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We have studied the transmission of low-enefgyl0 eV) F, F~, and K~ ions through ultrathin Kr and Xe
films. The ions are produced by electron-stimulated desorption fromy@d®ered R(000]) surface at 25 K,
and their yields and angular distributions are measured with a digital, angle-resolving ion detector. The rare-gas
films are condensed onto the PlRyer, and the yield and angular distribution of the ions are measured as a
function of the rare-gas film thickness. We find thatiBns are attenuated nearly completely-bg ML of Kr
or Xe, and attribute this to both one-electron charge transfer and elastic scattering. Surprisingly, we find an
increase in F yield for the first rare-gas layer with respect to the clean surface value, which is accompanied
by a dramatic change in the ion angular distribution. Theyleld decreases to zero around 2.5 ML Kr or Xe;
we explain the F attenuation and the change in the &gular distributions in an elastic-scattering model. The
increase in yield is attributed to a reduction in the neutralization probability ofvih the surface in the
presence of the rare-gas layg80163-18206)06432-9

I. INTRODUCTION and suggest that the large mean free path of the oxygen ions
in the rare-gas overlayers is caused by the fact that the re-
The interaction of low-energy<10 eV) ions with solids  pulsive part of the O rare-gas interaction potential occurs at
is of physical interest due to the wealth of phenomena that alh surprisingly small internuclear distance compared to the
occur in this collision energy regime, such as elastic-nearest-neighbor distance in the rare-gas solid, so that O
scattering, charge transfer, or ion-molecule reactoibe  can “channel” through the rare-gas film. Molecular-
relative importance of these scattering processes is stronglfynamics simulations based on elastic scattering by Klein,
dependent on the electronic characteristics of both the ioﬂ’icanek and Urbassé:kare consistent with our experimen_
- 2.3 !
and the solid:*> . - tal data for Kr and Xe. Ar was found to attenuate thé O
Transport of ions with energy 10 eV through thin films stronger than the simulation predicted.
plays an important role in determining the depth of origin of 5 the other hand, we have observed strong attenuation of
secondary ions desorbing from surfaces under electron &+ H,O overlayers: about 0.5 ML of water is enough to

8 .
photon bombardmerit® The secondary ions usually have an suppress the Osignal nearly completel{2 We interpret the

energy of a few eV. I_f.they are generated pelow the .Surfaceresults to indicate charge-exchange processes betwéen O
their escape probability from the surface is determined byand HO: the same mechanism was suggested for the attenu-
their interaction with the surface layers of the solid. ’

H ; 12,13
To study the interaction of low-energy ions with solids, ation of O" in NH.

we have chosen the following experimental approattie Reg:en'FIy we reported on a StUdY on the t'ransmission of
generate the ions by electron-stimulated desorptB&D) negative ions through ultrathin Xe filnté.We find that the

from a substrate that emits secondary ions under electroyfé!d of F~ from PR/RU(000) increases upon adsorption of
bombardment. We measure the yield, energy distributionl ML of Xe, and we have suggested that the increase may be
and angular distribution of the ions with a two-dimensionaldue to a reduction of the neutralization probability of the
digital ion detector. We condense overlayers ranging irsurface induced by the Xe overlayer.
thickness from a fractional monolayer to several monolayers Here we present results on the transmission of F,
on top of the ESD active surface, and monitor the ion yieldand B~ through thin films of Kr or Xe. The ions are des-
energy, and angular distribution as a function of overlayeorbed by electron stimulated desorption from 1 ML of;PF
thickness. From these data we draw conclusions about then RY(0001). Whereas F and F,~ are suppressed by a Kr or
interaction of the ions with the thin films. Xe overlayer 1 ML thick, we find that 1 ML of Kr or Xe

In our first study we have found that 7-eV oxygen ionsincreaseghe emission yield of F ions. The increase is ac-
can penetrate Kr or Xe overlayer films several monolayergompanied by a dramatic change in the angular distribution
thick.>1° We attribute the attenuation to elastic scattering,of F~.
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r Ill. RESULTS

A. ESD ion desorption from 1-ML PF3Ru/(000)

Electron bombardment of 1-ML BMRu(000)) leads to
desorption of F, F~, and K. We perform the experiments
using a primary electron energy of 300 eV and a total elec-
tron fluence of order 28 cm™2. In Figs. 2a)—2(c), show the
ESDIAD patterns and contour plots of the three ioris F,
and k. The ions desorb with a hexagonal array of trajec-
tories from the surface. The,F pattern is less clearly re-
solved, but it exhibits also a hexagonal structure in the azi-
muthal distribution.

Part of this study is to investigate the attenuation of nor-

temperature (K) mal vs off-normal ESD ion beams by overlayers. Therefore,
for the study of F through rare gases we use an electron-

FIG. 1. Thermal-desorption spectra of Kr from asRiévered  beam-damaged RBurface as a substrate. Bombardment of 1
Ru(000)) surface. The exposure is measured with an uncorrectef]L of PF; with high fluences of electronghere ~1016

6000

4000

Kr desorption rate

2000

ion gauge. The heating rate is of order 10 KIs. cm?) leads to dissociation of Bfinto PF, and PF® Both
PF, and PF give rise to F desorption under electron bom-
Il. EXPERIMENTAL DETAILS bardment, but no For F,” are detected from the dissocia-

