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Exponential scaling of sputtered negative-ion yields with transient work-function changes
on Cs'-bombarded surfaces
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The emission of negative secondary id@5, Si~, Ge~, Au~) from keV-Cs'-irradiated elemental surfaces
was monitored during the initial stages of Cs incorporation. Concurrently determined work-function variations
A® were found to be 2.75 eV for graphite, 2.3 eV for Si, 0.84 eV for Ge, and 0.62 eV for Au. This lowering
of ® results in an exponential increase of the sputtered ions’ ionization probability/alues ofP~ derived
from the A® scaling are 0.19 for C, 0.093 for Si, 1.6x10 2 for Ge~, and 5.7 10 2 for Au™, and agree
guantitatively with measured ion-yield daf&0163-182606)05147-8

The formation of sputtered negative ions is strongly en4ral, is reemitted per incoming primary ion together with
hanced in the presence of alkali metals at the ions’s emissiotarget atoms; thus the Cs surface concentration should scale
site! This finding is utilized extensively to increase the de-like 1/(1+Y)].
tection sensitivity of electronegative elements in secondary- The present investigation aims to determine, for the first
ion mass spectrometr§SIMS);> most often, this is accom- time, to our knowledge, relative WF changessitu during
plished by bombarding the sample with ‘Cprimary ions  the gradual Cs buildup in the near-surface range of the solid,
and detecting negatively charged secondary ions. This ionynq to correlate them with the yields of negative secondary
yleld_enhancement is g_enerally ascribed toa lowering of they\s t0 assess the validity of E€1) also fordynamicsputter
specimen’s work functiodWF), . The minimum amount  qgitions. To this end, pristine surfaces of elemental
of energy required to transfer an electron from the solid to a@amples were exposed to a ‘Cgrimary ion beam(impact

atom at |,nf|n|ty to form_a_ negative ion &—A, _WhereA S energy 14.5 eYwhile, at specific fluence incrementgar-
the atom’s electron affinity. Hence the formation probability . e ; .

= . : : tial) energy distribution of negative secondary ions were re-
P~ of negative secondary ions should depend on this quan-

tity. Theoretical treatments of sputtered ion emis$fopre- ;? rded. tThS'r etnertgy Sh('jﬁ'?r? IS |r]1dt|ﬁatlve otf)a vanatlohn of
dict an exponential scaling e contact potentialan us of the WF between the

sample and the energy analyzer. It was recently
demonstratedthat WF changes are detectable with an accu-
P~oexd —(®—A)/eg], (1) racy of 0.1 eV by these meansee below. This onset
method of a(relative WF determination is often employed

where the paramete, is anticipatedl to vary with the nor-  using secondary electrofi$ but has also been utilized with
mal component of the ions’s emission velocity, but to besecondary ion8!° The present work, however, appears to
roughly constant fomoderatg WF changes; its magnitude constitute the first application to dynamic Cs implantation
should fall in the range 0.5-1 eYExperimental datahow-  conditions which are relevant for common SIMS analyses.
ever, showg, to be largely independent of the emission ve-Furthermore, the experiments provide valuesdgand, via
locity, with values of 0.2-0.4 eV. Eq. (1), for the ionization probabilityP™ [the constant of
The validity of Eq.(1), in particular the WF dependence, proportionality in Eq.(1) is about unity.
has been verified in several static alkali-metal adsorption The experiments were performed in a secondary-ion mi-
experiments:® the ion yields were monitored, as a function croscope[Cameca IMS 4 (Ref. 11] equipped with a
of alkali coverage and work function, in the low-fluence re-double-focusing mass spectrometetfectrostatic and mag-
gime, i.e., without altering the surface state. On the othenetic sector fields in serigsThe CS primary ion beam was
hand, SIMS analyses usually operate undgmamiccondi-  produced in a Cs surface-ionization source. A focusefgw
tions (e.g., for depth profiling then the C$ ions are im-  um) 14.5-keV C$ ion beam of 1-nA beam current was used
planted into the near-surface region of the solid, while thehere which was raster scanned, at an incidence angle of 26°
sample is concurrently eroded. Upon completion of an initialrelative to normal, across sample areas ranging ftb%)>
transient, this results in a stationary surface concentration db (300% um? which resulted in flux densities between
the projectile species which, in the case of Cs or other alkal.9x 10" and 4<10" ions/cn? s. Secondary ions were ac-
metals, may cause a change of the WF and hence of the iarepted from a circular area centered within but smaller than
yields. Clearly, this situation is drastically different from the the bombarded region. An energy-selecting slit located be-
above-mentioned static adsorption studies. Most importantiyiween both sector fields can be closed to the extent that an
the steady-state WF variatioriand the Cs concentrations energy resolution oAE/E~10 2 is obtainable. Since the
are not known, but are expected to depend on various paramsecondary ions’ pass energy is 4.5 keV, this resolution trans-
eters, foremost probably the substrate’s sputtering yield lates into an energy bandpass of a few eV. Energy distribu-
[under steady state on average one Cs atom, charged or ndion of secondary ions are measured by ramping the target
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FIG. 1. C intensity (open circles, left-hand scaleind WF _ FIG. 2. The onset_ region (_)f normalized @nergy spectra fitted
variationsA® (closed squares, right-hand sdates a function of ~ With tangents to derive®, with the Cs fluence as a parameter.
fluence for 14.5-keV Csbombardment of graphite. The sample potential is given relative to the value-@f500 V, and

