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PLVV and LMM Auger emission induced by A" impact on the InP(110) surface
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The ion-stimulated Auger electron emission from P atoms was used to study collisional processes and core
excitation in InP following bombardment with 1—-10 keV ‘Ain oblique incidence. Both the line shape and the
yield of the PLVV, bulklike emission and of the PMM, atomiclike emission were investigated. It has been
found that core excitations mainly originate in asymmetric collisions at all bombarding energies above thresh-
old. The dependence of the sputtering yield on the ion incidence angle has been found to contribute signifi-
cantly to the angular distribution of the [BMM partial yield.[S0163-18287)02747-1

[. INTRODUCTION used, while for yield measurements a modulatiéB & was
used. The conventional Auger electron emiss{electron-
Inelastic interactions of nonreactive, low-energkeV)  induced Auger emission, EABEvas excited by the electron
ions with surfaces have been extensively reviewed in the laggun coaxial to the CMA analyzer. The current was @5in
decadé ™ They include both electronic and kinematic pro- a spot 10um in diameter. The ion-induced Auger emission
cesses. When the kinetic energy of the colliding particles i€IAE) was excited by a differentially pumped ion gun oper-
high enough to allow the formation of an instantaneous quaating at energy,, of 1-10 keV. The ion current density was
simolecule, very large excitation cross sections can occur bgf the order of 18 uA cm™2. lon guns generally produce a
promotion of inner-shell electrons through crossing of mo-significant amount of doubly charged particles, which can
lecular orbital®” The subsequent decay would result in Au- affect the measurement of the yield versus energy, in particu-
ger spectra very similar to the electron- and photon-excitedar where the threshold estimation is conceriétHowever,
cases, owing to the substantial insensitivity of the Auger dethe multicharged ions fraction can be drastically reduced us-
cay to the ionization process. However, kinematic processeasg an appropriate ionizing discharge volta@@®—-50 V in
also occur, namely, ejection of target particles by momentunthe present cagé®
transfer in direct(projectile-target or secondary(target- Due to the marked dependence of IAE emission on the
targe} collisions (sputtering.® Sputter-ejected, excited par- experimental geometrythe ions’ incidence angle and the
ticles decay outside the solid, resulting in an “atomiclike” electrons take-off anglg¢ ="~ measurements were per-
spectral distribution superimposed to the “bulklike” distri- formed in well-defined geometries. Basically, an ion inci-
bution originated from decay into the solid. dence angle of 65° with respect to the surface normal was
Such a kinetic electron emission has been investigated insed for yield measurements, and the electrons were col-
a number of elements, alloys, and compounds, but most décted using the full angular acceptance of the CMA, but
the work has been focused on Mg, Al, and Si, because of thexperiments were also performed at different incidence
very high excitation cross section in these light eleménts. angles. The line-shape measurements were performed at an
Phosphorous has been less fully investigated, although it exen incidence angle of 65° using two different take-off ge-
hibits a large cross section for the ion-induced, core-levebmetries to emphasize Doppler-related contributi§r8.To
ionization proces&? this end, two distinct, narrow acceptance cones, centered at
We report in this paper on a detailed study of the phos—45° and+45° from the surface normal in the plane de-
phorous Auger emission induced by impact of Ar ions offined by the ion-beam direction and the surface normal, were
1-10 keV energy on thél10) surface of InP, in order to get selected by mechanical shields. We will refer in the follow-
insight on the sputter-related collisional and emission proing to these geometries as to “backward” and “forward”
cesses. The interaction of ions with the surface of (aRd  geometry, respectively.
other 1ll-V compound semiconductorss in fact a widely
investigated but not fully understood procé$s'? Surface IIl. RESULTS AND DISCUSSION
sensitivity of the ion-induced electron emission has been re-
cently outlined®!* therefore, this approach is suitable for
study of collisions in the outermost layers. The ion-excited phosphorous Auger emission is shown in
Fig. 1, for the InP surface bombarded with 3 keV Ar ions in
grazing incidence and backward take-off angle, in both the
first derivative form[panel(a)] and the integral, background
The (110 surface of InP was prepared by cleavage insubtracted forn{panel (b)]. For comparison, the electron-
UHV (base pressure lower thanx20 ° Torr). Electron  excited LVV emission is also shown. The EAE spectrum
emission was detected by a cylindrical mirror analyzerprimarily reflects the self-folded valence density of states at
(CMA), 0.3% resolution, operating in the first derivative the core-hole excited sif¢:** The dominant feature at 119
mode. For line-shape measurememisl V modulation was eV is related to transitions leaving two holespsymmetry

