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Abstract

Sodium iodate and sodium iodide are inorganic solids in which iodine exists in different chemical environments. In sodium
iodate, the iodine atom is bonded to oxygen to make the trigonal pyramidarion, which in turn is incorporated with
sodium into an ionic crystal. In sodium iodide, however, the iodide anion and sodium cation are ionically bound in a crystal
lattice. Nearly half of the negative secondary ion yield generated from keV energy polyatomic ion impacts on a sodium iodate
surface is characteristic of ion emission expected from sodium iodide (i.e,,(Nplyet x-ray photoelectron spectroscopy data
indicate that the solid material resulting from aliquots of aqueous sodium iodate dried on stainless steel contains no more the
2% sodium iodide. To determine how the number of atoms in the primary ion influences the amount of iodide type ion
formation from sodium iodate, secondary ion yield measurements were performed using Cs, (Csl)Cs, g@d pasbctiles
incident at energies ranging from 10 to 25 keV. The experiments were run on an event-by-event basis at the level of sing|
ion impacts. The yields of iodate (composed of Na, I, and O) and iodide type secondary ions increase with the energy of th
projectile and the number of constituent atoms. When compared on a per-incident atom basis, however, we found that tt
yields of secondary ions characteristic of iodate saturate at three total projectile atoms, but continue to increase nonlinearly f
iodide species (i.e. the yield per impacting atom increases). (Int J Mass Spectrom 197 (2000) 149-161) © 2000 Elsevie
Science B.V.
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1. Introduction ization of surface molecular species [2—8]. This is
i ) primarily due to the significantly higher yields (de-

Segondary on mas§ §pectrometry (SIMS) is qn fined here as the number of secondary ions detected
effective tool for determining the elemental composi- per primary ion impact) of polyatomic and molecular

t'?]n 9f ordganllc, |n]f)rgr|:m|c, a.nd n.1etaII|c.: sut:faces E]' secondary ions produced by polyatomic primary ions
T € Introduction of polyatomic primary ion beams Nas o e atomic projectiles traditionally used in SIMS
improved the performance of SIMS for the character- such as Ar. Xe. and Cs

Evaluating the use of SIMS to determine the chem-
* Corresponding author. ical composition and structure of solid surfaces, par-
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ticularly of complex inorganic materials, has been an
ongoing focus of our research effort. While the
enhanced ion yields provided by polyatomic primary
ion impact may benefit surface analysis using SIMS,

recent work has demonstrated that cluster projectiles

will increase the yield of secondary ions characteristic
of chemical damage relative to those that reflect
surface composition [9,10]. In particular, the yields of

damaged ions are sensitive to the number of constit-
uent atoms in the primary ion. In some cases, the
chemical damage caused by individual polyatomic ion
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2. Experimental
2.1. Sample preparation

Sample targets for the secondary ion yield mea-
surements were prepared using 0.3 M aqueous NalO
and Nal (Aldrich Chemical, St. Louis, MO) solutions.
Ten uL of the respective solutions were applied to
individual stainless steel sample supports (surface
area approximately 3 cfpand allowed to dry in a
dark fume hood at ambient temperature. At this

impacts is reminiscent of damage effects observed at concentration, homogeneous coverage of the stainless

high primary beam dose, i.e. beyond the static SIMS
limit of ~10" ions/cnf [10]. Our goal is to gain a
fundamental understanding of the chemical and phys-
ical processes that underlie secondary ion formation
following polyatomic primary ion impacts. This will
allow us to identify and apply polyatomic primary
ions that produce high analytically useful secondary
ion yields and minimal ion formation characteristic of
chemical damage.

