operation,
.
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a fundamental understanding of the defect-mediated

reactions at the surface and interface of electrolytes/

electrodes is imperative. In particular, ceria-based solid

electrolytes have attracted much attention [7] because of

their high ionic conductivities at low temperatures.

Among them, gadolinia-doped ceria (Ce0.9Gd0.1O2�d,

GDC) shows great promise for low-temperature SOFCs

[8,9] and can thus serve as a model material for

the exploration of surface properties relevant to

electrochemical performance. Thus far, regarding sur-

face reactions on GDC, only the oxygen surface

exchange reaction has been investigated using isotope

exchange depth profiling (IEDP) via secondary ion mass

spectrometry (SIMS) [10–12]. With IEDP-SIMS, the

activation energy for the oxygen surface exchange

reaction was found to be 0.9eV for temperatures below

7008C and 3.3eV for temperatures above 700 8C.

Similar energies were obtained for a single-crystal GDC

(Ce0.69 Gd0.31O1.845), i.e., 1eV for temperatures below

6508C and 2.41eV for temperatures above 6508C
[11]. Apparently, the understanding of this surface

oxygen exchange process at an electronic level has

yet to be realized by other surface-specific analytical

techniques.

Electron-stimulated desorption (ESD), or desor-

ption induced by electronic transition (DIET), is an

effective technique [13,14] that can provide valuable

information on the structure of adsorbates and on the

dynamics of charge transfer. Defects or local disorder

on a surface, which may act as trapping sites of

electronic excitations, can serve as preferential sites

for desorption. Therefore, ESD can be a useful

technique for exploring defects and their role in

surface reactions critical for electrochemical perfor-

mances of SOFCs.

For decades, ESD has contributed significantly to

the study of the structure and the surface reactivity of

non-stoichiometric and stoichiometric oxide surfaces.

Since the electronic conductivity of most metal

oxides is very low, very thin layers of metal oxides

prepared by various deposition or growth techniques

were used in many investigations in order to avoid

the complications caused by surface charging. The

structure and composition of these prepared oxides

can vary and may be different from those used for

industrial purposes. For the few studies done on bulk

crystalline or amorphous dielectric oxide samples,

unexplainable results were encountered even under
standard conditions. For example, ESD of MgO(1 0 0)

has been studied by Gotoh et al. [15] and O+

desorption thresholds at 80 and 210 eV were found.

These values are quite far from the Mg 2s excitation

level at 50.8 eV. A similar study of MgO(1 0 0)

surfaces obtained a 55 eV threshold after a +11 V

correction for sample charge [16]. On the semi-

conductive TiO2(1 1 0) surface, an onset at about

100 eV for O+ ion desorption was observed after

dosing CO. This threshold does not correspond to any

core levels of either O or Ti [17]. In an ESD and

photon-stimulated desorption study of yttria-stabi-

lized ZrO2(1 0 0), the sample was kept at 400–500 K

to prevent charging [18], and thresholds at the Zr 4p

and O 2s levels were observed.

In this paper, we present a study of electron-

induced surface charging effects on the electron-

stimulated desorption of cations from the surfaces of

GDC, a dielectric metal oxide. For this defective metal

oxide, surface charging depends strongly on incident

electron energy and other parameters such as current

density, pulse length and irradiation time. The results

illustrate the influence of charging on the kinetic

energies and yields of ejected ions. Collectively, the

results reveal details regarding electronic properties of

the surface.
2. Experimental

2.1. Sample preparation and characterization

The Ce0.9Gd0.1O2�d (GDC) samples were pre-

pared using a glycine–nitrate process as described

elsewhere [9]. Briefly, a flammable solution contain-

ing metal (Ce, Gd) nitrate and glycine was

combusted in a glass beaker on a hot plate, producing

a pale-yellow ash, which was then calcined in air at

600 8C for 2 h to form the fluorite structure. The

resulting GDC powder was then ball-milled and cold-

pressed into cylindrical pellets under 250 MPa. The

green pellets were subsequently fired at 1250–

1450 8C for 5 h with a heating and cooling rate of

5 8C/min in air to achieve greater than 95% relative

density. The crystal structure of the GDC samples

was studied using X-ray diffraction (XRD, PW-1800

system, with Cu Ka radiation operated at 40 kV

and 30 mA), and the morphologies of the sintered
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samples were revealed using a scanning electron

microscope (SEM, Hitachi S-800).