tion products. Due to their adsorption geometry, Rfads to

The experiments are carried out in an ultrahigh-vacuung* emission with a hexagonal array of trajectories very simi-
chamber that has been described in detail elsewRele. |ar to that of F from PF,. However, ESD from PF yields a
short, the chamber is equipped with instrumentation to perstrong F' beam centered on the surface normal, because the
form Auger electron spectroscogAES), low-energy elec- P-F bond is oriented along the surface normal. In Figl) 2
tron diffraction (LEED), thermal-desorption spectroscopy we show the ESDIAD pattern and contour plot of Fom
(TDS), and electron-stimulated desorption ion angular distri-this surface.
bution (ESDIAD) measurements. For the latter, an electron
source provides a focused beam of 300-eV electrons onto the
sample, and the ions that desorb from the sample can be B. F* transmission through Kr and Xe
detected with a two-dimensional digital ESDIAD detector |n Fig. 3(a) we depict the attenuation by Kr overlayers of
equipped with time-of-flight capability for mass- and energy-F* from an electron-beam-damaged ;PFonolayer on
selective ion detection. The electron fluence is kept lowRu0001). The filled circles refer to the total, angle-
<2x10" cn?, in order to minimize beam damage to the integrated F vyield, the open circles to the integrated counts
substrate. The RQ001), which can be cooled to 25 K with a found in the center peakiormal emissio)) and the triangles
closed-cycle helium refrigerator and heated to 1600 K byto the integrated intensity of orleepresentativeoff-normal
electron bombardment, is cleaned by sputtering and heatingeam.(Note that all yields are normalized to 1 for the surface
in oxygen and is found to be clean by means of AES and tavith zero coverage of rare gadt can be seen that 1 ML of
be well ordered by means of LEED. A saturation coverage oKr suppresses the "Fsignal nearly completely. The off-
PF; (one PR molecule per three Ru atomis dosed onto the normal beam is attenuated at a slightly higher rate than the
surface at 100 K, subsequently, it is annealed at 270 K for aormal beam.
few seconds, after which the surface exhibitsZxv3)R30° Figure 3b) shows the same plot for Xe as an overlayer.
LEED pattern and azimuthally ordered End F ESDIAD  The noise in the data is smaller due to more reproducible
patterns'® All ESDIAD measurements are performed at 25 dosing conditions of Xe as compared to Kr. The attenuation
K. Kr or Xe is dosed at 25 K through a separate doser, an@nd the difference in attenuation between normal and off-
the coverage is determined by TDS. As an example, in Fig. hormal beams are similar to the results shown for Kr.
we show TDS spectra of Kr desorbing from JAR&u(0002). In Fig. 3(c) we compare the attenuation of the centér F
The exposure is measured with an uncalibrated Bayard Alpyield by Kr and Xe on a linear plot. Using the slopes of the
ert ion gauge, and is not corrected for the dosing geometnystraight lines in Fig. &) and the estimated number density
Two peaks are seen, one at 43 K and one at 47 K. Thef ~7.2x10% atoms/cr for Kr and ~6.1x 10" atoms/cr
high-temperature peak saturates at a nominal exposure &r Xe, we derive attenuation cross sections of
0.10 L, which is also the exposure necessary to complete (1.4+0.4)x10 *° cn? for Kr and ~(2.2+0.6)X10™ *® cn??
ML of Kr on clean R§0001) measured under our dosing for Xe. From the measured Fattenuation cross sections for
conditions(see also Ref. )7 We attribute this peak to de- Kr and Xe, we can estimate the attenuation collision radius
sorption from the Kr monolayer on RRu(0001). The low-  (R) of ~2.1 A for Kr and~2.6 A for Xe; for comparison,
temperature peak continues to grow with increasing expothe crystal atomic radii of Kr and Xe are 1.9 and 2.2 A,
sure, and is attributed to multilayer desorption. We concludeespectively.(Note that the data scatter about the linear fits;
from TDS that the first layer of Kr is completed before the we derive the cross sections here to compare them with at-
second layer starts to grow. A similar coverage calibratiortenuation data for Fand F,~, as described in Sec. 1l C and
has also been performed for Xe. We estimate the uncertaintyl D below. Also, see Sec. IV C for a discussion of our
in the coverage calibration to be of order 10%. attenuation model.



5132 N. J. SACKet al. 54

1.2 .
® total yield
O center beam
c 1.008 A off-normal beam
)
ow=t
7]
L 0.8r
g
@ {, %
§ 0.6 {,
i
% oal I
0.2} i
y b 44 pgd
0.0 0.5 1.0 1.5 2.0
(a) Kr coverage (ML)
12
® total yield
O center beam
g 10 4 off-normal beam
2
@
£ 08f
£ %
(73]
2 ool 10
= i
+
0.2f ig
0.0 &, & & 3
0.0 0.5 1.0 1.5 2.0
(b) Xe coverage (ML)
12
0 Kkr
e 1.06 center beam ® Xe
o Tk
oyl
/5]
& osf
g
e
= 0.61
Yt
(d) -
4+ 04f
FIG. 2. ESDIAD patterns and contour plots obtained from =
PFy/RU(0001) (a) for F™ with a sample bias of-200 V; (b) for F~ 0.2r
with a sample bias of-140 V; (c) for F,~ with a sample bias of
—140 V; and(d) for F* from electron-beam-damaged PEee 0.0 1 S
text). The asymmetries between the top and bottom of the plot are 0.0 0.5 1.0
of a technical nature. The lines ifl® and Zd) indicate the direc- (¢) rare gas coverage (ML)

tion of the profiles shown in Figs.(§ and 4.

In Fig. 4 we illustrate details of the change in the angular FIG. 3. F" yield obtained from PF#Ru(0001) as a function of
distribution of F~ with increasing Xe coverage. We show rare-gas overlayer thicknes@) for Kr; (b) for Xe. Shown are the
profiles of the F desorption beam, cut through the centertotal angle- and energy-integrated yield, the yield of the center
beam, and two off-normal beams, along the line indicated irpeak, and the yield of one off-normal beam. The data are normal-
Fig. 2d). The data are normalized to unity at their maxi- ized to unity for the clean surface valug) Plot of the center F
mum. Note that for coverages below0.57 ML of Xe, there Yyield as a function of Kr and Xe overlayer coverage.
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normalized F'yield

0 17 35
polar angle

FIG. 4. Cut through the FESDIAD pattern through the center
spot and through two off-normal beams along the line in Fig),2
as a function of Xe coverage. The data are normalized to unity at
their maximum.

is little or no detectable change in the Fbeam profiles. (b)
However, for coverages above 0.7 ML the normal and off-
normal beams are less clearly separated than for lower cov- sof
erages. This may indicate a small contribution of large angle
scattering. However, large angle scattering of iE by far
less obvious than large angle scattering of Bs discussed

in Sec. Il C.
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C. F~ transmission through Kr and Xe
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We find a dramatic change in the kon angular distribu-
tion with increasing rare-gas coverage. Figu(@ Slepicts an
ESDIAD pattern and contour plot of FESD from 0.25 ML
Xe on 1-ML PRRu(000)). Superimposed on the original
pattern of hexagonal beani&ig. 2(b)], a broad emission
centered on the surface normal can be seen. Similar data ar .
observed for Kr overlayers. We decompose the hexagonal
and the broad normal contributions in the following way: We g5 &5 (3 F~ ESDIAD patterns and contour plots obtained

subtract a multiplé of the clean surface patteRy, (hexago-  from 0.25-ML Xe adsorbed on RMRU(000D measured with a
nal contribution from the ESDIAD patterrP in such a way  sample bias of-140 V. (b) Same pattern after subtraction of two
that we obtain a spectrum of cylindrical symmetfyy,,  times the clean surface spectriifiig. 2b)]. The asymmetries be-

F yield (arb. units)

o

60 35 17 0 17 35 60
polar angle

(broad normal F contribution depicted in Fig. &): tween the top and bottom of the plot are of a technical natije.
Cut through the F ESDIAD pattern for the clean RFsurface, for
Ppn=P—kPy. (1) 0.25-ML Xe adsorbed on RMRu(0001), and for the difference

) o . . . spectrum(5b); cuts are along the line indicated in Figlb2 Note
The change in angular distribution is further illustrated Nyt the angle scale is nonlinear due to field compression of the ion
Fig. 5(c) by the F ion beam profiles, cut along the line pegm.

indicated in Fig. 2b).