the ion’s emission energy increases from left to right.

potential, in steps of 0.09 V, around the4500-V value, \yF changes, the energy slit was closed to obtain a narrow
while keeping the remaining secondary beam optics UnNpandpasg~2-3 eV}, and partial energy spectra were re-
changed. Thus with the energy slit closed only ions with &corded at different bombardment fluences as described
constant total energgthe sum of the ion’s kinetic emission apove. These data are depicted in Fig. 2 in normalized form
energy plus the acceleration energan pass the slit and, t ease comparison. A distinct shift of the onset of the spec-
subsequently, the magnetic sector. Changes of the surfagg towardslower energies(higher sample potentiglsvith
WF are detect_ed in this arrangement as a variation of thﬁhcreasing fluence is observed. The low-energy portions
contact potential between the sample and the electrostatigere fitted with tangents, and intercepts of the latter with the
analyzer; they result, therefore, in shifts of the secondary—|orbotemia| axis were used, as done in electron
energy distribution. Most accurately these shifts are detersmctroscopie%? to determine the relative changes of the
mined from the steeply risintpw-energyparts of the spec- work function A® induced by the Cs buildup. Here, the
tra. _ 3 ~_value in the low-fluence range~(4+2)Xx 10" Cs'/cn?]
Four different elemental samples were utilized in this\yas assumed to represent the pristine surface and was set as
work: C* was sputtered from highly oriented pyrolytic A¢=0. The variation ofAd with fluence is shown in Fig. 1
graphite, St and Ge from the respectiven-type (100 (closed squares, right-hand soalét can be seen that the
single-crystal wafergwhich, however, are amorphized at \ork function of Cs-loaded graphite Isweredby 2.75 eV
bombarding fluences of 2x10' cm? (Ref. 12], and AU ypon reaching steady-state sputtering. This valud®fis
from a polycrystalline thin film~800 nm on a Si substrate  ony slightly smaller than those obtained typically in Cs ad-
Thgse glements were chosen to cover a W|_de range of SPWorption experimentg~3 eV (Refs. 1,6], but still effects a
tering yields, as the Cs surface concentration and fi)s  consjderable yield enhancemepf. Fig. 1. In fact, a clear
were expected to scale inversely with [for the present (anti)correlation between the Tintensity andA® is ob-

bombarding condition&c~1.5 atoms/ion,Ysi~2.3 atoms/  served by comparing the two data sets in Fig. 1: the yield
ion, Yge~4.6 atoms/ion, and ,,~ 12 atoms/ion(Ref. 13].

The samples were rinsed in isopropanol and distilled water _
before being inserted into the instrument's UHV chamber 108 &
(operating pressure-1x10~° mbay. :
Figure 1 exemplifies the gradual Cs incorporation for
graphite bombarded with 14.5-keV CsThe intensity of C
is plotted(open circles, left-hand scalas a function of the
Cs' fluence; for this measurement the energy slit was com-
pletely open AE~120 eV) in order to deteatalmos} all
ions irrespective of their emission energy. Upon passing
through a regime of almost constant intengi@s atoms are
implanted into the bulk with still little Cs at the surfgcéhe
ionization probabilityP~ and therefore the yield rise with 10t L
increasing Cs content at the surface, and saturate at a fluence ; ]
of ~2x10' Cs'/cn?, indicative of equilibrium conditions 30 25 20 15 40 05 00
(the yield enhancement at the surface might be due to the A® [eV]
presence of impurity species like H, O, or othefkhe signal
evolution of Cs (not shown is identical to that of C, but FIG. 3. Intensity vs WF changad for C~ ions sputtered from
the intensity is lower by a factor of £0in order to determine  graphite.

