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Effect of the surface track potential on electron emission in 66100 keV H* grazing
bombardment of LiF
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We have measured energy distributions of electrons emitted at forward angles during 60—100" keV H
grazing bombardment of LiF surfaces. The electron energy spectra from the insulator are compared with those
for Al(111), Si(111), and gas phase Ar. In the case of LiF, a broad peak appears with the maximum at an
energyE,, lower than the convoy electron energi (). The absolute value of the energy siWE=E_,

—Ee increases with the H velocity, and depends on the sample topography. The results are discussed in
terms of the attractivétrack) and the repulsive surface-induced potentif&0163-18208)00132-5

The electron emission induced by ion bombardment offace and, in addition, the emitted electrons may be affected
insulating surfaces differs markedly from that of metals orby the track potential, resulting from the target ionization
semiconductor$ It is affected by the low density of conduc- produced along the ion path. The existence of such effects
tion electrons and the large band gap, which result in thenight be useful for getting direct information of the surface
increase of the secondary-electron mean-free path and in theack potential, which is poorly known at present.
macroscopic charging up of the sampfeMeasurements of The measurements were performed in a previously de-
electron emission are scarce for insulators; this is partly duscribed UHV chamber equipped with facilities for Auger-
to the experimental difficulties raised from the preparationelectron spectroscogAES), sample sputtering, and anneal-
and charging up of the samples. The LiF surface has thing. The mass-analyzed’Hbeam was accelerated to 60—100
advantage of being a good ionic conductor at temperaturdgeV and collimated topl mm. All the spectra were ad-
above 350°C, and at this temperature its surface can be prquired with a resolution of 1%, an acceptance angle of
paredin situ by grazing ion bombardment and annealing. +0.7°, and were corrected for the transmission function of
Most of the previous works on insulators were performed athe analyzer. Two single crystals of LiF were prepared by
large incident and observation angles®® The grazing ex- repeated cycles of 22 keV Argrazing bombardment with
perimental geometry used in this work enhances the surfaaie surface held at 350 °C, and annealing at 400°C. The first
sensitivity, and allows a simple description of the ion trajec-sample, which we will refer to as A, was previously bom-
tory. In this letter we present the first measurements of théarded with 500 eV of At at an incidence of 45° to remove
forward electron energy distributions resulting from grazingthe oxygen contamination detected with Ag&rformed in
proton bombardment of an insulatiigiF) surface. a pulse-counting mode to reduce electron bombardment

In grazing collisions of fast ions with rough metallic and The second surfacé) was cleaved in air and immediately
semiconductor surfaces the electron emission in the region gflaced in the UHV chamber. For this sample the grazing ion
the specularly reflected beam presents a strong peak centededmbardment and annealing cycles were sufficient to remove
at an energyE..=(m./M,)E, (wherem, and M, are the the initial contamination, so no sputtering at large angles was
electron and ion masses, akg the projectile energy’ usu-  performed. We characterized the topography of both LiF sur-
ally referred to as the convoy peak. For sufficiently smoothfaces using an atomic force microsco@é-M) operating in
surfaces, such as those obtained by prolonged cycles of graair. The root-mean-squalems) deviation of the height dis-
ing ion bombardment and annealing, the electron emissiotribution of sample A 67.6 A) was greater than that of B
intensity atE, is strongly reduced, and a peak appears at af~25.5 A), and presented more smooth terraces, typically
energyE,, higher thanE...”~° This behavior has been as- of more than 100 A long, where the grazing ions could be
cribed to the screening of the coulombic ion potential by thereflected specularly.
surface induced potential®/{,4),!* and the accelerating ef- We made a preliminary study in order to determine the
fect produced by,,q on the convoy electrors®> More re-  experimental conditions that prevent macroscopic charging
cently Reinholdet al,'? based on a Monte Carlo calculation, up of the sample. For beam currentg)(in the 5-20 nA
related the structure &, to a rainbow effect produced by range, despite the high temperature of the surfatg (
Vinq- In the intermediate and low projectile energy regime,~400°C), the electron energy distributions below 30 eV
where AE=E,,—E.. and V,,4 present different behavior were dependent on both and the bombarding time. We
with E,,>%a theoretical description is not yet available. If observed that by reducing to ~2 nA, the shape of the
instead of a metal or a semiconductor surface, an insulator &pectra became reproducible and independent of both the
used, one can expect qualitative changes in the forwardsombarding time andl.. Based on this result, was set to
electron energy distribution due to the differences in thed.5—1 nA, with T4~400°C, for all the measurements.
electronic structure. As a consequence of the low conductiv- In Fig. 1(a) we present the energy distribution of the elec-
ity, there is a reduction in the dynamic response of the surtrons ejected along the direction of the ion specular reflection
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FIG. 1. (a) Electron energy distribution measured during 70 keV
H* grazing bombardment of LiF sample A. The experimental ge- FIG. 2. (a) Energy spectra of electrons emitted @f,s= 6;,
ometry is shown in the inset. Full line spectrum: electron transfer to=1.5° in 100 keV H grazing collisions with Si and LiFsample
the continuum peak in 70 keV HAr(gasg collisions.(b) The same  B) surfaces. The spectra are normalized to the incoming beam cur-
as(a) for a rough(1) and a flat(2) Al surface. rent and for the different sample sizén) Energy shit AE=E,