The change in the ion angular distribution is accompaniedL Kr and decreases to 0 around 2.5 ML. The data for Xe
by an increase in the yield of Fwith increasing rare-gas overlayers have been published previodéhA change in
coverage. For Kr, in Fig. 6 we show the total yield and  angular distribution similar to Fig. 6 is observed, along with
the contributions from one hexagonal bedfrom pattern an increase in the total intensity by a factor 4; the maximum
kPy) and from the broad normal beai,,) which we obtain in the total intensity occurs between 0.5 and 1.0 ML Xe.
by subtraction according to E¢l). The total yield(normal- Figure 7a) shows the total F yield as a function of rare-
ized to unity for 0 ML Kr coverageexhibits a maximum gas coverage for Kr and Xe on a linear pl@\lote that the
between 0.5 and 1.0 ML Kr, and decreases to 0 at around 2&ata are normalized to unity for the clean surface valliee
ML. The hexagonal contribution increases with Kr coveragemaximum enhancement value of the Field is ~4 for Xe
at low coverage, has a maximum around 0.3 ML, and deand~2.5 for Kr overlayers. Figure(B) shows the same data
creases to zero around 1.5 ML. The broad normal emissionormalized to unity at 1 ML in order to derive Fattenuation
(which is initially close to zerphas a maximum around 1 cross sections between 1 and 2 ML. The lines in Fidp) 7
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SN
= {j | represent linear fits. From the slopes of the straight lines in
] % % Fig. 7(b), and based on the monolayer number densities for
- M 1l Kr and Xe (Sec. Ill B), we derive the cross sections to be
s e o s ~(1.1+0.6)x10*° cn? for Kr and ~(1.5+0.4x107*° cn?
@ rare gas coverage (ML) for Xe.
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D. F,™ transmission through Kr and Xe
2 F O K g . . . . -
4] 12 {) (; P Xre The total, angle-integrated yield of Fis depicted in Fig.
'QS)\ 1k {) é J 8(a) as a function of Kr and Xe overlayer coverage. There
. é (1) * seems to be a slight increase in the yield with coverage at
Hooos + . coverages<0.15 ML; above 0.15 ML, the f vyield de-
"8 creases with increasing coverage, and reaches a value of 0
N 06 i around 1 ML.
g 04 é i Figure 8b) shows the normalized,F yield as a function
g g of rare-gas Kr and Xe thickness. From the slopes of the lines
8 0o & ] in Fig. 8b), we derive the cross sections to be
(?{' . ~(1.5+0.4)x10 % cn for Kr and ~(1.9+5)x 10" cn for
0 ' . 0. Xe. There is no strong difference in attenuation gf For Kr

0 0.5 1 1.5 2 25

(b) rare gas coverage (ML)

FIG. 7. Linear plot of the total angle- and energy-integrateéd F
yield obtained from PFRu(000)) as a function of Kr and Xe over-
layer coverage. The data are normalized to ufélyfor the clean
surface value an¢b) at 1 ML.

overlayers as compared to Xe. It is interesting to note that 1
ML of Kr or Xe is enough to suppress the Fyield nearly
completely, while more than 2 ML of Kr or Xe are necessary
for equivalent attenuation of the Fyield. Moreover, the
attenuation of i in Kr (Xe) in the coverage range 0—1 ML

is slightly stronger than the attenuation of the yield in the
coverage range 1-2 ML. This observation may be correlated
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to the structure of the rare-gas films. The rare-gas films are
believed to grow with fc€l11) orientation inA-B-C fashion

(see Sec. IV B for more detailafter completion of the first
layer, there are channels perpendicular to the surface normal
through which the desorbing ions can escape. After comple-
tion of the second layer, there are still some channels normal
to the surface. However, the channel size is much smaller

eoor 1 ML Kr/PF,/Ru

secondary electron signal

than the ionic diameter of F(~2.7 A). Therefore, we expect R
that the second K(Xe) layer attenuates the desorbing F
ions much more effectively than the first KXe) layer: the .
attenuation of the Fand i~ yields depends on the rare-gas
film thickness. An important factor in the strong attenuation _——
of F,~ by Kr (Xe) may be the fact that the ionic diameter of o0 bbb
F (>3.7 A (Ref. 19 is larger than the channel size after (@) Kinetic energy (eV)
completion of the first layer.
oor |

E. Secondary electron emission
and work-function measurements

600
3

1 ML Xe/PF;/Ru

. . . 500
There are two main reasons why we are interested in the

secondary electron emission from and the work function of 400} -
the Pk layer in the absence and the presence of rare-gas
overlayers{i) As we discuss in Sec. IV A, the Fdesorption 300 1

yield can depend on the secondary electron yield; @ndt
has been shown previously that the desorption yield can de-
pend on the work functioff ;

In Fig. 9a) we depict the secondary electron emission s
energy distributions under the impact of primary electrons T Y S SV
from clean Ru, 1 ML PFRu, and 1 ML PERu covered kinetic energy (eV)
with various amounts of KfFig. 9b) shows the data corre-
sponding to the equivalent measurement for].Xehe pri-
mary electron energy is 3.0 keV, and the secondary electrons
are measured with a hemispherical energy analyzer. We ob-
serve a larger integrated secondary, electron emission yield
from 1 ML PFRy/Ru than from clean Ru. For both Kr and Xe
we observe no significant increase in the secondary electron
yield upon adsorption of 1 ML of rare gas; adsorption of 2
ML or more of Kr or Xe leads to an increase in the low-
energy secondary electron yield.

From the low-energy cutoff of the secondary electron 55f
emission, we can estimate changes in the work function: We
assume a work function of clean Ru of 5.52 8\Adsorption
of PF; leads to an increase in the work function 9.4 eV. 5.4
Both Kr and Xe adsorption on RfRu lead to a decrease in
the work function by~0.07 eV per rare-gas ML. © rare gas coverage (ML)

secondary electron signal

5

561

work function (eV)

iyl
[

1 2 3 4

FIG. 9. (a) Secondary-electron emission from (RQ01), 1-ML
IV. DISCUSSION PF,/RU(0001), and in the presence of Kr overlayers, under impact
of primary electrons with 3.0-keV energy. The data are not cor-
rected for the work function of the electron energy analyzby.
Same measurement for Xe as the overlag@rChanges in the work
ESD of Ff, F~, and F,~ from PF4/Ru(0001) function as a function of rare-gas overlayer thickness, as derived
from the onset energy of the secondary electron emission. We as-
sume a work function of 5.52 eV for clean RiRef. 20.

A. ESD processes and electron transport
through rare-gas films

Very recently, Akbulutet al?* have investigated ESD
mechanisms of positive and negative ions from Béisorbed

on a Pt surface. Since the bonding interaction of ®fth a The F" desorption produced by electron bombardment of
Pt surface is similar to the bonding interaction o;R¥#th @ 1 ML PFy/Pt has a threshold at27 eV, which is believed to
Ru surface, we believe that the ESD mechanisms observegp gye to excitation from the Fsdevel to the Fermi level of

from a PR chemisorbed Pt surface should be similar to thosgne supstrate. This initial ionization event leads to a repulsive
found for PR chemisorbed on Ru. In the following, we giate which induces nuclear motion of :F

briefly discuss the ESD mechanisms that lead to desorption
of F*, F, and K~ ions from chemisorbed RF PR;+e —(PR)"+2e"—F"+PR+2e". )
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The mean kinetic energy of the"Fons is~4 eV, indepen-

dent of electron energies in the energy range 40—175'eV.

