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Positive Ion Emission from Excimer Laser Excited MgO Surfaces
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We report measurements of the energy and angular distributions of positive ions (principally Mg™)

photodesorbed from polished MgO crystals exposed to 248 nm excimer laser radiation.

At low laser

fluences, kinetic energies of several eV are observed and angular distributions are highly peaked in

the direction perpendicular to the surface.

We present an electrostatic model involving Coulombic

repulsion of positively charged ions repelled by photoionized F centers.

PACS numbers: 79.20.Ds, 61.72.]i, 61.80.Ba, 78.66.Nk

Laser induced desorption of ions from wide band gap
insulators at photon energies less than the band gap energy
has been frequently observed but not well understood [1 -
3]. In magnesium oxide (band gap 7.9 eV), copious ion
emission has been detected at very low laser fluences
at A =248 nm (5 eV photons); lattice defects have
been shown to play an important role in the desorption
and ablation of species from the MgO surface [4-11].
Oxygen vacancy defects (F and F* centers) were shown
to be mechanically introduced into the near surface region
by cleaving, polishing, and abrading MgO surfaces; these
vacancies originate via a dislocation motion mechanism
[12]. Thus, although polishing removes gross features
of the surface, it produces a high density of point
defects in the near surface region; this is demonstrated by
intense photoluminescence associated with F centers {3—
8]. These defects interact strongly with 248 nm UV laser
[13-16] light and promote positive ion desorption below
the ablation threshold, principally Mg™, although weaker
Mg?*, MgO*, and Mg,0O" emissions are also observed
[17]. Here we present evidence that photoionization of
F centers plays a decisive role in photodesorption of
positive ions from MgO via Coulomb repulsion. This
evidence includes direct measurement of photoelectrons
from MgO surfaces irradiated with 5 eV photons, of
energy distributions of Mg™* (and Mg?*) ion emissions
showing kinetic energies ranging from 2-20 eV, and of
total ion emission angular distributions (IAD) which are
strongly peaked about the surface normal (*+2.5°) and
propose a simple model for these emissions.

Measurements were made in two vacuum systems at
pressures of 1077 and 107° Torr. No differences in
emission behavior were observed for the two systems.
Samples were cleaved from 99.99% pure single crystal
MgO and polished to 0.25 ;zm with diamond paste. The
samples were exposed to 248 nm radiation at fluences
ranging from 0.1 to 1.1 J/cm? from a Lambda-Physik
Lextra200 excimer with a pulse width of 30 ns. These
fluences are well below the threshold for ablation (2-
3 J/cm?) on polished specimens.
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Electron emission was detected with a Channeltron
electron multiplier (CEM), Galileo Electro-optics Model
4039 biased at +300 V on the front cone. The CEM
was located in a metal cover with the CEM front cone
centered 5 mm behind a 1 cm diam hole. This reduced
the field penetration in the region between the CEM and
MgO sample. Electrons were distinguished from a signal
in coincidence with the laser generated by scattered laser
light incident on the CEM by time of flight (TOF) over a
10 cm path length. The area under the resulting electron
peak (starting at 20 ns after the laser pulse) was taken
as the photoelectron yield from the MgO surface. Ion
TOF measurements were accomplished with a UTI 100C
quadrupole mass spectrometer (QMS) with the ionizer re-
moved. The region between the sample and entrance to
the QMS (a distance of 17.8 cm) was field free so that
the only perturbation to the direct flight of the ions to
the QMS detector (also a Channeltron) was the small ra-
dial oscillations in the quadrupole mass filter (a length of
15 c¢cm) which for the ion energies observed have negligi-
ble effect on the measured TOF.

The TIAD were measured using a double chevron mi-
crochannel plate (MCP) with three flat, appropriately bi-
ased parallel grids (80 mesh) spaced 1 cm apart and a
phosphor screen visual display. The UV laser light was
admitted to the sample at a 45° angle to the sample surface
through small holes in the grid assembly. The IAD pro-
duced on the phosphor screen were recorded photograph-
ically with a 35 mm camera mounted outside the vacuum
system. Time exposures of 1—10 min at a laser pulse rate
of 10 Hz were required to produce the images.

Angular distributions of the emitted ions were deter-
mined by comparing patterns on the phosphor screen and
ion trajectories through the ion optics performed with the
SIMION modeling program [18].

Ton flight trajectories from MgO model clusters were
also simulated, where the effects of different defect and
adion (a low coordination surface cation) positions and
initial and final charge states were probed. The ion
trajectories were determined by summing the Coulomb
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force on Mg™ or Mg2* ions positioned atop a surface of
a 19 X 19 X 10 array of lattice sites populated by Mg?*
and O?~ in the rocksalt structure; the adsorbed ion was
initially in the center of the 19 X 19 face. Assuming
a different ionicity would not affect the trajectories but
would change the energy of the emitted ion. The ground
state F center was modeled by a —2e charge centered
at the lattice site of the oxygen vacancy, the F* center
by a —e charge centered at the lattice site of the oxygen
vacancy, and the fully ionized F2* center by a completely
empty vacancy. No relaxation of the surrounding ions
was included.