In this study, SIMS using atomic and polyatomic
primary ions, and x-ray photoelectron spectroscopy
(XPS) were used to characterize sodium iodate (NalO
and sodium iodide (Nal) targets. NaJj@as chosen as
a model target in this study because the negative ion
mass spectra contain peaks that fall into two general
categories. The first category of ions, composed of
Na, I, and O, resemble the stoichiometry of Ngbdd
thus accurately characterize the chemical composition
of the solid material. The second category contains
ions composed of only Na and |, and matches the ion
signal generated from ion impacts on sodium iodide.
To gain a better understanding of the influence of
primary projectile characteristics (complexity and en-
ergy) on the formation and yield of the secondary ions
in both categories, the relative yields produced by the
impacts of CS, (Csl)Cs’, and (Csl)Cs" ions were
measured at incident energies ranging from 10 to 25
keV. XPS was used to monitor the composition of
duplicate NalQ and Nal surfaces to determine the
contribution of (Nal)l~ formation from sodium ie
dide domains that may form within sodium iodate
during sample preparation.

steel support was achieved with minimal caking or
crust formation. Five targets were prepared from the
same sample solution and analyzed individually by
mass spectrometry. The ion yields measured were
reproducible within a particular sample to within
+5% relative standard deviation (RSD) and10%
from sample to sample.

As for the SIMS analysis, samples for character-
ization by XPS were prepared by applying 1
aliqguots for 0.3 M Nal and Nal© solutions to
individual stainless steel substrates (12csurface
area). It was not possible to use the same sample
substrate in both the SIMS and XPS instruments. To
maintain the integrity of the SIMS and XPS compar-
ison, the same stainless steel stock material was used
to construct both the SIMS and XPS sample sub-
strates. Care was taken to prepare Nakample
targets for the XPS measurement exactly as for the ion
yield measurements: samples for both measurements
were prepared at the same time using the same stock
solutions.

2.2. Mass spectrometry

Mass spectra from keV atomic and polyatomic and
MeV atomic ion impacts were acquired using a dual
time of flight (ToF) mass spectrometer. The configu-
ration and operation of the instrument has been dis-
cussed in detail elsewhere [2]. (G&E" (n = 0-2)
primary ions were produced by the impacts®3fCf
fission fragments on a aluminized mylar foil coated
with a vapor deposited layer of cesium iodide. The



M.J. Van Stipdonk et al./International Journal of Mass Spectrometry 197 (2000) 149-161 151

complementary fission fragment was used to start the directly compared because the transmission and de-

ToF timing electronics. tection efficiencies and th&arget surface conditions
The experiments described in this article were remained constant throughout tbeurse of the exper-

carried out in the event-by-event bombardment and iment.

detection mode at the limit of single projectile im-

pacts. lons sputtered from the source foil (for in-

stance, H, Cs', and (Csl)Cs" may all be sputtered  2.3. X-ray photoelectron spectroscopy

by a single fission fragment impact) by fission frag-

ments were accelerated and separated in a primary XPS measurements were performed in an ion-

drift region; no primary ion selection was performed. pumped Perkin-Elmer PHI 560 system using a PHI

The impact energy for the (CglFs primary ions 25-270AR double-pass cylindrical mirror analyzer. A

ranged from 10 to 25 keV. Fission fragments that pass Mg K« anode operated at 12 kV and 200 W with a

through the source foil and traverse the primary ion photon energy ohv = 1253.6 eV wasused as the

flight region will also strike the sample, providing the excitation source. The vacuum system base pressure,

opportunity to collect plasma desorption and keV ion after bakeout, was-1 X 10 *°Torr. The pass energy

induced mass spectra in a single experimental run. To for high-resolution XPS scans was 50 eV. Cpoy2

ensure that less than one projectile of a giwgaratio (932.7 eV) and Au #,,, (84.0 eV) core level peaks

impacted the sample target per start pulse the primary (from sputter cleaned metal foils) were used to cali-

ion transmission was decreased-td0% using low  prate the binding energy range of the spectrometer

transmission grids. [12]. The precision of the binding energy (BE) mea-
After traversing the drift region the primary ions surements was 0.2 eV.