Electron-stimulated desorption of Hons by low-energy
electrons occurs through either dissociative attachr{iaf
or through dipolar dissociatio(DD):

DD: PRy+e —(PR)*+e —PR"+F +e, (3)

DA: PF+e —(PR)*  —F +PF,. @)

The measurements from the 1-ML APt surface have re-
vealed that the Fions produced in the electron energy range

0-15 eV originate via DA; the F yield exhibits a peak
around 11.5 e\! At electron energies above 15 eV, the
F~ yield is mainly produced by D@on-pair formation. The

F~ ions generated via a DA process with 11.5-eV electrons

desorb with a peak kinetic energy of0.7 eV, while the F
ions produced as a result of DD proces&EE5-eV electron
bombardmentdesorb with a peak energy ef1.2 eV.

The F,~ ions produced from the BfPt surface in the

electron energy range 0—15 eV proceed via a DA process:

PR+e —(PRy)* —F, +PF. (5)

The F,~ yield from a 1-ML PF adsorbed Pt surface has an

onset at~9 eV and a peak at-11.5 eV. At an electron

energy above-15 eV, the K~ ions are mainly formed via a

DD process:

PR+e —(PR)*+e —F, +PF +e™. (6)

The F,~ ions produced by 60-eV electrons desorb with a

peak energy of1.0 eV.

FIG. 10. Geometric ball model for 1-ML RBRu(0001). The
arrows indicate the azimuthal direction of Bnd F desorption.

ESD of F*, F7, and F,~ from PF4/Ru(0001)
in the presence of RG overlayers

In the presence of a rare-gas overlayer, the primary elec-

In this study, we use 300-eV primary electrons to initiateyon heam has to penetrate the rare-gas film in order to reach

the ESD of ions from a Pfcovered R(000). Electron

the PR/RuU(000)) substrate. The electrons can cause ioniza-

bombardment of the RFRu(0001 surface can produce low- ion and electronic excitations in the rare-gas film which can

energy secondary electrons originating from the metal Subaq g energy loss of the electrons. The gas phase ionization
strate. Therefore, in our experiment 300-eV primary eleC,oss sections for rare gases by 300-eV electrons are

trons can initiate reaction&), (3), and(6), while the low-
energy secondary electrons can lead TcaRd F,~ formation
via reactiong4) and(5), respectively.

Angular distribution of F*, F~, and F,~ from PF4/Ru(0001)

In order to explain the hexagonal ESDIAD patte(fg.
2) for F* and F desorption from 1 ML PFRu(000Y), in

2.8x10 18 cn? for Kr and 4x1071° cn? for Xe,?® so the
electrons do not lose a significant fraction of their energy in
the rare-gas overlaye(thickness<5 ML). Because the rates
of reactions(2) and(3) are expected not to depend strongly
on the primary electron energy around 300 eV, we conclude
that the rates of reactiori2) and(3) are not affected strongly
by primary electron energy losses in the ultrathin rare-gas

Fig. 10 we illustrate the adsorption geometry of this systemoverlayers.
The trajectories of the desorbing ions reflect the orientation On the other hand, dissociative attachment reactidins
of the chemical bonds that are broken in the excitatiorand(5) are dependent on the yield and energy distribution of

process? Hence we expect three'For F~ ESDIAD beams

the secondary electrofBig. %a) and 9b)]. In Sec. IV D we

from the system as depicted. An additional three beams arisgiscuss the influence of the rare-gas overlayer on the second-

from a second Pfdomain on R(000J) that is rotated by 60°

ary electrons.

compared to the one depicted. The angle of the F-F bond to Note that primary electrons are expected to cause desorp-

the surface normal of RFadsorbed on R@00Y) is ~60°,
and v+ve estimate the polar angle of desorption to be BI
for F™.

Since K~ is produced via reactiofb) or (6), we might
expect a similar hexagonal symmetry in the Ppattern. Two
F atoms from one PFmolecule form an § ion and desorb
closer to the surface normal thai Br F~ with an azimuthal

tion of rare-gas atoms as well as neutral F species. One might
argue that a depletion of the rare-gas film could increase the
measured F ion yield. However, the electron fluence used is
low, <2x10" cm 2, and the total Xe desorption cross sec-
tion is only 3x10 ° cn?.2#?5Hence we exclude any signifi-
cant depletion in the rare-gas overlayer occurring during
measurementWe find the F ion yields to be independent of

orientation broken between the two P-F bonds. Since therelectron fluence in the fluence range uged.
are several atoms involved in this desorption process, we can Another question is whether the same electron that causes

expect a much less sharp pattern as compared to thené
F~ patterns, in agreement with the observatjig. 2(c)].

the ESD of a F ion can also disturb the rare-gas film, e.g.,
through excitation or ionization of a rare-gas atom. The ex-



54 INELASTIC AND ELASTIC PROCESSES INTH.. .. 5137

citation of the rare-gas atom can result in nuclear motion of
the rare-gas atom. However, as we discussed edrtiee,
large mass difference between the ESD fluorine ion and the
rare-gas atoms leads to no significant motion of the rare-gas
atoms during the time it takes the fluorine ion to desorb
through the overlayer. Hence, although we do not exclude
the possibility of fluorine ion desorption through a disturbed
film, it seems improbable that this affects the measured pa-
rameters significantly.

B. Geometric ball model

In Fig. 11(a) we present a possible geometric ball model
of 1 ML Kr with the fco(111) structure on the 1-ML
PF/Ru(000)) surface. The Kr atoms interact only weakly
with the PK layer, as can be seen from the small difference
in desorption temperature of the TDS monolayer p@akK)
and multilayer peak43 K) (Fig. 1). This indicates that the
binding energy of a Kr atom in the first monolayer is only
slightly larger than the binding energy of a Kr atom in the
multilayer, and suggests that Kr forms an incommensurate
close-packed complete layer on the substrate with a nearest-
neighbor distance very close to that of bulk kryptghO
A).?52" As seen in Fig. 1(8), the nearest-neighbor distance
of Kr is slightly smaller than the Rfnearest-neighbor dis-
tance.

The nearest-neighbor distance in bulk xenon is slightly
larger than that of Kr, 4.3 &%2?"In Fig. 11(b) we depict a
geometric ball model. Based on an argument similar to that
for Kr, we assume that Xe also forms an incommensurate
close-packed complete first layer onsA&u(0001). The sub-
sequent rare-gas layers are assumed to grow in a layer-by-
layer fashion(A-B-C-A...).

