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We present a detailed study of the electron emission from a thin MgO(100) film on a Mo substrate,
bombarded with slow He�, Ne�, and Ar� ions. Neither the high absolute number of emitted electrons
per incoming ion nor the electron spectra can be due to Auger neutralization of the incoming ions at the
MgO surface alone. Therefore, an additional mechanism is proposed: holes created in the MgO film are
transported to the MgO-substrate interface where they give rise to an Auger neutralization process
involving two electrons from the metal substrate conduction band.
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evaporating Mg in an oxygen atmosphere of 5�
10�7 mbar [8]. The substrate was kept at 250 �C during

5.6 eV correspond to 0 eV electrons at the MgO surface.
We found the peak position to be independent of the
Electron emission from insulators under slow ion bom-
bardment has received considerable attention in the last
years [1–3]. One of the driving forces is the technological
importance of insulating protective layers in plasma dis-
play panels (PDPs) [4]. The protective layer in a PDP
determines the ion-induced secondary electron-emission
coefficient and thus the driving voltage and power con-
sumption. Presently MgO is used because of its high
electron yield and high stability under ion bombardment.
The study of the detailed processes leading to electron
emission is also of fundamental interest. For slow ions
incident on metal surfaces these processes are rather well
established [5–7]. A typical example is Auger neutraliza-
tion, in which a conduction electron is transferred to the
projectile ground state of larger binding energy and the
excess energy is transferred to another conduction elec-
tron that may be emitted from the metal. For insulators,
the electron-emission processes and their relative impor-
tance are far less understood. The reason is clear: the
target is a bad conductor and, without special precautions,
the ions will charge up the surface. To avoid charging,
thin layers of insulators grown on conducting substrates
are often used.

In this Letter, we present results of experiments on the
electron emission from a thin MgO(100) layer on a Mo
substrate bombarded by slow ions and compare with
simulations. The comparison clearly shows that Auger
neutralization of the incoming ions at the MgO thin layer
is not able to explain the experimental observations. We
will show that the metallic substrate plays a very impor-
tant role for the overall electron emission: the holes
created in the MgO film are transported to the MgO-
substrate interface, where they are neutralized by Auger
neutralization.

The experiments were carried out in a UHVchamber at
a background pressure of 5� 10�10 mbar. The thin
MgO(100) layer was grown on a Mo(100) substrate by
0031-9007=02=89(16)=167601(4)$20.00 
the evaporation process. To monitor the growth of the
MgO layer and to check the film quality, low-energy
ion scattering (LEIS) and ultraviolet photoelectron spec-
troscopy (UPS) measurements were carried out. The
growth was finished as soon as any sign of the substrate
had vanished, in LEIS as well as in UPS. This implies a
film thickness of approximately 1–5 nm. The dependence
of the scattered ion intensity on azimuthal angle clearly
demonstrated that the MgO film had a (100) crystalline
structure. In the UPS spectra two peaklike structures
were observed that correspond to the MgO valence band
formed by the 2p electrons of O. Our UPS spectra
strongly resembled those reported in [9]. Only a very
small amount of filled defect states was detected by the
UPS measurements (the integrated intensity above the
valence-band maximum amounts to approximately 2%–
3% of the total spectral intensity).

Prior to the measurements the MgO(100) thin layer
was annealed for 20 min at 400 �C to desorb water and
hydroxyls from the surface [8]. The MgO(100) layer was
then bombarded by 40 eV noble-gas ions incident at 40�

with respect to the surface. The absolute numbers of
emitted electrons per incoming ion (�) were deter-
mined from the sample current and from the current of
primary ions as measured in a Faraday cup: ��He�� �
0:55� 0:05, ��Ne�� � 0:41� 0:04, and ��Ar�� �
0:10� 0:01. These � values are substantially higher
than the ones reported in a recent summary [2], the
main difference with our experiments being the use of
much thicker films. We also measured the electron energy
distributions. The results are shown in Fig. 1. To minimize
the influence of the earth magnetic field on the low-
energy part of the spectrum, a negative potential of
�7 V was applied to the sample. The effect of this po-
tential on ion energies and angles of incidence is not of
any importance and the values given above have therefore
not been corrected. The peaks at electron energies of
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FIG. 2. (a) Same as Fig. 1, but after correction for the trans-
mission function of the energy analyzer and for the 7 V
acceleration. The energy is given with respect to the vacuum
level of the sample. The area under each curve has been taken
equal to the corresponding measured value for �. The high-
energy tails of the spectra are shown in the inset (intensity of
Ar� spectrum multiplied by 5). (b) Simulated electron energy
distributions (same conditions as used in the experiments).