graphite

10°F 1

C~ intensity [counts/s]
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TABLE I. The maximum WF changd®, the value ofey de-

k N rived from ion-yield-vsA® plots, the steady-state ionization prob-
siicon ability evaluated from Eq(1), Py, , and from the experimental ion
- yield data,Pyp.
2 10°F
c F
8 L —Ad €p 3 B
% (ev) (ev) Pt Pexp
5 c 2.75 0.59 0.19 0.17
iE 10 3 Si 2.3 0.49 0.093 0.088
@ s Ge 0.84 0.46 18103 2.2x10°3
Au 0.62 0.42 5.%10°° 5.3x10°3
103 L . I

25 20 -15 -1.0 -05 00
A® [eV] shows such a relation for sputtered SAgain a scaling in
accordance with the theoretical predictigms. Eq. (1)] is
FIG. 4. As in Fig. 3, but for Si ions sputtered from silicon. found. From these data and the respective ones for Ge and
Au, values ofey were derived and are compiled in Table I.

starts to rise, at a fluence ef8x 10 Cs'/cm?, concur- Utilizing the electron affinities [A5=1.39 eV, Age
rently with the lowering of the WF, saturation is again =1.2 eV, andA,,=2.31 eV,(Ref. 14 and the work func-
reached at about the same fluence. tions ®g=4.85 eV, Pg=5.0, andP,,=5.1 eV (Ref. 15],

A correlation between the measured ion yields of C together with the maximumA® shifts derived experimen-
(which, apart from a transmission factor, represent the iontally (cf. Table ), the ionization probabilitie®, for steady-
ization probabilityP ™) and theA®d values is depicted in Fig. state Cs implantation conditions were evaluated from(Ex.

3. A scaling in agreement with Eql), i.e., an exponential and are listed in Table I. It is seen tiRy, is rather high for
dependence oP ~ on the work function, is observed. From ¢~ (199 and Si (9.3%, but distinctly lower for Ad and

the slope a value af,=0.59 is derived which is compatible Ge~. Obviously, this finding can be ascribed to the much
with the theoretical predilc4tiorfs‘? Employing the electron  gmgajlerAd values for the two latter elements, sinck - A)
a_lffmlty of C, Ac=1.27 e}/s, the work fu_nCtIOﬂ of the pris-  for the pristine surfaces investigated here is almost identical.
tine surfaced¢=5.0 eV;> and the stationary WF change gy means of the measured ion intensities, the primary ion
due to Cs loadingA®=2.75 eV, the ionization probability ¢\rent, and the above-cited sputtering yields, the number of
for equilibrium conditions derived from Eq.l) amounts to detectedsecondary ions per sputtered atom can be deter-
Pi»=0.19, assuming the constant of proportionality to bemined. This quantity constitutes the product®f and the
Unity (that value will be ComparEd below with estimates Ob'instrumenta| transmission factoj'_ Emp|oy|ng 7~ 020'11
tained from experimental yield data experimental data P, for the steady statdave been de-

Measurements essentially identical to those for C havggrmined; they are listed in Table | and are in excellent
also been carried out for Si, Ge, and Au. Although the 9€Nagreement with theoretical values derived via Bq.
eral features are comparable, there exist clear element-" |, summary, the present study demonstrates the validity
specific differences. In all cases the ionization probability ispf an exponential scaling of the ionization probability of
enhanced upon Cs buildup, and saturates for steady-stagitered negative ions with the work function for dynamic
sputtengg; these equilibrium fluenceg decrease from Skgt jrradiation conditions. This result was achieved by
(2x 1015 Cs'/cn) through Ge (1.5 10" Cs'/cn®) to AU monitoring Ad shiftsin situ during the gradual Cs incorpo-
(3x10'° Cs'/cn). Also, the magnitude of the enhance- ration in the initial transients of sputtering toward equilib-
ment of P is distinctly different: a factor of-150 for Si' riym pombardment conditions. Steady-state ion yields are
but only about 9 for Ge and~ 5.8 for Au". These differ-  gecisively influenced by the magnitude of thé variations;
ences scale with the maximum WF shifts observed betweegpparently the latter are governed by the stationary Cs-
the virgin and steady-state surfack®=2.3 eV for Si,AD  grface concentration which, in turn, indicates an inverse de-
=0.84 eV for Ge, and\®=0.62 eV for Au. Using corre- pendence on the sputtering yields.
sponding A® values and yield data obtained during the
gradual incorporation of Cs, correlations betwden and The author is grateful to H. Oechsner for providing the
A® could be established for all three elements. Figure 4possibility to carry out this work.
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