2.2. Electron-stimulated desorption (ESD)

The ESD measurements were carried out in an

ultra-high vacuum chamber (base pressure 2 � 10�10

Torr) equipped with a rotatable helium-cooled sample

holder, computer-controlled resistive tungsten sample

heater or button heater, quadrupole mass spectrometer

(QMS), time-of-flight (TOF) mass spectrometer,

pulsed low-energy electron gun and a calibrated dosing

system. Details of the system have been discussed

elsewhere [19].

The dimensions of the GDC sample used for the

ESD experiments were 10 mm � 6 mm and the

thickness was �1 mm. The GDC sample was mounted

to a conductive molybdenum plate which was used to

heat the sample and to apply the bias. The sample was

annealed to 400 8C to clean the surface and the ESD

of H3O+ and O+ was measured at room temperature

(300 K) while the proton ESD was studied at 230 K.

Irradiation of the sample (grounded or with an

externally applied potential) was performed by the

pulsed electron beam operated at 1000 Hz. The

electron energy, flux and pulse length were varied

over a wide range, depending on the purposes of the

experiment. Typical operating conditions were
Fig. 1. X-ray diffraction pattern of a sintered Ce0.9Gd0.1O2�
1013 electrons/(cm2 s) during a given pulse or time-

averaged currents of 20 pA to a few nano-amperes.

Variation of the electron flux was performed

exclusively by changing the gun emission current.

Since we utilized a pulsed electron beam, the ESD of

ions was measured by either a TOF or (QMS), both

with better than unit mass resolution. When using the

TOF, emitted ions were usually collected by applying

a �100 V pulsed extraction potential to the front lens

assembly. The �100 V potential was high enough to

ensure a large solid angle of collection and to rule out

any discrimination against off-normal trajectories or

ion angular distribution effects. The extraction pulse

was applied just after the end of the electron pulse to

avoid the influence of the potential field on the

incident electron energy. All ions were detected using

pulse counting and a transient digitizer.

No extraction pulse was used to measure accurate

kinetic energy distributions of emitted ions. Since

detection sensitivity is reduced under field-free

conditions, only the velocity distribution of the

departing protons and hydroxonium (H3O+) was

measured. When using the QMS as a mass analyzer,

the ions were detected with its ionizer turned off.

Calculations of ion velocities (and thus kinetic energy)

from the TOF and QMS were based on known path

lengths from the sample to the detector and measured

flight times.
d (GDC) pellet which indicates the fluorite structure.
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3. Results and discussion

3.1. Sample characterization

Fig. 1 shows a typical XRD pattern of a GDC

sample, indicating that it has a single-phase fluorite

structure, the same as that of CeO2. Shown in Fig. 2 is

the SEM image of the surface morphology of an as-

sintered GDC sample. The grain size varies from 1 to

5 mm, and the sample has a significant number of grain

boundaries and triple junctions. According to the

electron energy loss spectroscopy (EELS) profile

across the grain boundary [20], there is an excess of

oxygen vacancies and gadolinium cations in the grain

boundary core. The width of the grain boundary core is

about a few nanometers while the width of the

depletion layer can be larger than 15 nm. Assuming an
Fig. 2. SEM image of the morphology of a sintered Ce0.9Gd0.1O2�d (GD

defective grain boundaries and triple junctions on its surface.
average grain size of �2 mm with its surface

dominated by structural defects that can trap free

charges at a density of �10 traps/nm2, the volumetric

trap density is estimated to be �1018–1019 traps/cm3.

