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Forward electron emission produced in grazing ion-surface collisions:
Dependence on the surface topography
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We present measurements of electron emission produced in 64-keytating bombardment of Qi11)
surfaces prepared with different topographies. The surfaces were initially irradiated with several fluences of
Ar* at normal incidence, and their topographies characterized by an atomic-force micr¢a&dpg The
electron energy spectra, measured close to the direction of the projectile specular reflection, show two char-
acteristic structures: a peak at an enefgy:= 35 eV, corresponding to electrons moving with the projectile
velocity (convoy electrons and a broad peak at an ener§y,>Ecc. Their relative intensities depend
strongly on the surface roughness. A similar behavior was observed for(GEA\sand Al(111) surfaces
prepared with differenin situ polishing methods. A code developed to process the AFM images allowed us to
assign the electron structuresEy; and Ecg to specific topographic featurgs$0163-182608)03116-4

[. INTRODUCTION vertical resolution of the scanning microscope, the authors
could not relate the peaks observed in the electron spectra
lon-surface collisions at grazing incidence are becomingvith specific features of the surface topography. The aim of
an important tool to test surface properties with very highthe present paper is to perform a systematic study of the
sensitivity to the last atomic layer. In particular, the ion- variations of the emitted electron energy distribution with the
induced electron emission has been used to study surfaglrface topography, and to obtain information about the
magnetic propertié€ and overlayer growtf* Because of Shape and size of the topographic features producing either
the high surface sensitivity, the emitted electron can bdhe true convoy peakat Ecg) or the shifted structur¢at
strongly affected by the topography of the target. In roughEM)- We present measurements of electron emission per-

surfaces, close encounter collisions between impinging prol®fmed during H' grazing bombardment of €il]) surfaces,

jectiles and target atoms at defects preclude planar chann shich were previously prepar_ed by irradiation with different
ing and produce a deeper penetration of some of the ions intf uences of A at normal incidence. The topography was

the bulk of the solid. The electrons that recede from the aracterized by an atomic-force microscdp&M). In or-

o T |der to make a quantitative analysis of the results we devel-
surface at low emission angles may also sustain violent col Jed a code for processing the topoaraphic images acauired
lisions with defects. In addition, there are important differ- b P g pograp 9 q

: . : ) . with the AFM.
ences in the interaction of these outgoing electrons with the

induced surface potentials due to the sudden variations in the
distance to the surface. In this work we study the relation
between the shape of the forwardly emitted electron energy The measurements were performed in an ultrahigh-
distribution produced in grazing ion-surface collisions andvacuum(UHV) chamber® equipped with standard facilities
the topographic structure of different surfaces. for Auger-electron spectroscogAES), sample sputtering,
Previous results show that for rough surfaces the emittednd annealing. The Arand H" ion beams were produced in
electron energy distributions, observed close to the directioa radio-frequency source, accelerated to 10-22 keV'YAr
of the reflected projectiles, are dominated by a peak centereahd 64 keV (H), and mass analyzed by a magnet. Electrons
at an energ¥ce=mcE,/M,, with m, andM , the electron ejected in a cone of half-angy=2° were energy analyzed
and ion masses, arigl, the projectile energy.’ Because of with a resolution of 1% by a custom-mddeotatable cylin-
its energy and angular distribution, this peak was assigned tdrical mirror analyzer. All the spectra were corrected for the
electron capture and/or loss into continuum states of the prdransmission function of the analyzer and normalized to the
jectile, and is usually referred to as a convoy peak. Insteadncoming beam current, measured with a Faraday cage
for smooth surfaces the electron energy distributions ar@laced at the end of the beam line.
dominated by a broad peak at an enefgy somewhat Two mirror polished Sil11) samples were prepared by
higher thanEcg.8~" This peak atE,, was related to the irradiation with several fluences of 10 and 22 keV'Aat
surface ion-induced potentidf**>148There are cases where normal incidence. The irradiation was performed in a sec-
both peaks(at Ey and Ecg) were observed in the same ondary vacuum chamber with a base pressure of Tbrr.
spectrum:214-"Sanchezet al**°showed a qualitative cor- The surface bombarded region was limited to a band of 1
relation between their relative intensities and the topography 6 mm by using slits placed at 40 mm from the sample. By
of a S(111) surface annealed at different temperatures: withmoving the sample, it was possible to irradiate several well-
increasing surface roughness the intensitig gtstrongly de-  defined regions of the surface, leaving a virgin region in
creased in comparison with thatBgg . Because of the poor between. One of the @i11) samples, which we will refer as