A. Line-shape study

Il. EXPERIMENT
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a) b) TABLE |. Calculated Auger transition energies.
IAE Calculated
Transitions from to values(eV)
3 keV Ar 1AE Pt 2p®3s23p® =  2p®3s3pd 2p 95.8
2
- . S 96.9
2 = 4p 102.3
g BAE | g PP 2p°®3s23p* = 2p®3s3p® D 107.5
3
Iz EAE 1) v = P 107.6
S 1 = D 109
) i =  2p®3s?3p? s 1145
2 keV e lD 116
P>t 2p*3s23p* = 2p°®3s23p?® 123.5
Atomic
emission
sl o b v e PRI B R T S AR R
60 90 120 90 120 2p®3s3p2 or 2p®3s23p? states can be well approximated to
Kinetic energy (eV) the energy difference betweep@s?3p* and 2°3s3p2 or

S , v 2p®3s?3p? states of the next-highest element in atomic
( AEI)Gé :d Elni;%’ 2:22{?5:0&‘;::;é?ﬁg&”:;m;;t?geb%S Rl;el O)Ar number(sulfur, in the present cas& For doubly ionized P
atoms (B") with initial state 2*3s?3p*, energies have

surface at oblique incidencéa) The first derivative spectrum and .
(b) the background-subtracted integral spectrum are shown. In thB?‘e” ev_aluated using the same rule, although a larger uncer-
(b) panel the atomid.MM contribution to the full IAE spectrum is tainty might be expected. . . T
also shown(bottom curve. Calculated energies of the PMM The most relevant feat_ure |n_the P atom|cl|!<e emission is
Auger transitiongsee Table )l are indicated by markers. peak I, however, the re_Iat|ve weight of peak V is I_arger in the
LMM spectrum of P with respect to the Al and Si case. Peak
in the valence band, while the shoulder on the low kinetic-V has its origin in ap-p transition (see Table ) from a
energy siddbetween 100 and 115 Vs mainlysp andpp neutral-excited initial state; therefore its intensity reflects the
derived. Inelastic losses also contribute to the spectral interincreasing occupancy of thep3evel. It is, in fact, absent in
sity in this energy range. Mg, where the excited atom has only ong 8lectron, and it
The IAE spectrum also originates in the decay of tle 2 is maximum in P. The relative intensity of the ion-related
core holes. Main peaks are located at about 115, 107, andMM emission(peaks Il and 1) with respect to the neutral-
102 eV, respectively. A relevant shoulder is present on theelated emissiofpeaks | and Vis larger in the InP spectrum
high kinetic-energy(KE) side. A minor feature is detectable in comparison to, e.g., the Si oA&®*?” Also, the relative
at about 95 eV. As in the Mg, Al, and Si case, however, thentensity of peak IV with respect to the totaM M emission
dominant features do not originate in the/V, bulklike s larger in comparison to the Al and Si c£S€*? Similar
emission, but in th& MM, atomic emission. trends have been observed forl3¥ M emission on passing
Separation oL VV andLMM contribution can be done from pure Si to silicon-metal compounéStherefore both
by subtracting the EAE spectrum from the IAE one, in thethese results are possibly related to the occurrence of P emis-
assumption that thé.VV component is satisfactorily de- sion in the InP compound. The large intensity of peak IV
scribed by the Auger spectrum obtained under electroindicates that asymmetric collision are important in theP 2
bombardment:> The magnitude of the electron-induced core ionization at all the bombarding energies above thresh-
spectrum is conveniently adjusted to fit the IAE spectrumold. In fact this peak is associated to the decay of P atoms
The result of such a procedure is shown in Fitb)1llower  having two 2 holes and therefore originates in asymmetric
curve. The percentage weight of atomic and bulk intensityAr-P or In-P collisions only*’
with respect to the total yield is 25% and 75%, respectively, The 3 keV, atomic IAE spectra in backward and forward
as measured from the area of th&#/M andLVV spectra. geometries are compared in Fig(@rvesa, andb, respec-
Peaks in thee MM spectrum are labeled according to the Al tively). The difference curve is also shown, indicating that
and SiLMM spectrunt® We assigned the atomiclike peaks the “forward” spectrum is a superposition of the “back-
to specific Auger transitions in either ionizéuhitial state  ward” one and a spectrum similar in shape but rigidly
2p°3s?3p®) or neutral excited(initial state 2°3s?3p*)  shifted to the high KE side. The dependence of the IAE line
sputtered particles, as already done in the literature for Mgshape on the take-off angle has already been reported and
Al, and Si?*?* The decay of atoms with a doublep2va-  discussed in detalf ~?°It is ascribed to a Doppler effect that
cancy and an additional electron in the outer stiiglitial apparently changes the KE of the emitted electrons from
state 2*3s23p*) is also considered, which roughly corre- sputter-ejected atoms moving with a large component of its
spond to peak IV in the experimental spectrum. Some calcuvelocity toward the analyzer. Shifted features indicate also in
lated Auger transition energies are given in Table | and arénP the occurrence of a strong asymmetry in the kinetic and
indicated by vertical markers in Fig.(d), lower curve. In  spatial distribution of sputter-ejected particles, in particular
singly ionized P atoms (P, energies have been evaluatedthe presence of a highly directional flux of high-energy par-
from tabulated data of ionization potentidfsFor P neutral ticles nearly specular to the incident ion beam, in strict simi-
atoms (B) the energy difference betweerp®s?3p* and larity with the Al and Si casé 318-2°
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FIG. 2. Energy distribution of RMM Auger electrons in for-
ward and backward take-off geomettgurve a and b, respec-