—E¢e as a function of the H energy for LiF samples A and B.

for 70 keV H' collisions with LiF surface A. The incidence
direction was set ap;,=1.5° with respect to the surface trons emitted during ion bombardment of insulating surfaces
plane, randomly oriented. The figure also shows an electroban be higher than that observed with noninsulating surfaces
energy distribution measured for 70 keV H\r collisions.  for the same bombardment conditions. In order to compare
The spectrum from LiF shows a broad peak with its maxi-the intensity of the electrons emitted at forward angles from
mum at an energ¥<E... We measured several spectra LiF with results for noninsulating surfaces, we placed the
for E,, varying from 60 keV to 100 keV, and keeping the LiF sample B and a Si single crystal in the same sample
other experimental conditions fixed. We found that the shiftholder. This allowed us to measure both surfaces under the
AE=E,,—E. increases with the ion energfit changes same experimental conditior®eam current, incident and
from —5 eV at 60 keV to—13 eV at 100 keV. This shift  observation angles, detector efficiencyhe results for 100
cannot be ascribed to the surface stopping power, which rekeV H* are shown in Fig. @). We can see that the peak at
duces the projectile energy only by1%. The electron en- E,, is broader for LiF and, as seen for sample A, the electron
ergy distributions measured &,<60 keV and¢;,<1.5°  energy distribution coming from the insulator has a maxi-
showed a strong intensity reduction. This effect was atribmum atE ,<E... If we compare the counts &,, after
uted to the increase of the impact parameters and the assotinear background subtraction and correction for different
ated decrease of the surface ionization. sample size, the opposite shifted structures have similar in-

In order to make a comparison with results obtained fortensities. The background of secondary electrons is reduced
metal samples, we present in FigbjLltwo energy distribu- in intensity for LiF. This is not necessarily in disagreement
tions of electrons ejected during 70 keV"Hyrazing bom-  with previous measurements at large incidence angles. The
bardment of Al. The incidence and observation angles arenergy distributions of secondary electrons emitted in noble
the same as in Fig.(d). The Al spectra were measuregd) gas ion bombardment of LiF show that95% of the emitted
after cleaning the surface with Ar sputtering at a large inci-electrons have energies lower than 10 “eWhere we also
dence angle, an@?) after performing many cycletabout observe an increment of the couritsg. 1(a)]. In addition,
two week$ consisting of grazing 20 keV Ar bombard- the electron emission intensity at low observation angles is
ment and subsequent annealings to improve the surfageossibly reduced for an insulator because many low-energy
flatnesst®'* With the AFM we were able to confirm that electrons could be attracted back to the surface by the track
distribution (1) corresponds to electrons emitted from apotential. With LiF sample B we also observed an increase in
rough surface, where#8) comes from a smoother oféAll the absolute value ckE with E,, but the shifts turned out
the forward electron energy distributions measured for nonto be smaller than those measured for samplé=i§y. 2(b)].
insulating samples show a similar behavior, i.e., for roughAs it will be discussed later, we attribute the difference in
surfaces there is a prominent convoy pegkpectrum 1,  AE to the different topography of surfaces A and B.
while a peak aE,,=E_.. (spectrum 2is normally observed We can summarize the main features of the electron emis-
for surfaces with smooth regions of at least 100 A [dhg. sion from LiF that contrast with the results for noninsulating
Although the intensity and position of the structureBgf  samples: at observation angles in the region of the specularly
change for different samples, the energy position of its maxireflected beam, the spectrum shows a prominent structure at
mum is (in contrast to what is observed in DiFalways an energyE,,<E... The position of this structure depends
higher than or equal t& . for all the semiconductors and on the topography, with E being larger for a rough surface.
metals studied. From the measured angular distributiom®t shown in the