FIG. 1. Raw electron energy distributions, obtained with a
1.4 nA beam of 40 eV Ar� ions (�), a 1.1 nA beam of 40 eV
Ne� ions ( 	 ), and a 1.0 nA beam of 40 eV He� ions (�)
incident on MgO(100) thin layer in the h100i direction at 40�

with respect to the surface. The energy is given with respect to
the vacuum level of the analyzer. Electrons were detected in the
direction of the surface normal. During the measurements, the
crystal was at room temperature. A potential difference of 7 V
was applied between analyzer and crystal. In the inset a sketch
of the experiment is shown. The first aperture of the energy
analyzer is denoted by EA.
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primary ion current, which implies that the MgO layer
did not charge up. The peaks show up at somewhat lower
energies than the applied acceleration voltage, because of
the work-function difference between sample and ana-
lyzer. We also performed experiments with thicker films.
For slightly thicker films, the spectra do not change
significantly. For thicker films (of approximately 10–
40 nm), we observed shifts of the low-energy peaks,
indicating that the surface charges up. Here we will con-
sider only the results obtained at the very thin MgO film.
In Fig. 1, the high-energy tails of the spectra are shifted
with respect to each other, which is characteristic for
Auger neutralization and which is related to the differ-
ences in ionization potentials of the primary particles. By
assuming a uniform electric field and a cosinelike angular
distribution of emitted electrons, the measured energy
distributions can easily be corrected for the acceleration
voltage. In Fig. 2(a) the corrected experimental energy
distributions are shown with, in the inset, the high-energy
parts. It is remarkable that all three energy distributions
extend up to approximately the same energy.
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In the following we discuss the numerical simulations
that we have performed. For the incidence conditions
used, the trajectories of 500 incoming ions have been
calculated. A slab of 16� 16� 4 fixed ions was used
with equal numbers of Mg2� and O2� ions. Using
Hartree’s atomic units, the total potential energy of the
projectile-slab interaction U can be written as

U �
XN
i�1

Ui;

with Ui � UMol
i �UMadelungi �Upoli � UMoli �

2

Ri
�


i

"R4i
;

(1)

where Ui is the interaction pair potential energy, N is the
number of target ions, UMoli is the Molière potential
energy, Ri is the distance between the projectile and the
ith target ion, 
i is the polarizability of the ith target ion
[
�Mg2�� � 0:094 �A3 and 
�O2�� � 3:88 �A3 [10] ], and
" is the dielectric constant. The dielectric constant "
accounts for the screening of the electric field of the
primary ion. To test the quality of the potentials used,
for the He�-Mg2� system we made a comparison with
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potentials calculated using density functional theory [11]
and found very good agreement. Using the total potential
energy U, the projectile trajectories have been calculated
numerically.

Along each trajectory, neutralization of the ion via
Auger neutralization (AN) was considered. Because of
the wide band gap of MgO (at the surface 6.7 eV [12]),
resonant processes into excited states are not possible.
Electron wave functions of the valence band in MgO are
strongly localized on anion sites. Two electrons involved
in AN can be taken from the same anion site (on site or
two-centered AN) or from different sites (off site or
three-centered AN). Two-centered AN may be energeti-
cally unfavorable: the effective binding energy for the
removal of two electrons from the same site may be
significantly larger than twice the binding energy for
the removal of one electron, because of the presence of
two holes in the final state and electron correlation effects
[13,14]. Three-centered AN was therefore recently con-
sidered for the neutralization of Ne� on LiF(001) [15]. We
will first show that for MgO two-centered AN is ener-
getically possible. AN is considered to be a two-step
process, both steps creating positive holes on the same
O2� site. The unperturbed MgO is used as a reference
point with the potential energy W0 taken to be 0. The
binding energies of the first and second electrons are
given by the potential energy differences W1h �W0 and
W2h �W1h, respectively, with [16]

W1h � UMadelunghole �Upolhole � W
free
1 ; (2)

W2h � 2UMadelunghole � 4Upolhole �  Wfree
1 �  Wfree

2 : (3)

UMadelung
hole is the potential energy of a hole in the Madelung

potential, Upolhole is the potential energy due to the polar-
ization of MgO by the hole, and  Wfree

1 � �9 eV and
 Wfree

2 � 1:4 eV are the electron affinities for O� and O
in vacuum, respectively [10,17]. From our slab calculation
we found UMadelunghole � 21:7 eV for a positive hole at an
O2� site. Using Eb � W1h �W0 � 8:3 eV, which corre-
sponds to the binding energy at the maximum intensity in
the density of states (DOS) as determined by UPS, and
solving Eqs. (2) and (3), we get �W2h �W1h� � �W1h �
W0� � 1:6 eV. This value, corresponding to the extra
binding energy for removal of the second electron, is
small in comparison with the MgO valence-band width
of 6.5 eV [9] and may even be further reduced by screen-
ing by the substrate [16]. We therefore conclude that
two-centered AN is energetically possible and, since the
overlap of wave functions of these electrons is larger than
in a three-centered AN, we expect the transition rates to
be significantly larger. We have therefore considered only
two-centered AN, with the electron spectra constructed
as the convolution of the one-electron DOS and the one-
electron DOS shifted by 1.6 eV. For the DOS we used a fit
of two Gaussians to our UPS spectrum. The final electron
energies are further determined by the local ionization
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potential (IP) of the primary ion: IP � IP0 �UMadelung �
Upol �UMol, with IP0 the ionization potential in vacuum.