tively), for 3 keV Ar* in oblique incidence. Thea-b difference " val lized to the total vield val t 10 keV
curve represents the Doppler-related contribution to the atomi utions. values are normalized 1o the total yield value a ev.

emission in forward geometry. Curves are normalized in intensity. Tf |ntsetthshow_s ml moﬁhdett?l ths energy-threzilolc:)retgr:on. Arrovvls
The energy shift of the peak V in forward geometry with respect to)" Itcha eIAEe r_10||§e evel tha atts een assumed fo be the zero value
the backward geometry is shown in the inset as a function of the i0|](1Or € ylield measurement.

energy.

FIG. 3. IAE P yield as a function of the ion energy. Total yield
is shown, in comparison with both the/V and theLMM contri-

the threshold of P IAE emission is similar to that of Si. The

The energy shift of the Doppler contributions markedly P total yield increases with,, as already observed on other
depends on the KE of iorfst®°therefore the IAE line shape  targets:>**~*In Si and Al two distinct regions were found,
in forward geometry also depends on the KE of projectilescharacterized by a different dependence of the yieldEgn
The energy shift of the peak V of BMM spectrum in —Ew. The quadratic dependence observed up to about 3
forward geometry with respect to the same peak in backwarleV was ascribed to the dominance of target-target symmet-
geometry is shown in Fig.(B) as a function of the KE of ric collisions, wh_ile the onset and the increasing importance
Ar* projectiles. The shift increases with the ion energy in theof the asymmetric projectile-target collisions at larger energy
2—7 keV range moving from 1.5 to 3.4 eV, then reduces tdesults in an overquadratic dependence of the yieldEgn
2.7 eV at 10 keV. Maximum shift corresponds to a KE of the —Ew. The IAE total yield curve of Fig. 3 shows a nearly
emitters of about 1.5 keV. The shift reduction between 7 angubic dependence df,— Ey, over the full energy range we
10 keV is possibly related to an increasing presence of clusxplored. The energy dependence of théV and LMM
ters in the energetic, ejected flux. The velocity of P cluster§omponents is also shown. The behavior is qualitatively
with n P atoms should bezn~%2 of that of single P atoms. Similar. Therefore we conclude that the P IAE emission in
Then, the emission of an increasing number of clusters witthnP mainly originates in asymmetric P-collisions even in
n=2 and 3 will result in a progressively reduced Dopplerthe near-threshold energy range, as already deduced in the
shift, just the effect we observed at large KE of projectiles. APrevious section on the basis of the IAE line-shape analysis.
significant presence of clusters in the sputter emission hakhis conclusion is in contrast with a number of experimental
been reported for At bombardment of SiRefs. 28—3Dand ~ and computational findings on other target§>**>"~%%t is
metallic targets® however, in agreement with recent molecular-dynamics
simulation of collisional excitation mechanisms in ‘Rlit
has been reported that core excitation proceeds predomi-
nantly by asymmetric collisions at all bombarding energies

The total yield of the P IAE emission is shown in Fig. 3 as above threshold.
a function ofE,,. Values are normalized to the 10 keV one. In spite of the qualitatively similar trend versks of the
The near-threshold energy region is shown in detail in thdeVV andLMM yields, theLVV/LMM vyield ratio shows a
inset of Fig. 3. The P IAE emission energy threshjdcan  nonmonotonic behavior versis,. The intensity of the bulk
be located between 1 and 1.4 keV, when the IAE signatontribution increases more rapidly than the intensity of the
intensity is comparable to the noise. Value of threshold haatomic one up to 5 keV, then the trend is reversed, resulting
been reported to increase with the atomic number of thén a maximum in theL VV/LMM ratio as a function oE,
emitter>? In compounds, it has been shown to be simitdt  [Fig. 4@)]. Qualitatively similar results have been reported
or slightly exceed® that for the pure element. For Si IAE for Si?>*®and are shown in Fig. 4 in comparison with the
emission, values between 0.6 and 1 keV have been reportepresent ones for P. The Si sputtering yield is almost constant
in Si and in transition-metal silicides. Our results show thatin this energy range; therefore the maximum in the Si curve