successively struck the sample target. Secondary elec-

trons emitted from the target surface following pri-

mary ion impact were steered by a weak magnetic

field into a detector. It is assumed that the secondary 3. Results and Discussion

electron yield from the target surface is proportional

to the number of primary ion impacts. Accordingly, 3.1. Mass spectra of NalD

the secondary electrons were used as a relative mea-

sure of the number of each primary projectile incident ~ Fig. 1 shows the mass spectra produced from the

on the target surface. The secondary ions emitted Same NalQ target using 10 keV (Csl)Csand~100

from the target surface were accelerated-to keV, MeV 252Cf fission fragment projectiles. Qualitatively

separated, and detected in a secondary drift region. similar mass spectra were produced by the 20 keV
A coincidence counting protocol was used to Cs" and (Csl)Cs" projectiles. A summary of the

simultaneously record and arrange the secondary ionssecondary ions sputtered from Ngl@nd their mea

detected from each relevant primary ion into individ- sured mass to charge ratio is shown in Table 1. In

ual secondary ion mass spectra [11]. Because of thegeneral, the secondary ions can be categorized into

event-by-event nature of these experiments, coinci- two groups based on composition. The first contains

dence counting provided the primary ion mass selec- those secondary ions composed of Na, |, and O, some

tion. Relative secondary ion yields (not corrected for of which are indicative of the composition of NajO

transmission and detection efficiency) were calculated The second group contains those composed of only

by dividing the integrated peak areas from a given Na and | (with the trend (Nal) ), and matched the

primary ion impact by the integrated secondary elec- composition of the secondary ions sputtered from the

tron peak area from the same incident primary ion Nal sample. The negative ion mass spectra produced

(following appropriate background subtraction). The by 20 keV (Csl)CS projectile impacts on NalQand

ion yields produced by different projectiles could be Nal are provided in Fig. 2.
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Fig. 1. Negative ion mass spectra collected from the same Nar@et using: (a) 20 keV (Csl)Csprojectiles (dose~ 120 000 ions/crf) and
(b) ~100 MeV energy?>“Cf fission fragments (dose 35 000 ions/crf).

In the context of chemical analysis, the mass spec- Table 1
trum produced from NalQis an amalgam of second ~ Secondary ions observed from CgCsl)Cs, (Csl).Cs", (20
. S keV) and?5%Cf fission fragment100 MeV) impacts on NalQ
ary ion peaks characteristic of Nal and Ngl@here
are two general explanations for the presence of Nal Mass to charge ratfo Composition
type peaks in the mass spectrum generated from 127 I

NalO;. First, the iodide type peaks may arise from 143 :82:
Nal domains that form as the aqueous Na#Olution 175 105
dries to a solid. Second, the iodide peaks may arise 191 1o,
from recombination/rearrangement reactions that fol- 232 Emgt)o),
low the impact of the primary ion. Polyatomic ion 309 (NahO,)~
impacts have been shown to increase the productlon325 ENabosg’
NaLO,) ™~
of artifact ions from tetrafluoroborate [9] and sodium 357 (Natoy)
nitrate [10] samples. 373 (NakOg)™
It is important to note that in the experiments 427 (Nals)™

reported here, the mass spectra were collected in the 2Rounded to nearest whole number.
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Fig. 2. Negative ion mass spectra collected from: (a) Na@d (b) Nal targets using 20 keV (Csl)Cprojectiles (dose-200 000 ions/crf).

event-by-event bombardment mode at the limit of dure, we collected XPS data from individual Nal and
single ion impacts. The dose of a given primary ion NalO; samples. Due to the thickness of the samples
was in the range of 78-1(° ions/cnt, and the totalion  dried on the stainless steel substrates, signals from the
dose never exceeded1(® ions/cnf. This dose is  Fe 2p or Cr 2p levels (from stainless steel) were not
several orders of magnitude lower than the static- detected in the XPS survey scans of Nal and NalO
SIMS limit (~10' ions/cnf), the dose at which the  Differential charging on the surfaces was observed as
onset of beam induced chemical damage tends toreported previously by Sherwood [13]. In order to
occur. The formation of and/or changes in yield of correct for the charging effect, the Na (1071.3 eV)
artifact ions in the mass spectra observed in these[14] and the O $ (530.0 eV) [13] core level peaks
experiments are due to discrete ion impacts and notere used for sodium iodide and sodium iodate,
from collective effects due to high ion dose. respectively. No core level BE centers have been
reported in the literature for the Naslorbital of
NalO;. The BE values mentioned above were refer
enced to the C 4 level at 284.7 £ 0.2 eV) for