C. Attenuation model

Assuming that a rare-gas film grows in a layer-by-layer
fashion, it is expected that the attenuation of an ion signal in
the rare-gas film would be linear within one layer, provided
that the attenuation collision radii do not overf&plf the
ions penetrate several layers of the rare-gas solid, the enve-
lope of the transmission curve, composed of several linear
segments between integral monolayer coverage points, is
given by an exponential functidfi.in our earlier study, since
the O ions penetrate several layers of the rare-gas solid, we
have derived the O attenuation cross sections using an ex-
ponential equation which is based on a continuum model in a
solid:

FIG. 11. Geometric ball model for 1 ML afa) Kr and (b) Xe
®=20exp(—Nod) (7 adsorbed on 1-ML PJRu(000)). The circles are> based o(n)atomic
where® and ®, are the total ion flux reaching the detector radii (Refs. 26 and 2)7 See text for explanations.
and the total ion flux desorbing from the surface, respec-
tively, N the rare-gas number density,is the rare-gas film the overlayer atoms, little or no overlapping of the effective
thickness, andr the attenuation cross section. interaction area of neighboring overlayer atom®lecule$
For the very large attenuation cross-section limit of thisoccurs with increasing coveradgeln the transmission of
model (6>1/Nd), the attenuation within one layer is ex- ~7-eV O ions through HO, we have explained the strong
pected to be exponential regardless of the overlayer growtaxponential attenuation of the'Gield in the HO overlayer
modes(layer-by-layer or statistical growthThis exponential having a thickness<1 ML based on this modéf with in-
attenuation within one layer results from the overlapping ofcreasing HO coverage the effective interaction areas of
the effective interaction area of neighboring overlayer atomsieighboring HO molecules overlap, because the effective
(molecule$ with increasing coveragéNote that if the effec- interaction areaR~5.3 A; o~7R% 0~9x10"% cn?) is
tive interaction area is smaller than the atomic diameter ofnuch larger than the molecular sid, o~1.45 A.
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For layer-by-layer growth, if the atomic diameter of the calculated—does not seem to be available. This might be due
overlayer atoms is larger than the measured cross section, the the fact that the ionization potential of @7.43 eV is
attenuation within one layer is expected to be linear. In thdarger than that of X¢12.13 e\},” and that the ground state
present study, the F F~, and K, signals are found to be of the ionic moleculgFXe)* is a spin singlet, while asymp-
attenuated substantially by Kr or Xe filnssl ML thick (0-1 totically for large distances, according to Hund's rule, the
ML for F* and i~ and 1-2 ML for F). The measured system Xe-F is a spin triplet. As a consequence, the-Xe
attenuation cross sections indicate that with increasing covinteraction is described by(aighly) excited state well above
erage the effective interaction areas of neighboringd®®  {he (FXe)* ground state, with the “wrong” symmetry; this

atoms overlap by only a small amount, if at all, because thgggers the quantum chemical calculation of the potential

measured attenuation collision radii derived from the atte”“éurve relevant for the present work quite intricate. This lack

. . o 2 .
ation cross sectionéo=mR") (for example,R~2.1 A for of information precludes the possibility of performing

+ ~ ~ - ~ . . .
:(”:X' ||_3~2'6 A for Xe';’Ff &1‘8 Afo(; Kr\l;v, almd? 2.2 d..molecular—dynamlcs simulations. Hence we shall present
or XeF) are comparable to Zé? van der Yvaals atomic ra IIonIy an elastic-scattering analysis in the spirit of the geomet-
of Kr (~2.0 A) and Xe(2.17 A).?° Therefore, the attenuation ric model published previousfy
of the F, F~, and K~ signals are not readily described by an For perpendicular ion emissici* center beamand in-
exponential model through a single monolayer. We use &

X ) ) ; gral monolayer coverage, the model assumes the rare-gas
linear attenuation model to derive the attenuation cross secy - .« to pe spheres—or rather discs—centered on a hexago-
tion of the F, F~, and K~ signals in the Kr and Xe over-

layers nal lattice with spacing=d/v2, whered is the lattice con-
. . . _ stant of the bulk rare-gas crystal. lons are transmitted
As discussed in Sec. Il D, the comparison of the &- g y

i i i ith the Fatt i i through the film only if their starting point lies in the open
renuation cross section wil g rattenuation cross Section 5.5 not covered by the discs. For perpendicular emission,
indicates that the Fand F,~ attenuation cross sections in the

. . . the extension of this model to fractional coveragis obvi-
rare-gas films depend strongly on the rare-gas film th|cknes%us The model has one parameter, the disc radjusit
because the sizes of these ions are relatively large. In o : i

Yepresents the im rameter in‘arBre- llision for
earlier study of O transmission through rare-g&kr and Ep esents the Impact parameter in arére-gas collision fo

i . which a laboratory scattering angle of 90° occurs.
Xe) films, we have found that the Oattenuation cross sec- : . ;
tions for films thinner than 2 ML are independent of the In Figs. 12&) and 12b), the results of this geometric

rare-gas coverageThis is well correlated with the size of an model are plotted for Kr and Xe, and compared to the result
) . . of the experiments presented above. The fit parameter has a
O" ion; the diameter of O (~0.44 A) is so small that a P b P

. g : value ofr,/a=0.56(0.66), which corresponds to 2.1 £.9
change in the channel size in going from 1 to 2 ML does not 0 s ; :
affect the O attenuation cross sections. However, upon'&) for Kr (Xe) films [using crystallographic data far (Ref.

26)]. It is seen that the agreement of the model with the

clomptljetlond ?; tZe thg_d igg-ga_st Iayetr t.rt'ﬁ ﬂ(]:hannels ar%xperimental data is satisfactory. The disc radius is rather
closed, ana the desorbing Uons Interact wi € rare-gas large, in particular if it is compared with the corresponding

atoms much more effectively. Hence the measured attenua i s for '-Xe (Kr) interaction, which is 1.4 AL This is

tion cross sections of gt'ﬂ‘or films thicker than 2 ML are discussed at the end of Sec. IV E. Note that the disc radius is
larger those for<2 ML.*

. _ . also larger than the van der Waals atomic radius, 2.0 A for
In Ref. 14, we have derived the Rattenuation cross sec- ge ° d

o . Kr and 2.17 A for Xe?® Using the disc radiug2.1 A for
tion in the Xe coverage range 1.5-3.5 ML using an eXPO+_kr and 2.9 A for F-Xe interactiony we can derive geo-
nential attenuation model. Note that the attenuation cros