II. EXPERIMENT

0163-1829/98/5(1.9)/125736)/$15.00 57 12573 © 1998 The American Physical Society



12574 G.R. Gd/lEZ, E. A S’ANCHEZ, AND O. GRIZZI 57

TABLE I. lon fluences used to modify the topography of an 64 keV H— Si(111)
initially flat Si(111) surface. 900 ——T7——T—T1—

L, (@) ot <ol o

e < ol A

@
10 keV Ar* —Si(111) sample 1 22 keV AF—Si(111) sample 2 T 600 y 25
Region  Fluences (ions/dn Region Fluences (ions/én : : fg
S 10
A 2.1x10' A 3.9x 10 < 300 5
B 2.6x 10 B 5.6x 10 w 0
C 3.1x 106 c 7.2x10% <

sample 1, was bombarded in three band regi@nsB, and

C) with 10 keV Ar"; the ion fluences are shown in Table I. @ 490 ."
The S{111) sample 2 was irradiated with 22 keV of Aalso 5
in three regions(A, B, and C). We used an air operated g

AFM to characterize the topography of the samples. The & 200

apparatus was an Autoprobe CP from Park Scientific Instru- s

ments, calibrated in the, y, andz directions with gratings 2 .. ! L

consisting of steps of um pitch and 410 A height, and 0 20 40 60 80 0 02 04 06 08pm
inverted pyramids of 2500 A pitch and 700 A depth. We Electron Energy (eV)

acquired several images for each bombarded region as well FIG. 1. (a) Left: energy spectra of electrons emitted from a
?sz:)cr); ;hned g?tre“rrretg:fi‘;edtrzgilg;&I;shilr? tﬂfﬁe:\l;rshzlvrize(:c;gﬁon—previously-irradiated region of the($11) sample 1. Full lines:
th lect placing P ts. With th i ﬁtting curves for the peaks &.g andEy, . Inset: Schematic dia-

e electron §m|SS|0n measuremgn S. Wi . e prepara IOé}am of the scattering geometry, the observation is in the scattering
me_thod de_sc_rlbed above we obta!ned a variety o_f topograﬁIane &~—2) at an elevation anglé.u= 6, =1°. Right: AFM im-
phies consisting of structures of different sizes, with an @V7ge of the respective surface regiorib) Same aga) for a region

erage height ranging from 30 A to 1500 A. , of the same sample previously irradiated with 10 keV"Aons
Once placed in the UHV chamber, the(Bil) samples (fiyence: 3. 10 ions/cnd).
were cleaned by gentle cycles of 500 eV*'Asputtering at
firgn I\?v(;g edn:ticatlgg @ﬂﬂefxléng ?rthisglegfrgrr:ti:gr Cor:jtiimlglibn top after the cleaning cycles, these were formed when the
. . ) ergy .~ blister covers were partially broken by either sputtering or
tions were measured with a proton beam collimated to irrag, d by the imol d
diate a band region of 0.5 mm wide, i.e., smaller than thet € Inner pressure exerted by the implanted gas. ;
reviouslv brepared ban d's T We measured energy distributions of electrons emitted
P y prep ' along the direction of the projectile specular reflection during
64 keV H" grazing bombardment of both Si samples. The
IIl. RESULTS incidence angle, measured with respect to the surface plane,