A scanning tunneling microscopy (STM) study

revealed that the dominant defects on the surface of

non-stoichiometric CeO2(1 1 1) are triangular with

three oxygen vacancies at room temperature and linear

at elevated temperatures [21]. The defect structure of

the GDC grain should be close to that of the non-

stoichiometric CeO2, but the defect structure of the

grain boundary can be very complicated.

3.2. ESD of cations

Electron irradiation of polycrystalline GDC causes

emission of atomic and molecular ions. The dominant
C) pellet which shows that the sample has a significant number of
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Fig. 3. Typical TOF-ESD spectrum of ions emitted from the GDC surface under the irradiation of 400 eV electrons. Note the yield of H+ is

considerably higher than the yield of all other cation products. The mass assignments were also confirmed with a quadrupole mass spectrometer.
positively charged ions emitted from this annealed

substrate are protons. Compared to proton emission,

the emission of other ions, mainly H3O+ and O+,

occurs with 1–2 orders of magnitude less efficiency

(Fig. 3). The experimental primary threshold energy

for proton ESD from GDC is 22 eV, and is associated

with an initial ionization of the O 2s level that Auger

decays. The proton desorption involves the production

of two-hole states localized on hydroxyl groups

which Coulomb explode directly at the surface. The

O+ threshold energy is also 22 eV, corresponding to

direct ionization of O 2s, Ce 5p or Gd 5p levels

followed by an intra-/inter-atomic Auger cascade [22].

The threshold energy appears to be lower than 22 eV

for the molecular ion H3O+. The H3O+ ESD likely

involves the chemisorption of water dimers that bridge

surface anion vacancies. We suggest that the dimer

may be polarized by the crystal field with the negative

side of the ½OH� � � �H3Oþ� dipole oriented toward the

oxygen vacancy [23]. At electron energies below the O

2s threshold, ionization of the lattice site in the vicinity
of an adsorption complex can cause emission of the

H3O+ fragment. At higher energies, ESD of H3O+

most likely proceeds by the two-hole one-electron

states of water [24].

3.3. Effect of positive potentials

Although the masses of the ionic ESD products

differ, they all have non-thermal kinetic energy

distributions. The kinetic energy of an emitted ion

often yields direct information concerning its forma-

tion mechanism. However, the energy of an ion at the

point of its detection can differ from the energy at the

point of its emission. Both the extraction potential

applied to the detecting device and the surface

potential induced by incident electrons can be

integrated into the experimentally measured kinetic

energy. The influence of extraction potential on ion

energy can be evaluated experimentally. However, it is

more complicated to assess the influence of surface

potentials originating from the differentials between
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Fig. 4. Kinetic energy distributions of H3O+ as a function of different applied external positive potentials. The incident electron energy was

400 eV and the electron beam pulse length was 10 ms. Applied external potentials were: (a) 0 V; (b) 2 V; (c) 4 V; (d) 8 V; (e) 16 V.
the fluxes of primary electrons, low-energy secondary

electron emission, backscattered electrons and elec-

trons conducted through the sample to/from ground.

To investigate the influence of electron-induced

surface potentials on the ESD of ions, constant

external (positive and negative) potentials were

applied to the sample during irradiation while TOF-

ESD spectra were recorded. The kinetic energy

distributions of H3O+ as a function of applied positive

potentials are presented in Fig. 4. The sample potential

dramatically changes the peak positions, and the peak

kinetic energy depends linearly on the potential. The

half-widths of the peaks increased with sample

potential, probably indicating elevated heterogeneous

charging caused by the larger sample bias. When a

positive sample potential was applied to the back

plate, transport of holes to the surface can be

enhanced. The inhomogeneous positive charge built

up at different sites can then reach a higher level at a

larger bias, and can cause broadening of the kinetic

energy distributions of desorbing cations. The ion
yields approximately doubled when the sample

potential was increased from 0 to 2 V. Since hole

localization is always involved in the emission of

cations, this yield increase may suggest that the holes

can be trapped in shallow potential wells of surface

states. The positive external electric field can suppress

the diffusion of holes into the bulk and therefore can

increase the number of holes on the surface that can

induce ion emission. Similar data regarding the

application of a positive potential was observed for

H+ ESD.