; : ~ : ; i i i 4x1071
section of F in Xe (~5.1x10 % cn?) derived using the Fetric attenuation cross sections-el.4x 10~ cn for Kr

tial modet i derable hiaher than the aft and ~2.6x10"1° cn? for Xe. The calculated cross sections
exponential modet 1S consi|15era € higher than Ihe attenua-, o i, very good agreement with the measured cross sections
tion cross section1.5x10 *° cn?) between 1 and 2 ML (~1.4x10 % cn for Kr and ~2.2x10™ %5 cn? for Xe)
derived using the linear model in this pag&ec. Il B) We . ) )

t that this i f the thick d In the case of oblique emission of Foff-normal beamy
suggest that this IS a consequence ot the thiCkness depefle, application of a geometric model is considerably more
dence of the F attenuation cross section in Xe, but more

measurements are needed to verify this point complicqted due tq the shadowing o_f Xe atoms. Furthgrmore,
. the details of the interaction potential become more impor-
tant in this case, since now even particles which have been
scattered by an angle larger than 90° can be emitted from the
In a previous papert we analyzed the transmission be- surface, if they hit the rare-gas atom on the “upper” side—
havior of O" ions through thin rare-gas films. The transmis-i.e., the side opposing the surface. When hitting it on the
sion behavior could be understood both by using molecularlower” side—the one facing the surface—only very glanc-
dynamics simulations, and in terms of a simple geometricaing collisions will not lead to reflection. Thus we assume that
model. Since both models used only elastic scattering fothese two effects tend to cancel, and that tHer&re-gas
describing the interaction between” @nd the rare-gas film, scattering can be described by the same effective valug of
and because the model calculations agreed so well with thas in the case of perpendicular emission. However, we note
experimental dat&!! it was concluded that inelastic effects that this makes the rigorous application of the geometric
could be neglected for the transmission of @rough Kr  model doubtful.
and Xe in this approach. We calculate the open area fraction for general emission
It appears worthwhile to try to discuss the results of theangles using a Monte Carlo technique of area integration.
present experiments in terms of elastic scattering. Unfortu10 000 test particles are launched along straight trajectories
nately, a F rare-gas potential—either measured orwith starting points randomly distributed over the surface

D. Attenuation of F* in Kr and Xe
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FIG. 12. Results of the geometric model discussed in Sec. IV D FIG. 13. Results of the geometric model discussed in Sec. IV D
for F* transmission in the normal direction as a function of rare-gador F* transmission in the off-normd60°) direction as a function
coverage foa) Kr and (b) Xe. The results of the model agree well Of rare-gas coverage f¢a) Kr and (b) Xe. The results of the model
with the experimental data. The linear model agrees with the exadree well with the experimental data. The linear model agrees with
perimental data only for low coverages, as expected. the experimental data only for low coverages, as expected.

(The thickness of 1 ML is\2/3a). The linearized results
ave been included in Figs. 12 and 13.
It may seem surprising that the differences in attenuation
§>f normal and off-normal beams are not larger. For large

tion. We check the code by comparison to analytical result . ! .
for perpendicular emission; as Fig. 12 shows, we obtain googenetrat]on depthSmuI_uIayers one_mlght expect that the
attenuation cross section scales with the cosine of the polar

agreement. In Fig. 13 we plot the Monte Carlo results of the ngle of desorption. However, the' Fions are completely
off-normal transmission yields assuming an emission anglattenuated by only 1 ML of Kr or Xe, and in this thickness

of 9=60°. We note that here the same valuer gla as that range the attenuation should not follow the cosine law
determined for the perpendiculai Emission was used. The So far we have derived disc radii for i<r and F'/Xe,

agreement of experiment and model is satisfactory. . .

gA linear analygis for small coverag&swhere sha(}j/owing and haye concluded that the attengatm(? _6f|ﬁ the rare
can be neglected, can be performed for arbitrary emissioﬁasfas IS stronger than the attenuation f. 0 Kr and X.e
anglesd, and for the transmission yield we obtain aving a th|ckne5§2 ML. Hence_ we conS|dgr that besides

elastic scattering as an attenuation mechanism fordfe-
electron charge transfer might be another attenuation mecha-

2y nism for F".
(8 The reactions

unit cell. Each trajectory is checked for blocking by rare-ga
atoms. The fraction of unblocked trajectories obtained in thi
way is (apart from statistical errpijust the open area frac-

cos 6’
Fr+Kr—F+Kr* (9)

Here the attenuation appears as a product of the rare-gagq
densityv2/a®, the geometric cross sectiarr 3, and the path
V2/3xalcos @ covered by the F ion in the rare-gas film. F"+Xe—F+Xe" (10
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are exothermic by 3.42 and 5.29 eV, based on gas phase Finally, we consider § as a source for Fproduction. It
values for ionization potentiald=: 17.42 eV; Kr: 14.00 eV; is also attenuated within the first monolayer of Kr or Xe, and
Xe: 12.13 V.28 It is commonly understood that at very low could produce F according to
collision energieg<10 eV), exothermic charge-transfer re-
actions can have rather high cross secti¢h@ °-10 14
cn?), and are therefore likely to occéit However, Rapp and
Francis® concluded that even exothermic charge-transfer ) ] ] ]
cross sections are small if the exothermicity is laftjs is ~ This reaction may be energetically possible since the bond
the case if(9) and(10)]. At the present time we cannot make Strength in the Fmolecule is only 1.6 V] which is prob-
a definite decision on whether charge transfer is the domi@Ply the same order of magnitude as the kinetic energy of
nant attenuation mechanism. It is likely to occur, but its im-F2 - However, the & yield is only ~10% of the F yield
portance is unclear. from the clean Pk surface; if the initial K~ yield is not

The relatively small contribution of large angle scattering@ffected by the presence of the rare-gas overlayer, then Eq.
for F* (which, in contrast, is substantial for FFig. 5 ap- (13 cannot explain th@Z-fo_Id increase in F. Also, note
pears to be in agreement with the charge-transfer model: Fthat i~ does not decrease immediately at very low cover-
ions which collide with rare-gas atoms such that the collisiord€S, at which the Fyield already increases. o
leads to a significant change in angle of Bmall impact Therefore,. we conclude_ that a c_harge-transfer collision in
parameterare neutralized, and therefore cannot be detectete film leading to formation of Fis not likely to be the

with our ion detector. This point requires further investiga-dominant mechanism causing the strong increase igi€id.
tion. In the following we investigate whether the Xe overlayer can

lead to an increase in production of F

F,” +RG—F +F+RG. (13)

E. Increase in F upon passage through Kr and Xe
. L Initial ESD processes
To understand the increase in Bt rare-gas coverages up

to 1 ML (Figs. 6 and Ywe consider charge-transfer reactions [N Sec. IV A we describe the dominant mechanisms of
in the rare-gas films, the effect of the rare-gas overlayer ofiormation of F', F~, and i;~. We have pointed out that the
the initial ESD processes, and the effect of the rare gases di{imary (300 eV) electrons do not lose a significant amount

ESD final-state effects. of energy in the rare-gas film, so that the initial ESD pro-
cesses in reaction®) and (3) are not significantly affected
Charge-transfer reactions in the rare-gas films by the presence of the rare-gas overlayer. However, the dis-

sociative attachment reactiortd) and (5) are initiated by
low-energy electrons, which are most likely secondary elec-
4Fons from the substrate. We now discuss how the secondary

i ~ . )
F*,F, or ;" with rare-gas atoms in the overlayer f”(NOt? electron yield from the substrate may be influenced by the
that although we cannot detect ground-state neutrals with Our%lre—gas overlayer

experimental setup, it can be expec_ted that neutral F atoms Secondary electrons are emitted from the Ru substrate
are among the desorption produgtSirst, we consider the following collisions of primary electrons. On their way into

process vacuum, they are transmitted through the; Rfyer. We ex-
pect that in the presence of a rare-gas overlayer, some sec-
ondary electrons can be reflected back toward the substrate

