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Initial stages of cesium incorporation on keV-C¢ -irradiated surfaces:
Positive-ion emission and work-function changes
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The gradual incorporation of cesium into elemental samples of Al, Si, Nb, and Au bombarded with 5.5-keV
Cs' ions was investigated by monitoring the emission of sputtered positiVea@d molecular ions and the
relative work-function change&\®) induced from the shifts of secondary-ion energy distributions. With
increasing Cs fluence and Cs surface concentration the work function is reduced, and reaches a stationary value
at about X10' Cs'/ cn? for Si and Al, 5<10'° Cs*/cn? for Nb, and 1.5 10' Cs"/cn? for Au. The
corresponding\® shifts then amount te-1.3+0.1 eV for Al and Si,—0.9 eV for Nb, and—0.4 eV for Au.

This lowering of the work function reduces the ionization probability of positivé ©ss by factors of about

ten (Al), seven(Si), and thregNb). In agreement with the electron-tunneling model of secondary-ion forma-
tion, this reduced ionization is observed only when the work function falls below a limiting value which is
close to the ionization potential of Cs. Computer simulations of the Cs incorporation process result in station-
ary Cs surface concentrations of 12 at. % for Si, 10% for Al, 5.5% for Nb,~-aBd&% for Au. These values

scale inversely with these elements’ sputtering yie|§6163-182806)00447-X]

INTRODUCTION reversed for positive ions: lwering of the work function
reducesthe probability to form apositive secondary ion.

It was realized a long time addhat sputtered negative- While for usual SIMS analyses this effect is of little concern
ion emission is strongly enhanced by the presence of alkalioxygen primary beams are commonly used for positive-ion
metals at the ions’ emission site on the surface. This findingletection, it does apparently influence the emission of so-
is widely utilize in secondary-ion-mass spectrometry called MCs" molecular ions(M stands for an atom of the
(SIMS) for the sensitive detection of electronegative ele-Sample material These species atabundantly formed un-
ments by monitoring their respective negatively charged secder c§ bombardmenti.e., from Cs-loaded surfacefrom
ondary ions. Most often, this enhancement is accomplisheiss’em'ally all elemenfsTheir analytical usefulness lies in
by employing a C§ primary ion beam for sputtering, thus the observation that matrix effectthat is, drastic variations

loading the near-surface region of the bombarded specime frlo?sn)]/;elidsnwnh sargltplebccin:polsnmgw hr'](t:?d?/l"écf rprr:ion
with cesium. In general, the resulting amount of Cs at theor &1OMIC 10NS, appeato be 1argely abse > NS

surface is not known, but can be expected to depend on \gas rationalized by their possible formation mechanism: the

ety of ¢ like th ectile’ di ssociation of aeutral M atom with a C$ ion in the sput-
variety of parameters like the projectie’s energy an InCI'tering event. Clearly, for such a process the amount of sput-

