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Directional emission of nonthermal halogen atoms by electron bombardment of alkali halides
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We present the first experimental results on angle-resolved kinetic-energy distributions of halogen
atoms desorbed from single crystals of alkali halides because of electron bombardment. We found
that the ejection of nonthermal Br atoms from the (100) surface of KBr is strongly forward peaked

along the normal. We suggest that this effect is caused byia thin déinaged iayer on the surface due
to a strong nonstoichiometry of the erosion process itself.

Electron or photon bombardment of insulators is gen-
erally accompanied by the emission of charged and neu-
tral particles from the surface. Inelastic processes re-
sponsible for this ejection have attracted much interest in
recent years."? Alkali halides are frequently used as
model materials because they have simple crystallograph-
ic and electronic structures, and because desorption pro-
cesses in these materials are very efficient.>® As a first
step in conversion of energy deposited by the slowing-
down projectile into the electronic system of the crystal, a
Frenkel pair of defects is produced from the self-trapped
exciton.” Although several models have been proposed
over the last two decades,*”7 even very recently details of
the process have been matters for discussion.®®

Further steps of the desorption mechanism in alkali
halides (separation of defects and ejection of halogen
from the surface) are subject to speculation, mainly due
to a lack of reliable experimental data taken for well-
defined single-crystal surfaces.

In this paper we present the first experimental results
on angle-resolved energy distributions of halogen atoms
desorbed from a (100) surface of a KBr single crystal sub-
jected to electron bombardment. With the exception of
some preliminary, unpublished data,'®!! the only existing
energy distributions of halogen atoms desorbed by elec-
tron bombardment were obtained for compressed powder
polycrystals.!? Our measurements provide simultaneous
information on ejection angle and intensity ratio of non-
thermal and thermal components of the energy spectrum
of desorbed atoms. These measurements play an impor-
tant role in identifying the final, precursor state for
desorption of halogen from the surface and have
significant implications for the interpretation of electron-
desorption experiments.

The experiment was performed in an UHV chamber
(base pressure 6X 10~ Pa) evacuated with combined ion
getter and titanium sublimation pumps. A 200-700-eV
electron beam with current densities of 5-10 pA/cm?
was used for erosion of a (100) surface of a high-purity
KBr single crystal (Harshaw Chemical Company). The
sample was cleaved in air prior to experiment and
cleaned by heating to 650 K in vacuum for several hours.
Measurements were performed with target temperatures
ranging from 300 up to 700 K. After a flight path of 41
cm, the emitted atoms were ionized in an electron-impact
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ionizer and mass selected in a quadrupole mass spectrom-
eter. The time-of-flight distributions were measured with
the correlation method.!? The observation angle 8 could
be varied continuously from 0° to 90° against the normal
to the (100) surface by rotating the target with respect to
an axis of the mass spectrometer. Thus, the angular scan
was made in a (010) plane of the crystal including the
(100), (110}, and (001) crystallographic directions.
The angle of incidence and the observation angle could be
varied separately to within 0°-45°. Thus, we could com-
pare the spectra taken at different observation angles but
at the same angle of incidence. More details regarding
the experimental setup will be given elsewhere.

The experimental time-of-flight spectra of Br atoms
leaving a KBr target at several observation angles with
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FIG. 1. Time-of-flight distributions of Br atoms leaving a
(100) KBr target at various ejection angles §. The spectra are
normalized to their maximum values. The surface temperature
was 120°C.
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respect to the {001) axis are displayed in Fig. 1. A dou-
ble structure of the spectra taken up to 45° is clearly visi-
ble. The broad peak with a maximum at 1 ms corre-
sponds to thermal particles, while the second narrow one
with a maximum at 0.4 ms corresponds to faster, non-
thermal particles. The high-energy side of the non-
thermal peak shows a sharp cutoff below 0.2 ms (1.2 eV).
As seen in Fig. 1, these fast particles are hardly present at
observation angles above 45°. Thus the ejection of non-
thermal Br atoms is strongly forward peaked along the
normal to the (100) surface. Practically, only thermal
atoms have been observed at angles larger than 50°. The
ratio of nonthermal to thermal atoms, S, /Sy, as a
function of the ejection angle is plotted in Fig. 2.