Surface potentials induced by the incident electron

beam are expected to influence the kinetic energies of

the emitted ions. For GDC, the average surface

potential resulting from pulsed irradiation of 400 eV

electrons was found to be positive. The influence of

the electron flux on the H3O+ kinetic energy

distributions and ESD yields is presented in Fig. 5.

The higher the electron flux, the higher the ion kinetic

energy, and the higher the positive charge accumula-

tion. When the electron flux was increased from
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Fig. 5. Influence of electron flux on the peak kinetic energy and ESD yield of H3O+. The incident electron energy was 400 eV and the electron

beam pulse length was 10 ms.
4 � 1012 to 3 � 1014 electrons/(cm2 s), the change of

surface potential caused by electron bombardment

was estimated to be �+3 V. The linear dependence of

H3O+ yields on electron flux indicates that H3O+ is

formed by a single direct impact ionization process.

The positive charging of the GDC suggested the

trapping of holes. In principle, holes should be trapped

at sites with negative effective charge. For GDC, the

most probable hole traps would be close to Gd3+, and

the most probable form would be O�. Another

possible form may be O2
� at the anion site. Electron

spin resonance (ESR) experiments on the hole

trapping in Al2O3 and ZrO2 showed that the hole-

induced charge has a diamagnetic character. The

charge was therefore believed to be related to metal

ions or to protons resulting from the interaction of the

hole with metal–hydrogen bonds [25,26]. Metal ions

or protons may be other forms of hole trapping in

GDC.
3.4. Effect of negative potentials

Application of negative potentials to the sample

under irradiation of 400 eV electrons caused sig-

nificant decreases in the ion yields, as demonstrated in

Fig. 6. The H3O+ yields decrease exponentially with

the sample potential, indicating recapture or neutra-

lization by the surface. Using no extraction field, with

a �6 Vapplied sample potential, 99% of the ions were

recaptured. Similar data were also obtained for H+.

Application of negative potentials also caused the

flight time of ions to increase, as is shown for H+ in

Fig. 7. The apparent peak kinetic energy of H+,

expressed as the inverse of the square of the peak flight

time, depends linearly on the applied negative

potential. With �100 V extraction potential applied

to the TOF entrance grid, 99% of the ions were

recaptured when the applied negative potential was

�30 V.
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Fig. 6. Influence of negative sample potential on the H3O+ ion yield. The incident electron energy was 400 eVand the electron beam pulse length

was 10 ms. Note 99% of the H3O+ yield is suppressed with the application of ��6 V external potential.
Electrons with an incident energy of 75 eV were

chosen to further investigate the negative surface

potential caused by electron bombardment. Electrons

of lower energies are reflected significantly by the

built-up negative charge and are retarded in the

potential field of the surface. Irradiation with electrons

of higher energies is less efficient in charging the

sample negatively because of increased emission of

secondary electrons. The sample was pretreated with

200 eV electron irradiation to ensure that the surface

is not initially negatively charged. After this pre-

treatment, the sample was subjected to irradiation of

75 eV electrons, and the TOF spectra were obtained

periodically. In order to enhance the detection

sensitivity, a �100 V extraction potential was applied

to the entrance grid of the TOF mass spectrometer

immediately after the 75 eV electron beam pulse. The

variation of the normalized ion yields versus total

number of 75 eV electrons incident on the surface is

presented in Fig. 8. This shows three distinct features

of the ion yield dependence on the total number of

electrons deposited. The first is a relatively slow
monotonic decrease of the ion yield with increasing

electron dose until the total dose of 1.201015 electrons/

cm2 is reached. During this process, the total drop of

the ion yields is less than 50% for both H+ and H3O+.