Figure 1 shows TOF curves for mass-to-charge ratios
of 24 (Mg™*) and 12 (Mg?") from polished MgO surfaces
irradiated at 1.1 J/cm?% Figure 1(a) is a typical single
pulse TOF curve for Mg™; the distribution shows a double
peak. Although not as convincing, a double peak is also
observed when the TOF data are averaged over several
pulses [Fig. 1(b)]. The smearing of the double peak is
due to random pulse-to-pulse shifts in peak positions
(typically < *2 pus) and relative peak heights. Figure 1(c)
shows the Mg?* TOF distribution, averaged over several
pulses, showing even more clearly two peaks. To avoid
possible alteration of the surface due to repeated pulses,
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FIG. 1. Mass selected ion time-of-flight distributions for ions

desorbed from a polished MgO surface irradiated with 248 nm
light at 1.1 J/cm? per pulse. (a) A single pulse Mg* TOF
curve; (b) average of 12 pulses for Mg*; and (c) average of
eight pulses for Mg?*. The curve fits shown are from Eq. (1).

sequences of such TOF spectra were acquired on several
spots. The two peak structure was always evident but
showed random fluctuations in relative peak heights and
peak positions (typically *3 us). To facilitate numerical
analysis, the TOF curves [Figs. 2(b) and 2(c)] were
fitted assuming that the energy distribution n(E) could be
empirically expressed as a sum of two Gaussians, yielding
a TOF distribution of the form
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where N;, N, E|, E,, oy, and o, are model parameters,
and E(t) is the ion kinetic energy (= mv?/2 = md?/21?)
corresponding to the time of arrival ¢ and flight path
distance d (22 cm). Equation (1) provides a very good
representation of the data shown in Fig. 1. The four cor-
responding energy distributions are shown in Fig. 2, all
normalized to the same height. The most probable ener-
gies are 2 and 7.9 eV for Mg* and 6.7 and 18 eV for
Mg2*. The error bars on these numbers are conserva-
tively =1 eV. Within this uncertainty, the energy distri-
butions show no shift with laser fluence over a range of
0.1 to 2 J/cm?. These relatively high values of kinetic en-
ergy and the substantial shifts to higher energies for Mg ™
vs Mg?* strongly suggest an electrostatic ejection mech-
anism for these emissions triggered by the incident 5 eV
photons. We propose that the initial step in this process
is the photoionization of F centers as follows:

FO+ hy — F™ + ¢, 2

F' + hv — F* + ¢, 3)

Thus, these two positively charged defects (F*,F?%)
serving as repulsive centers, combined with two ionic
charges (Mg™*,Mg2*) could produce the four observed
kinetic energy peaks.

Although photoelectron emission from perfect MgO
surfaces with 5 eV incident light cannot occur, surface F°
and F* centers are stable and are both within reach of
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FIG. 2. The energy distributions produced by transforming
the four TOF peaks shown in Fig. 1. The distributions have
all been normalized to the same height.
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vacuum level states [10]. As seen in Fig. 3(a), negative
charge emission is observed as a peak (shaded) arriving
between ~20-100 ns, which is reasonable for low energy
electrons accelerated by the positive voltage applied to the
CEM front cone. The relative intensities of the electron
emission vs laser fluence are shown in Fig. 3(b), indicating
that the emission saturates at low fluence—i.e., all of the
surface defects providing electrons are being detected. We
conclude that F centers are indeed photoionized, providing
strong centers of positive, repulsive charge. Importantly,
we also plot in Fig. 3 the fluence dependence of the
positive ions (principally Mg ") normalized to the electron
data at a single point, showing that positive ion emission
tracks the electron emission very closely. Both signals
have been detected below our ability to reliably measure
fluence (< 2 mJ/cm?). Such low fluence emissions plus
the shape of these curves (not quadratic) suggest that two
photon processes are highly unlikely.

Figure 4(a) shows an IAD image produced by ions orig-
inating from a polished single crystal of MgO irradiated
at ~400 mJ/cm? laser fluence. The pattern shows up as
a very bright core surrounded by a weak halo. All other
features seen here are artifacts due to MCP corona on
damaged regions. (Biasing G, with +100 V repels the
desorbed ions and completely removes the bright spot and
halo; the artifacts remain.) SIMION modeling of the ion
trajectories indicates that the core represents an emission
“cone” with a very narrow angular spread of =2.5°, while
the weak halo represents an emission cone of *+13°.