It was found experimentally that the shape of the
Snen/Sn(0) dependence was not sensitive to variation of
the angle of incidence within' the investigated range.
Thus it demonstrates a strong directional effect in the
ejection process of sputtered particles. If we assume, fol-
lowing Ref. 13, that the evaporating thermal Br atoms

have a standard cosine distribution, the distribution of

nonthermal partlcles is equal to [Snt}1 /81 (0)]cosb, 1e .
for the target temperature 120°C is close to cos*°@
around the normal. This is contrary to the common ex-
pectations,»>"%* which indicated that a (110) direc-
tion of the crystal (i.e., 6=45°) should be preferred in the
ejection of nonthermal halogen atoms. In a final part of
this paper we will offer an explanation for this unexpect-
ed behavior.

In order to exclude the influence of possible disturbing
factors which would affect the ejection process, we have
performed several additional measurements. We found
that a change in‘the electron current density by a factor
of 2 within the range available did not affect the Sy, /Sy
ratio for various observation angles. The dose of electron
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FIG. 2. Dependence on the observation angle 8 c;f Sun /St

for Br atoms originating from a (100) KBr target at 120 and
75°C.
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bombardment prior to the measurement had no effect ei-
ther until a macroscopic crater, due to intense surface
erosion, developed. Thus, for reproducible data we had
to use a “diffuse,” low-density electron beam.

With increasing sample tempei‘ature, the thermal part
of the spectrum grows as seen in Fig. 3. At 350°C the
number of nonthermal particles forms only a small frac-
tion of all emitted Br atoms. We have found that the’
Maxwell-Boltzmann distribution described accurately the
shape of the corresponding energy spectrum. The spectra
for K atoms were Maxwellian at all temperatures. The
dependence on the temperature of the target had already
been studied for compressed powder samples and our
measurements for single crystals confirmed the previous
findings.

The surface temperature, however, affects not only the
magnitude of the S,,; /Sy, ratio but the shape of its angu-
lar dependence. As seen in Fig. 2, for a surface tempera-
ture of 120°C this dependence is roughly cos? 30, but for
surface temperature lower than 75°C it approaches cos*d.

It is widely accepted that the primary step in activation
of the nuclear motion in electron-irradiated alkali halides
relies upon formatlon of a Frenkel pair from a self-
trapped exciton,” i.e., a halogen interstitial atom (H
center) and an electron trapped in the complementary va-

- cancy site of the H center (F center). The previous mod-

els*> assumed the lowest self-trapped exciton state as the
precursor of both F-H pairs and m-polarized lumines-
cence. The experimental observation that the delay in F-
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FIG. 3. Time-of-flight distributions of Br atoms leaving a
(100) KBr target along the normal to its surface at various sur-
face temperatures. The spectra are normalized in the same way
as in Fig. 1. The corresponding count rates in the mass spec-
trometer were 500, 800, 3500, and 8300 counts/s for the target
temperatures 75, 100, 160, and 350°C, respectively.
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center formation is much smaller than the lifetime of the