Two different kinds of topographies were produced by'Was Set to,=1° [inset of Fig. 1a)]. The ion-beam direc-

Ar* irradiation at normal incidence and the subsequent

cleaning cycles. Those regions of sample 1 bombarded with 64 keV H— Si(111)
10 keV Ar* present pits of several hundred angstroms depth t oy
and diameter, whose density increases in the regions irradi-g 600 L

ated with the higher A fluences. Instead, the regions of 5
sample 2 bombarded with 22 keV Ashow blisterlike struc- g
tures, whose density, height, and diameter depend on the Al 300
ion fluence. From the AFM images acquired before and after iq
performing the sputtering and annealing cycles we concludeZ
that these topographies were produced by the combination of 00 ' 20 ' 40 ' 60 ' 80 0 02 04 06 08pm
blistering® and surface sputtering. During the irradiation at
normal incidence, Ar clusters can be formed beneath the sur-
face, these clusters have been observed in experiments of Aw
ion implantation at 40 keV on 8il11) (Ref. 21 for irradia- <
tion doses ranging from #®up to 137 ions/cnf. The AFM g
images obtained before placing the samples in the UHV &
chamber show that the blisterlike structures were initially 7
present in the irradiated-regions of both Si surfaces. After Z
performing the cleaning cycles, pits appeared in sample 1, 0 20 20 0 : 20
probably related to blisters the coverings of which had been Electron Energy (eV)
removed by sputteringhe thickness of the blister cover de-

pends on the implantation energy, corresponding thinner FIG. 2. (a) Same as Fig. (&) for Si(111) sample 2(b) Same as
covers to lower energigsin the more irradiated regions of Fig. 1(b) for a region of Sj111) sample 2 previously irradiated with
sample 2 there were some blisterlike structures with crack82 keV Ar' ions (fluence: 7.% 10 ions/cnf).
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(a) Si(111) sample (1) irradiated with 10 keV Ar*
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(b) Si(111) sample (2) irradiated with 22 keV Ar* FIG. 4. Schematic diagram of the topographic line analysis. The
A B C | y directions of incidence and observation are shown in the upper plot.
X The observable regiofwhite) is divided into(1) the smooth region
T T T T T of lengthL, (2) the convoy region, an€3) the remainder of the
@ F - ‘:' : D_’ ! 1100 nonblocked regionD;; : critical ion penetration length for convoy
"g .\././.\.\. / . \ 9} electron production.
. : : \/. NG @
e a Do e N — -
s I oS . 9~e 750 %5 related to the root-mean-square deviation of the surface
e : i W = height distribution(rms height roughnegsThe rms height
= ; : : roughness obtained from the AFM images of the surface
R — 1 E——————— band regions corresponding to the spe¢awere ~70 A
8 9 10 11 12 13 14

for sample 1 and~300 A for sample 2; however, the elec-
tron energy distribution showed a more pronounced peak at
Ece in the first case than in the second one. This result
indicates that a more detailed analysis of the surface topog-
raphy is required to interpret the behavior of the electron
emission.

Sample Y Position (mm)

FIG. 3. (a) Total electron emission intensity (®) and surface
observable fractiod\,,s ((J) as a function of they position of the
Si(111) sample 1. Upper plot: top view of the surface, the gray
zones represent previously Airradiated regiongsee Table | for
the ion fluences (b) Same aga) for Si(111) sample 2.
tion was set parallel to the surface irradiated bafxddirec- V. DISCUSSION
tion). For each Si surface we measured spectra by moving An interesting feature seen in Figs. 1 and 2 is that the total
the sample in steps of 0.5 mm in tledirection, which is forward electron emission decreases for the previously irra-
perpendicular to the scattering plane and to the irradiatediated regions. In Fig. 3 we show the total electron intensity
bands. Figures 1 and 2 show two typical spectra for eachy measured ab,,s=1° and 6,,=1° as a function of the
sample. These distributions come fr@ga) a non-previously-  position of the samplel.t was estimated from the electron
irradiated region, an¢b) from the region irradiated with the energy distribution, by performing an integration of the spec-
higher Ar" fluence (band C for both samples Also dis- trum from 0.5 to 100 eV. We can see in this figure that
played in the figures are the AFM images typical to eachdecreases for the earlier irradiated regions, and that this re-
surface region. These topographic images were acquired afluction is more pronounced in the bands irradiated with the
ter the electron emission measurements had been performedgher Ar" fluences. If the observation is at grazing angles,
The size of the scanned area is indicated at the bottom dhere are large areas where the electrons ejected from a rough
each image, and at the left side we show the relation betweesurface are blocked in their outgoing path by defdtisse
the gray scale and the height in angstroms. regions are not observable from the detectém order to