The energy defecAE is the difference between the ioniza- @nd hence be transmitted through the; Réyer multiple

tion potential IP of the RG and the electron affinity EA of F. times, thereby increasing the_rate of d}s§OC|at|ve attachment
(Note that the endothermicity is based on the unscreenel® PFs. However, the reflection coefﬂme_ntqbf%r. secondary
value of the electron affinity of F and the atomic ionization €/€Ctrons scattered from rare-gas atoms is iow;although
potentials of Kr and Xe.Using tabulated values of (Rr) the reflection of secondary electrons from the rare-gas layer
=14.00 eV, IRXe)=12.1 eV, and EAF)=3.4 eV2" ye May lead to a slight increase in production of Ehrough
obtain an energy defect for FKr of 10.6 eV and for F-Xe reaction(4), it cannot solely explain the strong increase ob-
of 8.7 eV. Reactiori11) is highly endothermic, and therefore Served in F.

energetically not possible under the conditions of our experi- W€ also consider that the primary electrons can create
ment (the kinetic energy of a neutral F is expected to pesecondary electrons in the rare-gas film, which then can con-

We must consider the possibility that the increase ofd-
a product of the collision of other desorbing species, such

F+RG—F +RG". (11)

below 5 eVl. tribute to the dissociative attachment reacti¢ds and (5).
Another possible source of Fis F*. We consider the However, since the ionization cross sections of Kr or Xe by
following mechanism: 300-eV electrons are only 280 *° and 4x10*° cn?,
each primary electron will produc&l secondary electron;
Fr+RGoF +RG2T. (12)  hence this process can only make a minor contribution to the

increase in the Fyield, at least within the first rare-gas ML.
Using a value of IFF) of 17.4 eV, and values of energies to This is in agreement with our findings that the secondary
remove two electrons from Kr of 38.56 eV and from Xe of electron emission from 1 ML rare gas on U is not sig-
33.3 eV reaction(12) is found to be strongly endothermic nificantly higher that for P#Ru [Figs. 9a) and 9b)]. Hence
by 17.8 eV for Kr and 12.5 eV for Xe, so that this process iswe concentrate in the following section on how the rare-gas
not likely to produce a F ion with sufficient kinetic energy overlayer may influence final-state effects in ESD offfom
to desorb. PF;.
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ESD final-state effects

There are two main factors that influence the escape prob-
ability of ESD ions from a surface: the image force
attractiori° and neutralizatioif (ESD final-state effecisThe
image force attracts a desorbing ion toward the surface; for
ions desorbing with large polar anglésff-normal) the im-
age interaction can inhibit the ion’s escape from the surface.
The other factor is neutralization of the ion with the surface
upon desorption. This will be the focus of the following dis-
cussion. ' >

The ion survival probabilityP; which is the probability 0 z
that the ion desorbs without neutralization, is given by

energy (eV)

rare gas monolayer

FIG. 14. Schematic of the energy levels of Felative to the
substrate Fermi levefb: work function of PR/Ru(000Y); ¢, ; elec-
, (14) tron affinity of F; ey,c: vacuum levelgg : Fermi level;R, : negative
ion neutralization distance. Also shown is the approximate geomet-

. . . .. ric position of 1 ML of rare gas.
wherez(t) is the time-dependent ion-surface separation in a

classical trajectory approach, adgis the initial ion-surface  pegative ion with a surface is very high at ion-surface dis-
separationR(2) is the reneutralization rate and depends ofyances where the electron affinity level of the negative ion
the ion-surface distance. o and the unoccupied levels of the metal créfsdhe ion-

_ If adsorption of a rare-gas layer affects the lifetime of agrface distancezj, where the neutralization is most effi-
final state that leads to ion desorption from the chemisorbed;ont may be at a value which lies outside of the first
PF, layer, the initial ion yield from PEcould be influenced. qngjayer of the rare gas film. This means that most of the
As discussed in Sec. IV B, Kr and Xe interact with the;PF desorbing F ions pass through the rare-gas monolayer with-
layer very weakly. Hence we do not expect that the presencgy; significant neutralization; the neutralization probability
of a very Weakly_lnteractlng rare-gas overlayer ha§ a strong¢ the F ion outside the rare-gas monolayer may be reduced
effect on the lifetime of the final states of electronically ex- 54 compared to the probability in the absence of the rare-gas

cited PR. Even a layer of BO, which interacts more gy pecause the electrons have to tunnel through the rare-
strongly with PF; than the rare-gas layers, does not seem Qa5 fiim (Fig. 14, which increases the electron tunneling

affect the initial ESD ion desorption probability from £F  parrier due to dielectric screening. Preliminary calculations
In addition, evidence that a rare-gas layer has little or nqyy Nordlander show that this effect may very well explain
influence on the |n|t|%I ESD of Ofrom oxidized W has been the strong increase in the Fyield upon rare-gas
reported previously: _ _ adsorptior?’ In conclusion, we believe that the dominant
It has been shown that a change in the work function of gactor causing an increase in the field is dielectric screen-
surface can lead to a change in the desorption yield of neggng through the rare-gas film, but other factors such as a
tive ions from that surface. Joycet al™ investigated the  gecrease in the work function or a small increase in the F

coadsorption of potassium with FRu(0001). Potassium production may also contribute to the increase.
leads to a decrease in the work function of the surface, and

this decrease has been suggested to cause a decrease in the
neutralization probabilityR(z) of the desorbing F with the
surface. This served as an explanation for the experimental After having discussed a mechanism that explains the in-
observation that the Fyield from PR/Ru(000) increases crease in the total Fyield by the rare-gas overlayer, we now
upon coadsorption of potassium. suggest a model to explain the strong change in the angular
We illustrate this situation in Fig. 14: there can be a neu-distribution of the F ions with increasing rare-gas coverage,
tralization of the desorbing negative ion Rith the surface and the attenuation of the Hons in the rare-gas films. The
through electron transfd®,, from the electron affinity level F~ ions which desorb initially on trajectories with a polar
g4, iNto an unoccupied state of the substrate. If the workangle of ~60° are elastically scattered toward the surface
function were strongly decreaséelg., by~2 eV), then the normal, which results in the broad angular distribution cen-
affinity level would be on the same level as, or below, thetered around the surface normal. Upon completion of 1 ML
occupied levels of the substrate, and the neutralization prolsf Kr or Xe, nearly all ions are found in the broad normal
ability would be decreased significantly; this could lead to andistribution. The reason for this scattering lies in the struc-
enhanced F yield. ture of the rare-gas solids: Bulk rare-gas solids are known to
We have shown in Fig.(®) that the adsorption of rare gas have a fcc structure, which for th@1l) direction corre-
on the PR/Ru(000J) surface leads to a decrease of the worksponds to a layering oA-B-C-A.... Based on arguments
function; however, the decrease is very snfalD.07 eV/RG made in Sec. IV B, we assume that rare-gas films also grow
ML). This makes it unlikely that the change in the work on the substrate RRRu(000J) in a fc111) structure. As we
function alone can explain the strong increase in the F have pointed out in an earlier papethis structure exhibits
yield. channels perpendicular to the surface until completion of the
We suggest that the main reason for the enhancement diird layer. In order to escape through the rare-gas film from
F~ is dielectric screening of the desorbing Fom the sur-  the surface, the Fions have to change their polar angle of
face caused by the rare-gas film. The neutralization of alesorption and follow one of the perpendicular channels.