m-luminescent state has ruled out this so-called “pooley-
Hersch model.” Thus, it has been suggested®’ that the
F-H pairs evolve from a higher excited state of the self-
trapped exciton. Accordmg to recent work by Williams
et al.® energy stored in such higher electronic states can
be released and channeled into unidirectional motion of
the halogen atom along the (110) direction of the crys-
tal, thus initiating so-called ‘“focused replacement col-
lision sequence.” It was estimated that up to 1 eV kinetic
energy can be retained by the accelerated H center and
cause the ejection of nonthermal halogen atom, if this
event occurs sufficiently close to the surface. A length of
the replacement collision chain can be relatively large,
since the calculated activation energy for the directional
motion of the excited H center is only 75 meV.® Within
the bulk of the crystal, the directional motion of the sin-
gle energetic H center will quickly be partitioned among
a number of vibrational modes, but the resulting intersti-
tial halogen atom can migrate thermally to the surface (in
particular at elevated temperatures) and evaporate con-
tributing to the thermal part of the energy spectrum.’®
"Our measurements, however, indicate that the primary
direction of the motion of energetic H centers ({110)
direction) is not preserved in the ejection process. One
possibility would involve the concept of a surface exciton.
Although this concept still awaits theoretical treatment,'
it cannot be excluded that the exciton self-trapped at the
surface would have a symmetry axis different from the
bulk one. It is unlikely, however, that for a dynamic situ-
ation in the nonstoichiometrically sputtered surface such
an exciton would decay predominantly along the {100)
direction. We propose that this effect is caused by the
thin altered layer present at the bombarded surface due
to the strong nonstoichiometry of the sputtering process
itself. The excitonic mechanism activates the halogen
sublattice only. Alkali-metal atoms, therefore, can be ac-
cumulated at the halogen-deficient surface depending on
their evaporation rate at the given temperature.>!>1%17
It is very likely, therefore that under steady-state condi-
tions, the energetic halogen atoms have to penetrate in
the ejection process through the damaged, irregular sur-
face overlayer.

An influence of the altered layer on angular distribu-
tion of ion sputtered species has been studied theoretical-
1y!® and experimentally.’®~2! In general, it was found
that atoms originating from deeper layers which must
- penetrate through the altered surface layer were preferen-
tially ejected into a narrow cone around the surface nor-
mal. In particular Dumke et al.? found that less than a
monolayer coverage of In on Ga substrate changed dras-

tically the angular distribution of sputtered Ga atoms 7

from cos®@ for a stoichiometric surface, to cos*d for an
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In-covered one.

Interestingly, in our experiment a pronounced
difference in angular distributions was observed between
two groups of the same sputtered species. The first group
of fast, nonthermal halogen atoms (a relatively large es-
cape depth) showed the strong forward peaking. Natu-
rally, the second group of thermal Br atoms evaporate
from the very surface [they have a negligible escape
depth, contrary to energetic (= 1 eV) H centers from the
nonradiative decay of the self-trapped excitons], and thus
they should obey the cos@ angular distribution.

The thickness of the altered layer increases with lower-
ing of the surface temperature, thus causing the angular
dlstrlbutlon of nonthermal halogen atoms to be even
more forward peaked. This was observed in our experi-
ment. Indeed, as described above, lowering the surface
temperature from 120 to 75 °C caused a change in the an-
gular distribution of the nonthermal Br atoms from
cos>0 to cos’.

Our results and the proposed explanation concur well
with the experimental work by Townsend et al.'* In that
work a strong central spot was always observed on the
collector plate in front of the electron-bombarded surface
of NaCl. The fact that this spot, but not the { 110) one,
dominated the pattern of ejected halogen atoms was nev-
er explained until now. As a result of our model, this
central deposit is caused by strongly forward-peaked ejec-
tion of nonthermal halogen atoms due to the presence of
the altered layer at the surface.

Very similar, forward-peaked angular distributions of
desorbed particles were observed in laser-desorption ex-
periments.?*~2° Recently Kelly and Dreyfus*»% used the
concept of a Knudsen layer to explain those results. This
is a regime in which gas-phase collisions occur due to the
transient high gas density in front of the desorbing sur-
face. The Knudsen-layer theory has been developed thus
far only for thermally emitted particles, with the assump-
tion that their inherent distribution is isotropic in the
half-sphere normal to the surface. In our case, however,
the inherent distribution is anisotropic (centered along
the (110) direction of the crystal) and subsequently
modified by collisions in the altered layer. Therefore, the
Knudsen-layer concept in the present form is not fully
applicable for description of our results. Nevertheless,
the collision processes underlying the emission of atoms
from deeper layers'® are probably similar to those under-
lying Knudsen-layer theory.
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