dence angle, the specimen’s sputtering yield and, possible e’ c4 s of utmost importance, as it should determine the
others:” The increase of the ionization probability of Sput- b mper of actually forme® Cs" ions. Since little informa-
tered negative secondary ions in the presence of Cs has begg), js available as to the equilibrium Cs concentration build-
ascribed to a lowering of the sample’s work functioh'F) ing up at the surface upon dynamic ‘Csombardmentand
(in fact, its surface contribution is lowered due to the develthe WF changes induced therebypredictions on the Cs
opment of a surface dipole layer, with the positive charge ofjield and its variations in different substratés.g., in a
Cs' farther away, and an electron donated to the substratedepth-profile analysjsare virtually impossible.
An exponential dependence on the work functibris pre- Theoretical descriptions of secondary-ion emissilike
dicted by several theoretical approaches, and was verified e electron-tunneling modend othery predict an expo-
static alkali-metal adsorption experimeilffsr a comprehen- nential dependence of the ionization probability of positive
sive review, see Ref.)5Generally, in these investigations ions, P, on the WF, and the atom’s ionization potential
the amount of alkali-metal atoms is well controlled and can
be derived from, e.g., Auger-electron-spectroscopy data. By Ptoexg —(1—®)/eg]. (1)
contrast, for thedynamicSIMS conditions described above
(Cs" is used as the bombarding spegjexisting results on The parametet is considered to scale with the normal com-
the Cs-surface concentration are rather conflictibgvhile ~ ponent of the ion’s emission velocity. While some
essentially nothing is known about the WF changes assocexperiment$'® appear to confirm this prediction, oth&rs
ated with this Cs incorporation. find gy to be (almos) independent of velocity. Also, the
The presence of alkali atom@n particular C$ on the former data tend to exhibit a leveling dffoward a constant
surface also strongly influences the emission of positivevalug for low velocities. Furthermore, a velocity depen-
ions! Although perhaps less clearcut, a dependence on thdence in Eq(1) should become manifest pronouncedlif-
WEF is again observed; however, the direction of variation isferences of the secondary ions’ energy distributions with
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small changes ofl —®).2? It is commonly assumed that en- this resolution translates into an energy bandpass of about
ergy spectra of sputtered ions can be factorized into the di2—3 eV (see below. The Cs primary-ion beam was pro-
tribution of the neutral species and the ionization term asluced in the instrument's Cs surface-ionization source. A
given by Eq.(1). The former is knowt? to exhibit a depen- focused(a few um) 5.5-keV Cs ion beam with a beam
dence on the emission energyproportional toE/(E+U)3, current in the range 0.2—1 nA was used here which was
whereU is the surface binding energy the departing atomgaster scanned, at an incidence angle of 42° relative to nor-
have to surmount. This scaling produces the peak of the disnal, across a sample area(®®5 um)2 Secondary ions were
tribution to occur atJ/2, i.e., at a few eV for most materials. accepted from a circular area of @@n in diameter centered
With a velocity-dependent term in E€L), for sputteredons  within the bombarded region. Because of the high intensity
this peak should move to higher energies. This shift wouldof Cs" secondary ions, for this species the acceptance area
increase with increasingl —®). For examplé! Ga" and  was reduced to &m to avoid detector saturation.
As” sputtered from GaAs have™ values differing by about Energy distributions of secondary ions are measured by
three orders of magnitude, sintg,=6.0 eV andl ,,=9.8 ramping the target potential around the 4.5-kV value, while
eV, but their energy spectra are very similar with respect tkeeping the remaining secondary-beam optics unchanged.
the peak position. Equatio(l), on the other hand, would Thus, with the energy slit closed, only ions within a narrow,
predict a difference of some 10 eV or mdfeThe same constant total-energy rangéhe sum of the ion’s kinetic
argument should also hold for changes®f The present emission energy plus the acceleration engrgpn pass the
experiments indicate, however, that the shape of the energglit and, subsequently, the magnetic sector. Changes of the
spectra does not changat least in the low-energy portion surface WF are detected in this arrangement as a variation of
with moderate® variations(see below. the contact potential between the sample and the electrostatic
Very important in this context is the experimental finding analyzer; they result, therefore, in shifts of the secondary-ion
(and the associated theoretical descriptitrat the ionization energy distribution. Most accurately these shifts are deter-
probability is unity for®>1.” Sincel .=3.89 eV, one may mined from the steeply rising low-energy parts of the spec-
expectP =1 for most clean surfaces, witho dependence tra. In order to register small WF variations, the sample-
on emission velocity. Only a lowering of the WF due to Cs potential power supply was modified in a way that this
incorporation might reduc® ;. Conversely, if this reduc- potential could be varied in steps of 0.09 V. Checks have
tion is not sufficient to reach>® (due to, e.g., too low a shown that the long-term stabilify.e., for the typical dwell
stationary Cs concentratinnP & should remain unity. The time per step of~1 s is much better than that value. The
present data will illustrate both of these possibilities. total-energy width accessible under these conditions amounts
This work aimed to determini@ situ, under dynamic Cs  to about 20 eV, which is completely sufficient for the present
irradiation conditions, transient work-function changes adnvestigations. The working pressure of the instrument was
well as the variation of Cs(andMCs") yields. To this end, about 1x10"° mbar.
pristine surfaces of elemental samples were exposed to the For the present experiments elemental samples of Al, Si,
Cs' primary-ion bean(impact energy 5.5-keMin an incre- Nb, and Au were chosen, mostly because these elements
mental fashion by recording repeatedly energy distributionsover a relatively wide range of sputtering yiefdsand are
of Cs" andMCs" ions. Their energy shifting is indicative of expected, therefore, to produce a varying degree of steady-
a variation of the contact potential between the sani@hel  state Cs surface concentration and possible work-function
thus of the variation of the WFand the energy analyzer. WF changes. The silicon sample wag®00 single crystal(n
changes of about 0.1 eV are detectable by these msars type, 50 cm) which, however, is amorphized at fluences of
below). Clearly, this kind of a WF determination should be ~10** cm 2% well below the smallest fluence increment
sensitive to the aforementioned possible changes of energ@pplied here. The Al, Nb, and Au specimens were polycrys-
spectra. It will be shown that these are largely absent for théalline films. The pristine surfaces of these elements also
present experimental situation. It is noted that this onsefeature a certain range in work functiodg=4.85 eV,
method of a(relative WF determination is often employed ®,=4.3 eV, ®,,=4.3 eV, andd,,=5.1 eV?!
using secondary electrofs® but has also been utilized in Computer simulations have been carried out using the
static Cs adsorption experimerifst’ The present work, T-DYN codé?to estimate the surface concentration of Cs as a
however, appears to constitute the first application to dyfunction of the fluence. This program, based on the binary-
namic Cs implantation conditions which are relevant forcollision approximation, simulates the dynamic evolution of
common SIMS analyses. Furthermore, it attempts to correeollision cascades in solids evoked by an impinging projec-
late CS and MCs" ion yields during the gradual cesium tile (Cs in the present casethereby determining both the
buildup at the surface. gradual incorporation of the bombarding ions and the pos-
sible composition changes of the targetg., in a multicom-