The second feature is a drastic drop of ion yields when

the electron dose was increased from 1.2 � 1015 to

1.36 � 1015 electrons/cm2. The last feature shows that

99.9% of ion emission is suppressed after the total

dose of electrons is greater than 1.36 � 1015 electrons/

cm2.

The first feature can be explained by a charge

neutralization process. Before the 75 eV electrons

were deposited, the surface is positively charged due

to the pretreatment with 200 eV electrons. With the

deposition of 75 eV electrons, the peak flight time of

the ions was increased (or the kinetic energy was

decreased), indicating a decreased surface potential

and therefore a decrease in the number of positive

charges on the surface. If the surface is not positively

charged during this stage, and if the negative charge

build-up is a linear process, the ion yields should drop

exponentially with the electron dose, which was not
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Fig. 7. Influence of an externally applied negative potential on the TOF spectra of H+. The incident electron energy was 400 eV, the electron

beam pulse length was 300 ns and the extraction field was �100 V. The external potentials were: (a) 0 V; (b) �2 V; (c) �4 V; (d) �10 V; (e)

�15 V; (f) �20 V.
observed experimentally. For longer pretreatment

time, higher doses of 75 eV electrons are required

to cause �50% drop in the ESD ion yields, as is

consistent with neutralization of an initial positive

charge. The different influence of charge build-up on

the ion yields of H+ and H3O+ might be associated

with the different mechanisms of ion formation at

different emission sites.

The sudden drop off of Fig. 8 is caused mainly by

the recapture of the emitted ions by a 75 eV electron

beam-induced negative surface potential field. The ion

yield does not drop exponentially with the electron

dose, possibly because of a nonlinear charge build-up

process as well as the backscattering of 75 eV

electrons by the negative potential. A 99% drop in

ion yields means that 75 eV electrons can charge the

surface to such a level that the ion emission is actually

quenched. The ion emission quenching is sustained as

long as the 75 eV electrons are deposited to the GDC

surface. After the ion emission was quenched, the

intensity and peak flight time of the ESD ion signal

could be restored completely by bombarding the GDC
surface with 200 eV electrons. This observation

indicates that the type and amount of charge on

GDC surface could be manipulated by bombardment

with electrons with different energies.

When the incident electron energy was 400 eV and

no extracting potential was used, application of a

��6 V negative potential to GDC sample completely

suppressed the ESD of H3O+ (Fig. 6). Since the ion

emission was quenched by the irradiation with 75 eV

electrons, it means that the surface was charged to

at least �6 V during the pulse of the electrons.

Simple calculations show that the number of electrons

reaching the surface during the period of a single pulse

is high enough to cause local surface charging up to

several volts in the area of the electron beam. Average

spreading of the primary electrons inside a crystal

during the inelastic scattering and thermalization to

the Debye temperature (10–30 meV) occurs within

�10�12 s and does not exceed 50–100 nm. The

migration of the thermalized free electrons has a

diffusive character due to elastic scattering by optical

phonons. Assuming that the mean free path of the
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Fig. 8. The dependence of normalized ion yield on electron dose. The incident electron energy was 75 eV, the electron beam pulse length was

300 ns and the extraction field was �100 V. The significant decrease of ion yield implies the trapping of electrons by GDC.
electron is close to the one observed for alkali halide

crystals, i.e. about 1–3 nm [27], the average mean-

square shift of the scattered electrons between pulses

(10�3 s) is evaluated to be 10�4–10�3 m, not far from

the thickness of the sample. The potential field

generated by the electron pulse that followed can repel

the free electrons to ground. However, due to the

presence of abundant different types of structural

defects in GDC, thermalized electrons could be in

traps with different depths. Electrons trapped by a

deep potential well cannot be driven to ground and can

thus form a long-lived negative charge inside or on the

sample.