We can see in Figs. 1 and 2 that the electron energynake an evaluation of the size of these regions, we devel-
distributions neaEcg are strongly dependent on the sampleoped a computer program for processing the AFM images.
topography. For the smoother surfa¢epectrum(a) in both  For fixed directions of observation the program analyzes the
figureg a prominent structure is observed Bj;~45 eV, AFM topographic image line by line, discriminating the sur-
with a shoulder aE-g=35 eV (the latter corresponding to face regions that can not be seen by the detector. We define
the convoy electron energy for'Hat 64 ke\j. Instead, for  Agps (6op9 as the fraction of the surface that is observable
the rougher surfacdspectrab)], the intensity of the peak at from a detector placed #,,s. In Fig. 3 we show with open
Ecg increases in comparison with that of the pealEgt. squares thé\,,s resulting from processing the AFM images
We also observe in the figures that the peaksgtandEcz  of several band regions in both Si surfaces. Fyg values
are superimposed on the high-energy tail of the secondanyere calculated as the average over the results obtained with
electron background, whose intensity decreases for the rougrarious AFM images of different scan sizes and positions for
surfaces, while its maximum remains approximately at theeach region. The size of the AFM scan was chosen several
same positior(6 eV). The variation of the relative intensity times larger than the typical topographic structures. We can
of the peak atEqg with respect to that aE,, cannot be see in this figure that there is a correlation between the be-
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the peaks aEg and three-parameter asymmetric peak func-
tions for the structures &y, {f(E)=A exp(—exp(—&)—¢&

A +1), whereé=(E—E,,)/w}. Although there are some dif-
o ferences in the position of the peak maxima, the values of
300 lem andlgcg evaluated from these fittings differ within 5%
200 from those obtained with other sets of fitting curvgso
log Gaussian functions or combinations of Gaussian and asym-

metric peak functions It can be observed from the spectra
that the width at half-height of the peak &g was
~10-15 eV. This broadening could be patrtially ascribed to
the screening of the Coulombic ion poterftiahd, as it will

FIG. 5. Left: AFM image acquired for regio@ of Si(111)  be discussed later, to the energy loss of the projectiles that
sample 2. Right: the same AFM image after processing. The smootfienetrate into the solid before being scattered off the surface.
region is shown in white, the convoy region in light gray, the re- We modified the image processing code to discriminate
mainder of the observable region in dark gray, and the nonobsenfrom the observable surface regions those sufficiently
able region in black. Horizontal arrow: direction of observation. smooth, where the electrons receding at low observation

angles can sustain grazing trajectories for several lattice con-

havior of I+ and that of the observable area&, ). Al- stants. In Fig. 4 we show an schematic diagram of a surface
though the general trends of the experiment are reproduced Séfe view along a direction within the scattering plane. We
guantitative comparison would require a calculation accountindicate in gray the regions that are not observable by the
ing for the number of electrons ionized along the projectileelectron analyzer because they are blocked by defects. We
path and their escape probability, which is beyond the scopirther divide the observable region into three pavestical
of the present work. dashed lings (1) the smooth region, where the slope of the