The transition rate for AN was approximated by [5,6,9]

G � G0 exp��a r�; with a � 2

�
1���������
2Eb

p �
1����������
2IP0

p

�
�1
;

(4)

with G0 a fitting parameter, r the distance between the
primary ion and the nearest O2� ion, and Eb and IP0 as
above. The transition rate was corrected for the number of
available initial states that may give rise to electron
emission. The rate equation for Auger neutralization
was solved numerically along the trajectories of the
projectiles. The surface barrier Es for an escaping elec-
tron was taken to be equal to the electron affinity of MgO
(0.5 eV [12]).

The electron spectra can now be evaluated. The model
has two fitting parameters, i.e., G0 and ". " is mainly of
importance for the shift of the IP of the primary ions and
therefore directly has an effect on the energy of the
emitted electrons. Considering the time scale for the
AN process, the value of " should be in the range of unity
up to the optic dielectric constant " � 3 [10]. To deter-
mine values for the parameters, the shape and maximum
position of the electron energy distribution from Ne�

were fitted (G0 � 1:9� 1017 sec�1 and " � 2:5). The
result is shown in Fig. 2(b). Also shown are the simulated
results obtained for He� and Ar� primary ions using the
same fitting parameters. For He�, compared to the ex-
periments, intensity seems to be missing at the lower
energies. The measured and calculated energy distribu-
tions for Ar� also significantly differ. Whereas in the
simulations the energies of emitted electrons extend up
to only approximately 2 eV, in the experiments they ex-
tend much further up to even 7 or 8 eV. We have tried to
remove these discrepancies between experiments and
simulations by variation of the free parameters, but found
this to be impossible. Also, AN, in which defects present
in MgO are involved, we do not consider to be very
important: our UPS measurements clearly show only a
very weak population of defect states. Our results there-
fore strongly suggest another mechanism for electron
emission is active. We do know that, somehow, the holes
produced in the MgO valence band have to be removed,
since we have found that the surface does not charge up
during ion bombardment. We propose that removal of the
holes is related to the emission of electrons according to
the following scenario: holes are created in the valence
band via Auger neutralization at the MgO film for He�,
for Ne�, and, to a lesser extent, for Ar�. For Ar�, addi-
tional holes are created via resonant neutralization (RN),
since the ionization level lies energetically close to the
bottom of the MgO valence band (see Fig. 3). The holes
start to move through the thin MgO layer and, sooner or
later, reach the Mo substrate. Since the film is very thin, it
is likely that the binding energies of the holes do not
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FIG. 3. Schematic energy-level diagram for resonant neutral-
ization (RN) of an Ar� ion in front of a MgO thin film. The
width of the MgO band was taken from our UPS results (see
also [9]). The hole created in the valence band (VB) is trans-
ported to the substrate, where it is removed by Auger neutral-
ization (AN), involving two electrons from the substrate
conduction band (CB). VL denotes the vacuum level of MgO.
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drastically change during transport. The holes are neu-
tralized close to the Mo substrate, either via AN or via
RN in which electron(s) from the conduction band of the
substrate are involved. Although we cannot exclude RN,
we will show in the following that we have strong argu-
ments that AN of the holes at the substrate significantly
contributes to the overall electron emission. In case of an
AN, the excited electron may be directed towards vac-
uum. Since the film is thin and the mean free path of low-
energy electrons in MgO is large, the probability for
transport of an electron through the film and emission
into vacuum is large. From a simple energy consideration
(see Fig. 3), it follows directly that this leads to the
emission of electrons with energies from 0 to 9 eV(with
respect to the vacuum level of MgO). These electrons are
responsible for the high-energy part of the Ar�-induced
spectrum and for the low-energy part of the He�-induced
spectrum. This interesting process explains why the mea-
sured electron energy distributions extend up to approxi-
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mately the same maximum energy [see inset of Fig. 2(a)],
as well as why the experimentally determined � values
are so high. Finally, it should be noted that the measured
spectrum and � value for Ar� are close to what has been
measured by Hagstrum for Ar� directly incident on a Mo
surface: he measured electrons with energies up to about
6 eVand a � value of 0.12 [18]. Since in the MgO experi-
ments the substrate was not directly ‘‘visible’’ for the
primary ions, as we have shown by LEIS, we consider
this resemblance as extra strong proof for the proposed
(indirect) process.

In conclusion, we have presented results of the experi-
mental and theoretical studies of the electron emission
from a thin MgO(100) layer bombarded by noble-gas
ions. Our results demonstrate that two processes contrib-
ute to the total electron yield: Auger neutralization of an
incoming ion at the MgO surface and Auger neutraliza-
tion of a valence-band hole at the MgO-substrate inter-
face. This substrate effect will not occur only for the
presently studied interface. By choosing an appropriate
film-substrate combination, the ion-induced secondary
electron-emission coefficient may be increased further.
This opens new perspectives for the development of
plasma display panels operating at lower driving voltages.
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