Previous resulfs*® show that the yield of secondary elec- papei we observed that the shifted structure appears in a
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broad region that extends up fg,s~15°, with its maximum  jonized F . The ionization electrons were initially distrib-
intensity near the direction of the ion specular reflection,uted in space according to the electron density of the 2p F
while in metals the maximum was observeddggs~10°. orbital that originates them. We studied the evolution of a
Almost all of the models presented to describe the struceonvoy electron produced in a previous projectile-surface in-
ture atE,, are based on the interaction of the convoy electrornteraction. The model uses classical dynamics to describe the
with the induced electric fieldH;,q). A simple description interaction of the convoy with the ionized electrons and the
of this effect:® assumes an electron wave packet centered atack of positives charges produced by the projectile along
and moving away with the ion. The kinetic energy of this the outgoing glancing trajectory. The stories considered are
convoy electron is~E. when just leaving the region of those of convoy electrons with energies close to the con-
projectile closest approach to the surface. If the directinuum threshold 2 eV from thig. The potential induced
electron-projectile interaction is turned off, the change in theby the convoy-projectile pair polarization of the surface is
convoy electron energy could be directly related to the menot included in this preliminary calculation.
chanical work performed b¥,,q. The simplicity of this The first interesting result obtained from the simulation is
picture is destroyed by the interaction with the projectile;that the track potential acting on the convoy electron is
nevertheless we may expect a similar effect to appear on thequivalent to an attractive potenti@iet positive charge ef-
mean energy of the final electron distribution. For insulatorfect). An electron ejected from a Heaves the surface region
surfaces we also have to consider the track potential: eaadliith a kinetic energy larger than the potential energy pro-
single ion trajectory leaves behind a microscopic charge denvided by the residual F atom. Except when it is ejected in the
sity that corresponds to the holes in the valence band anfdrward direction and close to the projectile, it leaves the
core states produced during the surface ionization. From owurface region much faster than the convoy electron or the
measurements as a function lgf we can estimate that the projectile. The track potential produces a net slowing-down
decaying time of the track iz 10 1° sec, corresponding to effect on the convoy electron along its outgoing path. The
the average time between ion impactsifigr2 nA, i.e., the ionized electrons will produce on the average the opposite
critical current below which the macroscopic charge effectsffect of accelerating the convoy, but this is expected to be
disappeared. This is enough time for an electron with velocweaker for three reasongl) the intensity of the electron-
ity close to that of the projectilev(,=1.5-2 au in our cage electron repulsion is reduced because the ionized electron is
to escape from the surface region. Therefore, the electrormoving fast away from the surfacé) the ionization is pro-
ejected from LiF can feel this attractive potential during all duced with nonzero probability in all directions, and the net
the outgoing trajectory. It is important to observe that theacceleration effect is reduced to its projection along the con-
total charge distribution generated by the surface ionizatiowoy outgoing direction of motion(3) the repulsion between
adds up to zero net charge if we account for the emittedtlectrons is transformed into equal amounts of kinetic energy
electrons. to each electron, while the attractive potential between the
Contrary to the case of gaseous targets where theonvoy electron and the residual charge in the surface is
projectile-Coulomb potential dominates in the asymptotic remainly transferredassuming a large effective mass for the
gion and fixes the electron peak maximum at the projectilehole in the F) to the convoy kinetic energy; therefore, the
velocity, in grazing ion-surface collisions the projectile im- slowing-down effect of the later prevails over the accelera-
age potential reduces the electron-projectile interaction to sion of the former. A similar effect was recently reported for
dipole potential and the characteristic cusp-shaped peak at 5 MeV/amu ArS* collisions with polypropylene foild®> A
is no longer observeY!! Near the surface of the insulator, feature that arises from the net slowing down is that the
the interaction of the convoy electron with the track and itsconvoy electrons that start their evolution behind the projec-
ionization electrons can prevail over the dipole potential oftile increase, on the average, their relative velocity)( and
projectile plus image charge, shifting the electron energy disso remain in the continuum having a mean velocity in the
tribution to lower energies. laboratory system smaller thary. On the other hand, elec-
To estimate the track potential we calculate, using a firstirons starting ahead of the projectile undergo a reduction of
order semiclassical approximation, thé konization prob- v’, falling mainly into bound states. Consequently, the con-
abilities in single collisions with H as a function of the voy peak distribution moves in space behind the projectile,
impact parameterg). Thep distribution is determined from and the projectile-induced electric field that acts on the trail-
classical calculations by assuming grazing ktajectories ing electron distribution has a reduced component parallel to
along random surface directions. HBg=100 keV we ob- the surface. Their acceleration effect is therefore weakened
tain that~10 electrons are excited to the conduction bandwvhen compared with the case of a metal surface.
during the grazing collision; at least half of them are emitted In Fig. 3 we present the results obtained for a projectile
into the solid, where they are rapidly screened. From thevith v,=2 au(Ep = 100 ke\). The simulation considers a
surface ionization probability, we define an average distancproton-surface distance of 3 &liand the convoy electrons
between ionization events along the trajectodj)( The  uniformly distributed in the plane of the projectile trajectory.
track potential so defined is used to study the evolution of aTypically, 10* stories were calculated for each projectile ini-
electron that starts to move in the neighborhood of the iontial height above the surface. Three subsequentidhiza-
The time evolution of the convoy electron and the ionizationtions (separated byl,) are considered before the interaction
electrons was described with classical dynamics. The Couwwith the surface is turned off. The electron trajectories are
lombic interaction among the electrons was taken into acfollowed during 1000 au of time after the last ionization
count, and the effect of an external potential generated by thevent. Figures @) —3(c) show partial electron energy distri-
moving projectile and the effective positive charges of thebutions obtained for convoy electrons starting their trajecto-
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o T T T ] the shift increases with decreasidgi.e. electrons starting
1400 "u, Ece ; d=4au._ closer to the surface are more affected by the track potential.
700 F m '-'-_ ;-_ ] In Fig. 3(d)_we sho_w the sum over dis_tri_b_utior(a)—(c_).
. = . . "l "mgg 1 Although this result is dependent on the initial population at
T R — d, which is not known, there is certainly a net attractive
1400 | mmoTEE o d=5aug effect caused by the surface ionization. ThE observed in
700 = . p - the figure is comparable to that measured for the rough sur-
2 o L%, . Tl ey n face (A), and larger than that observed for the smooth sur-
14 T mem b 'd _ 6aul face(B). In this case, the repulsive effect ¥f,4 not taken
L 1400 |- - - : . 7] into account in this preliminary calculation, will reduce the
700 | - " oL = - total-energy shift.
0 :___!-'= : : " := S . L T In summary, the energy distributions of electrons emitted
4500 |- muEy Total 7 forwardly in grazing 60—100 keV H-LIiF collisions present
3000 | _' '-__ ; - y a broad structure with its maximum at an enekEy<E_..
1500 | =" " > The experimental results are discussed in terms of the long
0 b—— b ————L— 5'5 . 60'!-'—65 recombination time of the excess of positive charge pro-