B. Auger yields
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FIG. 4. (8 LVV/ILMM P yield ratio as a function of the ion FIG. 5. IAE P yield as a function of the angle of incidence of the
energy. Results for Ar bombardment of Si surface are also shown 5 keV Ar* beam. The total yield and tHeMM andL V'V yield are
from the literature(Refs. 28 and 36 (b) LMM P vyield as a func-  reported.
tion of the ion energy. The contributions from ionized and neutral-

excited sputtered atoms are shown, normalized at 10 keV. The P,. . . .
and P yields were measured as the HPP of the 102 and 109 e\%’ally reflects the partiaL VV yield angular behavior. The

features in the first derivative form of the IAE spectrum, as shown_Otal yield rises a,s 1/c@sas expected beca,us? of the .Incr('aas.-
in the inset. ing path of the ions near the surface with increasing inci-
dence angle. A similar dependence of the IAE yield on the
has been attributed to the firstly increased, then reduced efincidence angle has been already reported for th&l A1)
ficiency of the bulk related emission when the cascade firs§urface* It is well known that ion bombardment of crystal-
progressively develops within the depth that corresponds tgne semiconductors converts the surface layer to the amor-
the electron inelastic mean-free path, then expands deeper. ghous state; therefore modulation by the lattice, often ob-
similar explanation also holds for the P results. The largeggryed in other systend&:#4is in the present case avoided
value of the maximum in the VV/LMM curve for P emis-  pecqyse the very fast and easy amorphization of InP in the

sion in InP with respect to the Si case is ascribable to th%ombardment conditiondarge fluence and high enefgye
differences in the cascade development in the two material sed % However, in the total and even clearly in th&/V

and to the different value of the inelastic mean free path of .
and Si Auger electrons. It has been shown in fact that, alcunve: large bumps are present, in correspondence to the

though the IAE emission yield in the low-energy region is main crystalline directions eoncompafsed by the ion beam,
controlled by the generation volume, at energies larger thanamely,[llO] ?”d[llz]. at 35° and 55°, respectively.
2 keV the interplay between the generation and the emission The!_M M yield deviates from the 1/ca9_sdependence be-_
volume becomes importait Monte Carlo simulatiorfd ~ cause |t_ also reflects the angular beh_awo_r qf the sputtering
that we performed in the 2—7 keV range suggested that thg€ld. It increases from normal to grazing incidence, up to a
collisional cascade development is weaker and deeper in §i@ximum, then sharply reduces at very grazing incidence.
with respect to InP. Due also to the shorter inelastic meadhe maximum has been found in the 55°—70° region for
free path of Si Auger electrons with respect to the P ones, th6aAs, GaSh, and GdP,in reasonable agreement with our
collisional cascade has therefore a reduced efficiency, resulinding on InP. Forg<50°, the sputtering coefficient can be
ing in a reduced efficiency of the bulk-related emission.  approximated by curves of the type=1/(cod'), whereh

In Fig. 4(b), two components of the yield are shown as awas found to range from 2 in GaP to 2.8 in G&Sln all
function ofE,, namely, peaks | and Il, originating in neutral cases the value is larger thar 1.67 predicted by the Sig-
excited atoms decay or ionized atoms decay, respectivelynund theory> The LMM curve in Fig. 5 is satisfactorily
Values are normalized at 10 keV. The strictly similar behav-itted up to 55° by usingi=2.7. At larger angles theMM
ior suggests that the charge state of particles in the sputteyield deviates from this dependence and saturates in agree-

ejected flux is almost independent &j. _ ment with the occurrence of a broad maximum nearly lo-
The IAE yield has also been studied as a function of thegted at 70°.

ion-beam polar incidence angte in the 25°-65° range, by

rotating the sample in front of the ion gun. The IAE yield

versusé is shown in Fig. 5, where thg total value and the IV. CONCLUSIONS

LMM and LVV values are comparatively reported. Data

were corrected by the angular response of the analyzer. The

LVV yield largely exceeds theMM one over the full an- In conclusion, we have shown the followind,) P Auger
gular range we explored; therefore the total yield substanemission stimulated by Ar ions in InP proceeds predomi-
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nantly by asymmetric collisions in the whole 1-10 keV en-total yield exhibits a 1/casdependence on the ion incidence
ergy range.(2) In spite of the overall similarities, spectral angle ¢; however, theLMM partial yield also reflects the

differences have been detected in the P IAE emission witlingular behavior of the sputtering yield.

respect to the close elements in the Periodic T#8le Al,
Mg), namely,(i) the relevance of the-p related emission,

and (i) the dominant contribution from charged, sputtered

particles in the PLMM, atomic spectrum.(3) The
LVV/LMM vyield ratio shows a maximum at 5 keV ion en-
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