In order to test if extended surface charging was the
source of energetic, highly directed positive ions, we also
examined the emissions from ~500 nm polycrystalline
thin films of oxygen deficient (therefore containing F
centers [19]) MgO grown on a silicon (111) substrate
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FIG. 3. (a) Fast time-of-flight curve of negative charge de-
tected with a shielded CEM accompanying 248 nm irradiation
at 150 mJ/cm? per pulse; the shaded area represents the pho-

toelectrons emitted from the MgO surface. (b) Intensity of
photoelectron and positive ion emissions vs laser fluence.
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FIG. 4. Photographs of the phosphor screen during laser
irradiation of (a) a polished MgO crystal (exposure time,
5 min) and (b) an oxygen deficient MgO thin film (exposure
time, 1 min).

by laser ablation in vacuum; charging would be rapidly
neutralized through such a thin film. Photoelectrons and
copious photodesorbed Mg ™ (as well as the other positive
ions seen from crystalline MgO) with similar energy
distributions were observed at very low laser fluences.
The resulting IAD image for such a thin film is shown
in Fig. 4(b); it is slightly more diffuse than the polished
single crystal, with a core emission cone of *4° in width
and a halo of less than *=15°. The emission from the
film appears to have multiple cores, possibly due to its
polycrystalline structure. We conclude that the energetic,
highly directed positive ions we are observing from single
crystal MgO are not caused by surface charging.
Madlung energy calculations [20] were made for the
binding energies of adion/F center combinations (one ion
and one F center) for a variety of initial and final charge
states assuming bulk interionic distances. Ion trajectories
from defect-containing clusters for unstable final states
were then simulated with the addition of a negative image
charge of magnitude g(e¢ — 1)/(e + 1), where & is the
MgO dielectric constant and ¢ is the charge on the ion
[21]. These calculations indicate that the only final states
which unambiguously yield emission accompanying a one
or two electron photoemission event (creating a F* of
F2* center) are Mg* or Mg?* ions adsorbed atop a
surface F center. Kinetic energies of adions atop step sites
showed comparable (but not larger) values. Calculated
final kinetic energies were as follows: a Mg* above a
F* site, 44 eV; Mg* above a F?* site, 11.2 eV; a
Mg2* above a F* site, 6.0 eV; and a Mg?* above a F?*
site, 19.6 eV. These values are shown as arrows along
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the energy axis in Fig. 2. Given the simplicity of our
point charge electrostatic model, these predictions show
reasonable agreement with the measured most probable
energies.

It is our opinion that the initial state (before ionization)
is a Mg?* adion above a F° center. Thus, formation of the
Mg* ion would probably involve a photoinduced charge
exchange of the form

F® + Mg?*(adion) + hv — F* + Mg™, 4)

possibly resulting in a Mg™ ion located in a lower (but
repulsive) potential position than we are assuming (one
bulk lattice displacement above the unrelaxed O vacancy).
An additional ionization step applied to (4) would gen-
erate the F?* repulsive center acting on an Mg*. The
continuum of energies seen in Fig. 3 is attributed to the
following: (a) near-surface charge exchange which could
occur over a range of positions and local potentials,
(b) variations in the initial adion position within its bind-
ing site, and (c) variations in the distribution of positions
and numbers of nearby photoionized vacancies.

Trajectory simulations show that releasing Mg* or
Mg?* ions from directly atop a surface F* or F2* yields
trajectories that are normal to the surface as expected
from symmetry. Release of initially stationary adions
displaced +0.23 A (maximum of vibrational displacement
at 300 K) from the symmetry axis results in only a
+0.2° angle spread in the final trajectory. Broadening
of the angular distributions due to thermal velocity
components parallel to the surface is much greater.
Assuming that the adsorbed ion sits in a classical 2D
harmonic potential well its time average velocity is
~420 m/s at room temperature. The trajectory of an
“average” Mg™® with 7 eV initial electrostatic potential
energy would be inclined about *3.2° to the surface
normal, in reasonable agreement with the observed width
of the central, bright portion of the angular distribution.

The diffuse halos in the IAD extend to considerably
larger values (*12.5° for crystalline MgQO); we attribute
these features to ion trajectories perturbed by one or more
additional nearby F centers.

We have demonstrated that photodesorbed positive ion
emission, principally Mg*, from MgO surfaces during
sub-band-gap 248 nm laser irradiation is energetic, ac-
companied by photoelectron emission, and highly colli-
mated along the surface normal. Anion vacancy defects
are necessary for this emission and are readily introduced
mechanically or by control of composition in the case
of thin films. Madelung energy estimates and ion tra-
jectory simulations suggest that the most probable emis-
sion mechanism is the electrostatic ejection of cations
adsorbed atop surface F centers photoionized by the laser.
The breadth of the vary sharp inner core of the IAD are
consistent with the influence of the thermal velocity com-
ponent of the adion directed along the surface normal.
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FIG. 3. (a) Fast time-of-flight curve of negative charge de-
tected with a shielded CEM accompanying 248 nm irradiation
at 150 mJ/cm? per pulse; the shaded area represents the pho-

toelectrons emitted from the MgO surface. (b) Intensity of
photoelectron and positive ion emissions vs laser fluence.



FIG. 4. Photographs of the phosphor screen during laser
irradiation of (a) a polished MgO crystal (exposure time,
5 min) and (b) an oxygen deficient MgO thin film (exposure
time, 1 min).