P=ex;{ — wa(z(t))dt

Zy

F. Attenuation and deflection of F~ in Kr and Xe
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FIG. 15. Interaction potentials for the systems Kr&nd XeF .

The data are obtained from the paper by Mansky and Flar(Re F_IG. _16. Back;cattgring Cross §ections in binary collision ap-
39). proximation of F ions in rare-gas films.

Earlier, for the case of Otransmission through Kr and

An important condition for the ion to be able to €SCaPey e, we concluded that the dominant attenuation mechanism
from the surface as an ion is that it does not change it?s élastic scattering, and that inelastic effestsch as charge
charge state in the collision, i.e., that it does not neutralizet. for d i gt' ibute sianificantly to the att tﬁnﬁg
We can understand this by considering the following reac NS ey do not contribute significan y to the attenuatior.

By analogy, and based on the analysis given above, we sug-

tions: gest here that the attenuation of fn Kr and Xe is also
_ _ dominated by elastic scattering. This is supported by the ob-
F+Kr—F+Kr (15) servation of large angle scatterifigig. 5. We do not com-
and pletely exclude the possibility that inelastic effects may con-
tribute to the F attenuation, but they are probably not
3 N dominant.
F +Xe—F+Xe™. (16)
These reactions are endothermic by 3.1 and 3.0tk elec- G. Attenuation of F™ in Kr and Xe
tron affinity of F is 3.4 eV, and that of solid KiXe) is 0.3 We suggest that the reasons for the increase,inifrthe
(0.4 eV]*® This means that even if all of the peak kinetic presence of Kr or Xe are the same as those discussed in Sec.
energy of F (~1 eV) were used for reactiond5) or (16), |V E for the increase in F, i.e., mainly changes in the final-

the reaction would still not be likely. This is the reason why state effects for F desorption.

ions can survive collisions with impact parameters so small |t is not surprising that all 5 ions are suppressed upon

that the ions change their angle by60°. completion of 1 ML of rare-gas overlayer. Although the
Another important condition for the escape of the scatchanges in the final-state effects of desorption may lead to a

tered ions from the surface is that their kinetic energy has telecrease in the neutralization probability of F the mol-

be sufficiently large so that they are not recaptured by thecule is too large to escape through the channels in the rare-

image interaction or neutralized with the surface. Using agas film. The van der Waals radius of F is 1.35 A, which
classical hard-sphere ball model, we calculate the energy loss

of 2 eV F in a collision with a Kr(Xe) atom that leads to a 08
change in angle of 60° to be only 0.4 €0@.28 e\j. This

demonstrates that due to the large rare-gas atom mass, most~ |

: ; ot o< O F—Xe L

ions still have enough kinetic energy to escape the surface. <1 [ ) TR
By analogy to our analysis in Ref. 11, we determine the ® FKr

>
)
backscattering cross section and the energy loss from the}:
(FKr)~ and (FXe)~ potentials published by Mansky and 2 ,,| . |
Flannery® (reproduced in Fig. 15 They are depicted in 2. . a
Figs. 16 and 17. The backscattering cross sections and en- ¥ :

&

L

[}

ergy loss(stopping powerare very similar to those obtained oa b o e |

previously for OKr and O'Xe!* One of the differences & e

between the O and F experiment is the kinetic energy of E._—;,’;.za"‘ﬂ'

the ion:~7 eV for O" vs 1 eV for F. For F transmission Y T
as compared to Otransmission, this slightly increases the 0 2 4 6 8 10
angular scattering of the ions, but decreases the stopping energy (eV)

power of the ions in the rare-gas film. Hence this analysis
shows that the Ftransmission through Kr and Xe should be  FIG. 17. Stopping powed E/dx in the binary collision approxi-
“comparable” to the O transmission. mation of F ions traversing a rare-gas films.
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means that the van der Waals diameter ¢f i >3.7 A (4) F,” ions are attenuated completely by 1 ML of Kr or Xe.

(the single-bond covalent radius of Fis0.64 A),*° much

larger than the channel size in the rare-gas film. We suggest a model in which the ions are attenuated by
Note that elastic collisions of,F with rare-gas atoms can €lastic scattering and by charge transfer. Endergoes

also lead to a significant reduction in kinetic energy: Usingmainly elastic scattering, while'Fmay also be attenuated by

again a classical hard-sphere ball model we calculate as #@mne-electron charge-transfer processes. The increase in the

example the energy loss of a 2-ey Fin a collision with a F~ vyield for rare-gas films<1l ML thick is attributed to a

Kr (Xe) atom that leads to a change in angle of 60° to be 0.8lecrease in the neutralization probability of the desorbing

eV (0.5 eV). This means that not all ions may have enoughiOﬂS with the surface due to dielectric screening, and is there-

kinetic energy to escape the surface. fore a specific effect of the system studied which has two
Note that since § formation from Pk by electron bom-  interfaces, K¢Xe)/PF; and PR/Ru(000D).
bardment involves a rearrangement of;Pf#e cannot rule This study is part of a series of investigations of the trans-

out the possibility of electronic quenching of the formation mission of low-energy ions through ultrathin films; these
of F,~ by Kr and Xe. This initial-state effect caused by ad- measurements are directly related to the depth of origin of
sorption of Kr(Xe) overlayers may also reduce thg Fyield ~ secondary ion§%**~**%4n all of the studies so far we have
significantly. attributed the attenuation of low-energy ions in thin films to
either elastic scattering or charge transfer. In most cases,
charge transfer seems to be an important attenuation mecha-

V. SUMMARY AND CONCLUSIONS nism (besides elastic scatteringhen the charge-transfer re-
. action is exothermic. The structure of the film has been
We can summarize our results as follows: found to play an important role for the attenuation and for

the trajectories of the ions traversing the film; we have found
evidence of channeling of the ions in the filh§he penetra-
tion depth of ions in thin films has been found to range from
a fractional monolayer to 6 ML.

(1) F' ions are attenuated nearly completely by ML of
Kr or Xe. For the normal F beam, we derive the attenu-
ation cross sections @f..4+0.4)x 10 *° cn? for Kr and
(2.2+0.6)x107 15 cn? for Xe, in the coverage rangel
ML.

(2) Adsorption of 1 ML of Kr or Xe on top of P#Ru(0001)
leads to an increase in Fyield and to a change in the F

angular distribution. P.K. and H.M.U. are grateful to W. Meyer and P. Sebald
(3) F~ ions are attenuated in Kr with a cross section offor discussions and helpful advice on the calculation 6f F

(1.1+0.6x107% cn?, and in Xe with ~(1.5 rare-gas potentials. This work has been supported in part by

+0.4)x10 5 cn?. the National Science Foundation, Grant No. CHE-9408367.
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