ponent system
EXPERIMENT

. . . . RESULTS AND DISCUSSION
The experiments were performed in a secondary-ion mi-

croscopd Cameca IMS 4 (Ref. 18]. This instrument has a For Cs™ ions sputtered from Si under Csmpact, Fig. 1
double-focusing mass spectrometer in an &Bectrostatic  shows energy distributions recorded at different bombarding
and magnetic sector fields in sepiggeometry. An energy- fluences. To facilitate a comparison of the relevant features,
selecting slit located between both sector fields can be closetiey are depicted in a normalized way. A distinct shift of the
to the extent that an energy resolution SE/E~10"%is  spectra with increasing Csfluence is observed. Important,
obtainable. With the secondary ions’ pass energy of 4.5 keVhowever, is the finding that theompletedistributions are



54 INITIAL STAGES OF CESIUM INCORPORATION @ . .. 17 143

— P ——————
|| 10" Cs* cm™®
a

It
@

10" Cs* om™

1.0F
[ —u—10.8

o
o

o8l

04
04}

normalized Cs" intensity

|

i

|

o

b

N
normalized SiCs” intensity

L 0.2
0.2 L

0.0 ! 0.0

7 6
sample potential [V] sample potential [V]

FIG. 1. Normalized energy spectra of Tsputtered from Si 19 _' ST 10150 2 (b)
under 5.5-keV C§ impact. The sample potential is given relative to | yﬂvvv . fo'csm |
the value of 4500 V, and the ions’ emission energy increases from ywv % —0—8.4