3.5. Role of defects

Negative surface charging of various materials,

such as ice [28], plastics bombarded with low-energy

electrons (0.1–28 eV) [29], single-crystal oxides

bombarded by 30 keV electron beam [30] and thin
layers of oxides on dielectric substrates [31] have been

observed. When there are no surface defects,

secondary electrons are able to be emitted from the

bulk of the sample to the vacuum, reducing the

trapping yield even to zero. When a defective layer

exists at the surface of the sample, it acts as a barrier

against the outgoing secondary electrons. Some of the

secondary electrons are trapped beneath the surface, at

the interface between the defective layer and the bulk.

The probability of trapping free electrons can be very

high for GDC, a low conductivity oxide with a highly

defective surface area. Molecular dynamics simula-

tion of gadolinia-doped ceria predicted the segregation

of gadolinium and the association of oxygen vacancies

with gadolinium [32]. This segregation effect at grain

boundaries in Gd0.2Ce0.8O2�x was indeed observed

and was characterized by a combination of Z-contrast

imaging and electron energy loss spectroscopy

(EELS) [20]. The composition profile obtained by

EELS spectra showed that there is an excess of Gd and
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oxygen vacancies in the grain boundary core. The

gadolinium segregated to the grain boundary partially

compensates for the oxygen vacancies, but the level

for segregation is insufficient to charge balance the

vacancies. Because the oxygen vacancies have

positive effective charges, vacancy-rich grain bound-

aries can serve as very efficient electron traps and

charge the sample negatively. The sites close to Gd3+,

which are also located at grain boundaries, are most

probable traps for holes. Therefore we believe the

charging effect that we observed occurs primarily at

the grain boundaries. Since grain boundaries can trap

charge more efficiently, the conduction of electrons or

holes by grain and grain boundaries is very different.

This difference may be the reason for the observed

inhomogeneous charging.

When secondary electron emission surpasses the

primary electron dose during higher energy electron

irradiation, the sample builds up a positive charge.

Each emitted secondary electron should increase the

positive surface charge because of the low conductiv-

ity of the sample; however, the positive charge can be

neutralized by electrons attracted back to the surface.

This charge neutralization will ultimately limit the

amount of positive charge the sample can accumulate.

In contrast to positive charging, negative charging has

a natural limit determined by the energy of the primary

electron beam. The charging will stop only when the

surface potential repels the primary electrons. Another

possible reason for the different efficiency of positive

and negative sample charging might be different types

of radiation-induced conductivity – hole-type or

electron-type. At low energies we inject excess

electrons, but at high energies we produce holes. If

their mobilities are very different and they are the

main free charge carriers, then efficiency of dischar-

ging could be very different.
4. Conclusion

The use of externally applied potentials to

dielectric metal oxides was demonstrated to be a

simple way of investigating the electron beam-induced

charging during the process of electron-stimulated ion

emission. The influence of surface potential on ion

yield and kinetic energy was experimentally estab-

lished and applied to the study of electron-induced
charging of GDC. Externally applied positive poten-

tials increase the cation kinetic energies linearly and

negative potentials reduce the cation yields exponen-

tially. The GDC surface can be charged either

positively or negatively by electron beam bombard-

ment, depending on the energy of the primary

electrons. Irradiation by high-energy electrons (e.g.,

400 eVelectrons) produces a positive surface potential

while irradiation by low-energy electrons (e.g., 75 eV

electrons) generates a negative sample potential.

Electron beam-induced positive charge by high-

energy electron irradiation can be neutralized by

subsequent low-energy electron irradiation and vice

versa. These observations suggest efficient trapping of

both the holes and the electrons by GDC surface. The

grain boundary, with the presence of excess gadoli-

nium ions Gd3+ and oxygen vacancies, can provide the

hole traps as well as electron traps, respectively.
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