The qualitative agreement obtained encourages us t®ngent to the surface is lower than=tan(f.;) (the angle
study, with some modifications of the program, the depenf is a parametey (2) the convoy region, which does not
dence of the convoy electron emission on the surface topogneet the smoothness condition, but fulfills the condition that
raphy. Most of the models proposed to describe the peak e ion path inside the material is lower than a parameter
E\ in high-energy ion-surface collisions were based on thé i, and(3) the remaining of the observable region. We
repulsive effect of the ion-induced potentialy (for a de- assumed that the structure By, was formed by electrons
tailed description ofp;,qy see Ref. 2P Hasegawa, Kimura, emitted from regions of typ€l). We imposed, in this case,
and Manhanfisuggested that the convoy electrons are accelan additional constraint on the size of these regions. Their
erated byg,4, instead Reinholcet al'® proposed that the lengthL along the direction of the ion path must be large
shifted structure is determined by rainbow scattering of theenough (> L) to allow grazing trajectorieéwith L. an
electrons in the screened field of the ion. In both models, th@djustable paramefeiWe assumed that the electrons emitted
shape of the ion-induced potential and the geometry of th&om type (2) regions with velocities neaw, presented an
collision play an important role, requiring that the projectilesoutgoing distribution centered &cg (Convoy electrons
sustain grazing trajectories in atomically flat surface regionsThe ions receding from these regions must usually have trav-
In the first model it is also needed a long interaction timeeled several lattice constants inside the solid before leaving
with ¢;q. If the surface flatness is lost, these conditions aréhe surface(as in foil transmission experimentsFor large
not fulfilled and, as it was experimentally observed, the outpenetration distances the energy and angular straggling are
going electron energy distribution presents a broad peak &0 high, that almost all of the electrons produced with ve-
Ece. Both models have been used to describe experiments kacities neaw , contribute to the low-energy tail of the mea-
projectile energies higher than 300 keV/amd®In our en-  sured convoy distribution or are not detected. In our model,
ergy range there are no calculations of the convoy emissioP .y was a measure of the maximum distance that the ions
effect. A study of the size and shape of the surface regionsan travel inside the solid, without being scattered at angles
producing the peak &,y may help to clarify the origin of larger than the acceptance of the analy@8j and with en-

0 01 02 03 04pm

this peak. ergy losses lower than the maximum expected from the ex-
In order to make a quantitative analysis we estimated th@erimental width of the convoy peak. We estimatBg;
intensity of the peaks &), andEcg (Igy andlgcg, respec-  ~1500 A, based omRiM (Ref. 24 calculations of the en-

tively). Since no detailed information about the backgroundergy and angular distributions for 64 keV*Hransmitted

is available, we tried to fit it at both sides of the peaks withthrough thin Si foils of different thickness. Finally, the elec-
different functions. Because the peaksE} and Ecg are  trons that recede from typ@) regions can contribute to the
well separated from the secondary electron maximum an@ackground distribution.

superimposed on a smooth varying background region, a lin- We defineAgy (Agcp) as the smootlirough fraction of

ear interpolation resulted reasonable. After performing théhe surface area that, within our model, generates electron
background subtraction, we adjusted the two peaks in thdistributions centered &y, (Ecg), i.e., region(1) (region
experimental energy distributions with fitting functions. The (2)] in Fig. 4. There are three parametéf,;, L, and

lem andlgcg values were obtained from the total area of theD ;) to be adjusted. From thesB,;; was fixed by the cri-
respective functions. An example of this procedure is preteria described above. Assuming that there are not large dif-
sented in Figs. 1 and 2, where we show the best fitting curveterences between the total cross sections for the mecha-
obtained for these spectra. We used Gaussian functions faisms producing the peaksBgg andE,, , we compared the
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ool ] ing Ar* sputtering and subsequent annealing, in order to
I i reduce the roughness produced by the mechanical

a0k ﬁ i polishing?® We observe in the figure that the data follow the
= ! ”iﬁ&: ] general trends observed for the(lil) samples. In these
S e} . cases, the processing of the AFM images was done with the
TS I T same parameters used for the Si samplés,;;=5°,
~4 40 + 7 L.#=100 A, andD ;= 1500 A).