left to right in the plot. The parameter is the ‘CBuence. 1or

\2
o —A—6.0
[ Wv —v—4.2 ]
08} % |7 25 g
I \" ——072 ||

shifted, and that the shape stays essentially unchanged.
These shifts can therefore be ascribed to WF changes in-
duced by the transient Cs incorporation. These relative
changes are most easily derived from the low-energy por-
tions of the spectra, but the peak positions also shift by an
equal amount. The former were fitted with tangents, and in-
tercepts of the latter with an energy scale were used, as done
in electron spectroscopié%, to determine the relative el
changes of the work function induced by the gradual Cs 8 7 6 5 4 3 2 1 0
buildup. This fitting is exemplified in Fig.(2), which shows, sample potential [V]
for SiCs" ions, the onset regions of the energy spectra; these
SiCs" spectra also exhibit shifting related to WF changes. FIG. 2. (a) The onset regions of energy distributions of SiCs
The energy distributions of SiCsdepicted in Fig. go) ions sputtered from Si under 5.5-keV Tanpact. The spectra are
and the corresponding ones of 'Tshow that the measured normalized to the maximum values and fitted with tangents to de-
SiCs" and C$ intensities increase initially with fluence, rive A®. The sample potential is given relative to the value of 4500
pass through a maximum, and decrease before reachingVaand the ions’ emission energy increases from left to right in the
stationary value. At fluences of about'§@s'/cn?, a satu-  plot. The parameter is the Csfluence.(b) The complete SiCs
ration of the Cs concentration is reached, and the valu of energy spectra.
levels off. The maximum shift then amountsAd~1.3 eV.
These results are seen more clearly in Fig. 3, which depictdaps, a different site configuration of the Cs atofimmns).
as a function of C§ fluence, the WF shifA® and the inten- While in Cs adsorption the Csions sit on top of the sub-
sities of C§ and SiCS; the latter were extracted from the strate, this is not necessarily the case for the present implan-
maxima of the respective energy distributi¢os Figs. 1 and tation situation where Cs is replenished by implantation and
2(b)]. The values ofA® were both evaluated from the €s concurrent sputter removal which exposes, at the surface,
and SiCS data (normalized and absolute energy spectrapreviously injected Cs atoms. It is by no means obvious
yield the same values afd within the accuracy of the re- whether these atom$ons) are capable of forming a dipole
sultg, and are given relative to the largest valuefofvhich,  layer to the same extent as do adsorbed ions. Notwithstand-
somewhat surprisingly, does not occur at the lowest fluencang these differences, even under dynamic conditions the WF
at this latter fluencé~7x10" cm™?) the work function is  changes drastically influence ions yields. The data show that,
lower by about 0.3 eMit is noted that a CS fluence of upon lowering the WF, the ion intensities start to deviate
1x10™ cm™2 corresponds to the removal of a layer of aboutfrom the initially linear increase with fluencthe dashed line
4 A if the bulk sputtering yield of Si is assumed to be appli-in the upper panel of Fig.)3nd, with a further reduction of
cable. The reason for this observation is not clear, but might® due to the still increasing Cs surface concentration, pass
be related" to oxygen(or other impurity specigsoriginally ~ through a maximum and then saturate. Such a behésiar
present on the surface when the "Cbombardment was also Ref. 26 must be ascribed to meductionof the ioniza-
started. tion probability for positive secondary iorisere CS) with
This reduction of the WH~1.3 eV) is clearly much decreasingVF (a similar yield evolution withA® has been
smaller than that observed in Cs-adsorption experimenteeported for a static adsorption/desorption experiffgnt
[about 3 eV(Ref. 25]. The difference, very probably, is due The finding that the SiCsintensity closely follows that of
to the lower Cs concentration in the present case and, peGs”, which supports the aforementioned formation process

SiCs* intensity [10% ¢/s]
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FIG. 3. The intensities of Csand SiC$ ions and the WF 0BT T
changeA® as a function of C5 fluence for a silicon sample. The | | 55kevCs i 1
dashed line in the upper panel indicates an expected linear increase 5 T-DYN /.\./Fo
of the Cs intensity with concentration. b= /o—o

b= 4
of these MC$ speciegan association of a Si atom with a Cs § 010 o
ion), also appears rather important. 3 o

To obtain information on the Cs surface concentration § /
during the gradual incorporation in the initial stage of irra- = A S ]
diation, computer simulations were performed using the v 0.05} o .
T-DYN code?? This program dynamically determines the im- © I /0/ T
plantation and buildup of the bombarding species in the tar- I ./’
get. Figure 4a) exemplifies this process by depicting, for s
different fluences, the Cs concentration as a function of 0.00 o e
depth in Si bombarded by 5.5-keV Cs. At low fluences the o 5 10 15 20
distribution is close to a standard implantation profile Cs fluence [10"® cm]