duced along the projectile path, which results in a decelera-
tion of the convoy electron distribution. Taking into account
that for rough surfaceqi) the effect ofV;,q is diminished
and (ii) the target ionization may be enhanced due to an
average reduction in the impact parameter distribution, we
consider that the great&yE shifts observed for LiF sample

A (in comparison with sample )Bare related to the differ-

ries at different heightsd) from the surface. The separation : .
. L o ences in the surface roughness. Although a deeper theoretical
distanced, and the number of ionizations were not critical to : ”
study is needed to evaluate the competitive effect¥f

determine the shape and position of these distributionsandv alona the electron outaoing traiectory. this pre-
Simulations starting with the proton closer to the surfac track 9 going tray Y, P

(<2 au) indicate that the interaction of the convoy electroﬁliminary calculation suggests that the attractive track poten-

with the track and its ionization electrons is very strong intIal is responsible for the negative shiftz observed.

this region, producing a spreading out of the convoy elec-

trons. This effect should be enhanced if the binary interac- We acknowledge useful discussions with M.L. Mar-
tions between convoy electron and the other electrons of thgarena, A. Borisov, and N. Stolterfoht, and partial financial
solid were considered. We can see in this figure that all theupport from CONICET(Grant No. PMT-PICT043)7 and
distributions are shifted to energies lower tHag,, and that Coopertativa de Electricidad Bariloche.
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FIG. 3. (a)—(c) Calculated final electron-energy distributions for
different initial positions ) of the convoy electrons above the
surface.(d) Addition of distributions(a)—(c).
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