20F J .

0 F . . . . . 1 V. CONCLUSIONS

0 20 40 60 80 100 We measured energy distributions of electrons emitted
A7 (%) forwardly during H™ grazing collisions with Si, GaAs, and
EM . .
Al samples. The surfaces present a wide variety of topogra-
FIG. 6. Relative intensity of the peak Bt, (I8,,) as a function ~ phies obtained by irradiation with several fluences of An
of the relative smooth aredf,,) for Si(111) sample 1(M), Si(111) the case of Sior by different cleaning method&\l). The
sample 2(®), Al(111) (A), and GaA§110 (), with different  spectra show strong variations of the electron structures at
topographies. Ey andEqg: for increasing surface roughness the intensity
L . of the peak aEy, decreases in comparison with that{: .
relative intensity of the peak aEy (IEMZIEM/(IEM Based on a code developed to analyze the surface tEopogra
+lgce)) with the relative smooth surface fractidibey  phy from AFM images, we have related the intensity of the
=Aem/(Aemt Aece)]- We obtained a good agreement be-peaks atE.r and Ey, with specific topographic features of
tween both quantities forf.=5°+1° and L¢i=(100  the samples. In particular, the appearance of the shifted
+30) A ) ) structure aEy,~45 eV is ascribed to the presence of micro-
In Fig. 5 we present an AFM imageft) of band region  scopically smooth surface regions with mean slope variations
C in sample 2, and the corresponding processed imaggwer than 5°, and of at least 100 A long. In these regions the
(right). The observation is in the direction shown by the ar-grazing emitted electrons can interact with the ion-induced
row, with the elevation angle covering the range 04@-  potential during several lattice constants, and sustain outgo-
termined byfsps+ 6p). We used different shades of gray to ing trajectories not blocked by defects. The Convoy peak at
discriminate the smooth regiofwhite), the convoy region E__=35eV is related to electrons emitted in correlation
(light gray), the remaining of the observable regiddark  with a reflected projectile, but receding from rough surface
gray), and the nonobservable regi@olack). regions, i.e., those that do not meet the conditions just de-
In Fig. 6 we present the relative intensit§,, as a func-  scribed. As a consequence of the geometry of the outgoing
tion of the ARy, obtained from the processing of the AFM trajectory, these electrons do not have a long interaction time
images. Thed §,, error was estimated from a comparison of with the induced potentials, and the postcollisional evolution
the results obtained by adjusting the peaks and backgrourid dominated by the Coulomb interaction with the ion.
with several fitting functions. The error iAEM was esti- The results presented in this paper show that the analysis
mated from the scattering of the results obtained after proof the forward electron emission produced in grazing ion-
cessing various AFM images with different scan sizes angurface collisions can be a useful tool to obtain information
positions for the same surface band region. We can see in ti# the surface topography, in particular, concerning the rela-
figure that there is a linear relationship betwegy, and tive fractions of smooth and rough regions.
AEM, with a proportionality constany approaching 1. We
also present in this figure the data obtained with a smooth
GaAq110 surface and an AL11) sample. In these cases the
electron energy distributions were measured for 70 ke H  We acknowledge M. L. Martiarena and V. H. Ponce for
grazing bombardment, keeping the other experimental paiseful discussions, H. Winter for providing the Si samples,
rameters the same as those described for the Si samples. Taed C. Wenger, J. De Pellegrin, and E. Sauro for their tech-
two points obtained for the Al surface correspond to the rehical assistance in the experimental setup. We also acknowl-
sults obtained from the electron spectra and the AFM imagesdge financial support from CONICE{Grant No. PMT-
acquired before and after performing several cycles of grazPICT0437 and Cooperativa de Electricidad Bariloche.
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