p p

(roughly Gaussian, with a mean range of about J0with
increasing fluence the distributions are found to approach a FIG. 4. Computer simulation data for 5.5-keV Cs impact on Si.
stationary state. Figure(ld) shows the Cs surface concentra- (8) Cs concentration vs depth. The parameter is the Cs fluébce.
tion versus the Cs fluence derived from the implant distribu-Cs surface concentration as a function of Cs fluence.
tions [Fig. 4@ and other§ It is seen that the Cs surface
concentration increases roughly in proportion to the implantang, who find a constant value d?cs for ®>I, and a
fluence up to~1.5x10* Cs-atoms/c but saturates for a pronounced reduction ob slightly below|,. Contrary to
fluence of about 2 10'® Cs-atoms/crh Then the Cs concen- those experiments, which determined an absolute scale for
tration amounts te-12 at. %. Such a linear increase appearsd, the present study can only derive relative changes of the
to agree with experimerft&® studying, via ion backscattering WF. Nevertheless, a valukd~1 eV, which corresponds to
spectroscopy, the Cs incorporation in Si, albeit at somewhahe factor-of-7 reduction oP.s+ (see Fig. 5, is close to
different bombarding energies and angles. what is reported by Yu and Lar(g.

This linear increase of the Cs surface concentration ob- According to the simulations, a stationary Cs surface con-
tained in the simulations has to be compared with the deviaeentration is reached at a fluence of somé&®1Ts /cn?; in
tion from linearity of the C$ intensity(see Fig. 3already at  the experiment, botiA® and the ion yields approach con-
fluences of>2x10'"° cm™?, i.e., at a value where the con- stant values at this fluence. The maximum WF shiftl.3
centration is still increasing. Ascribing this deviation to aeV) is less than that observed in adsorption stfdies?®
reduction of the CS§ ionization probability, it is possible to which produce shifts of-3 eV, albeit at considerably higher
determine Pcs+ and to correlate it with the associated cesium coverages. Taking those investigations as a guideline,
changesA®. Such data are shown in Fig. 5; they indicatea value of A®~1.3 eV would correspond to a Cs surface
that Pcg+ is indeed constan(it is assumed here th®c¢- coverage of about 0.15 of a monolayer; the latter figure is
=1) for smallA®, but decreases drastically fadb>0.4 eV, close to the steady-state Cs concentration obtained from the
being a factor of 7 lower for the maximum WF change ob-computer simulations. This agreement should not be stressed
served. From the measured ‘Ostensity at equilibriumthe  too much, however, because of the above-discussed possible
partial Cs sputtering yield is unity thgnthe primary ion difference between static and dynamic conditions with re-
current, and the instrument transmissfonl5% (Ref. 18],  gard to Cs occupation sites.
an experimental value dPs~0.17 is found which is in Apart from Si, ion emission under Csirradiation was
good agreement with the result depicted in Fig. 5 for Si.also studied in a similar manner for Al, Nb, and Au speci-
These data are in general agreement with results by Yu amilens. Figure 6 summarizes the implantation-fluence-
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FIG. 5. The C% ionization probabilityP* vs work-function FIG. 7. As in Fig. 3, but for a Nb sample.

changesA® for the Si, Al, and Nb specimens. Values Bf are
derived through deviations of Cdntensities from a linear increase
with concentratior(see Fig. 3 and text In the case of Nb, the experimentsig. 7) produce a
linear increase of the Csyield up to a fluence of 1,810
dependent Changes of the WF and ion y|e|ds for an Al specics+/cn]2; beyond this value the intenSity saturates, and the
men bombarded by 5.5-keV Csons. Similar to silicon, for ~WF is reduced, reaching a maximumaP=-0.93 eV. The
the evaluation oA® the shifts in the onset of the Cenergy ~ corresponding computer simulations result in a linear in-
distributions were utilized. The WF is reduced to about 1.3crease of the Cs surface concentration up to abo(t(
eV at a C§ fluence Of""4><1015 ions/cn{ and stays fa|r|y CS+/Cm2, and a Stationary value of 5.5 at. %. This lower
constant for higher fluences. The ‘Cand AICS" intensities concentration causes a smaller reduction of the work func-
initially increase with Cs implantation; at the same fluence ation as compared to Si and Al; it is probably due to the
which the lowering of the WF sets in, the Tyield starts to higher sputtering yield of Nibabout twice that of Si accord-
fall, while that of AICS™ continues to rise with increasing ing to other experimentd and the simulations Employing
fluence. These signal evolutions of Tsand AICS are the deviations of the Csintensity from linearity at low flu-
clearly different from the respective ones observed for Siences(see the dashed line in Fig) &s a measure of the
One might suspect, however, that some emission of 'OCslowering of Pcg+, a strong decrease & is observedFig.
from the oxidized surface initially competes with and pos-5) Which starts at a modesai®=—0.3 eV. Since the WF of
sible suppresses the formation of AICsThe deviation of  intrinsic Nb is 4.3 e\£' this decrease coincides withs~®.
the C< intensity from a linear increase can again be used td'he experimentally derived ionization probability for Cs
derive the variation 0P (similar to Si, computer simula- Sputtered under steady state from Nb amountsPtq-
tions also produce for Al a linear rise of the Cs surface con—-0.39, and comes close to the value shown in Fig. 5. The
centration up to aboutx10'® cm™?; the saturation value is drastic reduction oPcs+ found for Al, Si, and Nb in the
10 at. %. These data are compiled in Fig. 5, and demonstratéangel cs~® is in qualitative agreement with the electron-
a rapid decrease d¥¢+ with the lowering of the WF, again tunneling model of Yu and Langand the associated experi-

in agreement with the data of Yu and Lahg. ments of these authors. The present results appear to be a
confirmation of this concept fodynamic Cs-incorporation
— - conditions.
20F ! o The results obtained for Au are distinctly different from
_ ost@oh) o those for Si and Al. Because of its higher sputtering yield
e 15F T ] [Ya,~12 atomsfionYg~ 2.3 atomsfion Ref. 3) the equi-
= 10k o ] librium Cs concentration in Au should be correspondingly
g E o acs o ] lower [under steady-state conditions, on average one Cs spe-
£ 05 j—,/ © 3 cies is reemitted together with sample atoms; so the con-
/o ] centrations might scale like @+Y) to first ordef. The
0.0 ;’: """""""""""""""""""""""""""""""""" ] T-DYN computer simulations produce a stationary Cs surface
§_0_5f_ ] conce_ntration of about 2.5%. Thi§ is also reflected in the
) ' o ] experimentghere a sample potential of 3 keV was used to
S -1.0F e 1 extend the spectrometer’'s mass range for the detection of
o A% &A—Je/ — ] AuCs'; this results in a Cs impact energy of 7 kel A
15 T much smaller WF change was found®=-0.4 eV),
0 2 4 6 8 10 reached already at a fluence ok#0' Cs"/cn?, and a C$
Cs* fluence [10"® cm™?] intensity which increases without passing through a maxi-

mum, see Fig. 8. Apparently, due to the small value\df,
FIG. 6. As in Fig. 3, but for an Al specimen. the work function is not reduced belolg (for the prestine
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T ———T T T 7T CONCLUSION
> 10 I /A/A ] In summary, the present work_ in_vesti_gated the po;sibility
B 081 oo / 8 _of de_te_rmlnlng work-function variations induced by*Osm
2 irradiation of surfaces. The onset of secondary-ion energy
- 06y / cs* 1 distributions can be used to monitor WF shiftssitu with a
8 o4l & _ resolution of 0.1 eV. For Si, Al, Nb, and Au surfaces, Cs
g - incorporation effects a lowering of the WF and, concur-
5 02F 1 rently, a reduction of the ionization probability for positive
I ] Cs" ions as soon as the WF becomes smaller thag.
O'Of """""""""""""""""""""""""""""""""""""" | This finding is in accordance with the electron-tunneling
> 02k 4 model of secondary-ion formation. The emission\éCs*
E - I generally exhibits a correlation with the Cyield, although
04r L ] some deviations from a one-to-one scaling are observed. In

00 02 04 06 08 10 12 14 future studies this correlation should be investigated in more
Cs* fluence [10'S om™] c_ietall, also monitoring, e.g., ¢sions. Furthermore, posi-
tively charged atomic ions of the substrate should be re-
corded in order to establish their yield dependence on the
work function. The present method thus appears to provide
access to the WF modifications occurring on solid surfaces
during the gradual Csincorporation, and their influence on
Au surface,®,,=5.1 eV); therefore,Pc¢+ is unity in the  sputtered ion emission.
regime accessible for the present bombardment conditions.
The Cs intensity in Fig. 8 thus directly reflects the buildup
of the surface Cs concentration. Also, a close correlation
between C$ and AuCs intensities during the Cs build-up is The author is grateful to H. Oechsner for his support of

FIG. 8. As in Fig. 3, but for the Au sample. The Ténpact
energy is 7 keV.
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