To probe for the formation of Nal domains within adventitious carbon, which is the more current prac-
NalO; samples during our sample preparation proce tice [15,16]. Fig. 3 shows the high resolution XP

3.2. X-ray photoelectron spectroscopy of Nal and
NalOg
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T to the iodide was 49:1. The XPS results clearly indicate
that the samples prepared for ion yield measurements
by allowing aqueous Nalgto dry on stainless steel is
predominantly composed of sodium iodate.

Relative Intensity

3.3. Secondary ion yield measurements at constant

[, ¢ T primary ion impact energy

640 635 630 625 620 615 610 Previous studies demonstrated that artifact or chem-
Binding Eneray, eV ical damage ion formation by polyatomic projectiles
Fig. 3. High-resolution XPS scans of: (a) Nal and (b) NalThe is more sensitive to an increase in the number of
S o eog vt R U
shoulders in the NalQXPS spect?um att?li.buted to Nal domains. ImpaCt, engrgy. [11]. The promotl.on of artifact ion
formation is linked to the density of the energy
deposited by the primary ion in the surface region of
the solid. Following impact, polyatomic primary ions
fragment and deposit energy by recoil cascades. At
constant impact energy, the energy deposited per unit
volume is sensitive to the number of atoms in the
projectile. As atoms are added to the projectile, the
impact energy per constituent decreases, which in turn
decreases the penetration and range of the primary

eV higher relative to the I @ core level of Nalas a5 Energy deposited via the collision cascades ini-
result of greater electron density being pulled away {iaied by each projectile constituent is distributed

from the | atom from the electronegative O atoms. BE gpout a smaller volume than an equal energy atomic
positions of the 8 I/, core levels for Nal (1) and  jon and is spatially confined to the surface region.
NalO; (2) were clearly separated, and matched those Thys, at constant overall impact energy, the energy
reported for them in the literature [13,14]. There is density scales upward as the number of atoms in the
evidence in the XPS spectra of Nal present in the primary ion increases.

NalO; sample (b) as indicated by the arrows-&30 Table 2 lists the relative yields of several second-
and 618 eV. By integrating the areas of the four peaks ary ions produced from NalQOby the impact of 20
observed in (b), the ratio of the iodate type core levels keV Cs", (Csl)Cs', (Csl),Cs" projectiles. For com

scans of the | @ core levels for Nal (a) and Naldb).
The BE positions of the 1&;,, and | 3d5,, core levels
for NalO; were observed at 623.6 and 635.5 eV,
respectively. The BE positions for the same core
levels for Nal were observed at 618.5 and 629.9 eV,
respectively. The | 8 level of NalQ; is shifted+ 5.1

Table 2

Measured relative secondary ion yields for selected secondary ions observed frogy MatBod for determining relative ion yields is
discussed in the experimental section. The impact energy for the(Csl)Cs', and (Csl)Cs" projectile was 20 keV. The impact energy
of the 25%Cf fission fragment was-100 MeV

Secondary ion

Primary ion 1~ 105 (Nal)l~ (Naloy)l ™ (NalOg)I05 (Nal),l ~
Cs* 1.8 .98 .22 .52 .49 .01
(Csl)Cs" 9.12 9.13 8.1 8.8 4.6 0.7
(Csl),Cs" 17.31 12.0 18.1 11.6 55 25

252Cf fission fragment 12.7 5.6 19.8 8.6 2.7 5.2
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Fig. 4. Contribution to the measured ion yield (see Table 2 and accompanying text for ions used for calculation) by secondary polyatomic ion
with composition (Naljl = {n = 1, 2) and (NaJO,)” (x = 1, 2;y = 3, 6). The (CshCs" projectiles were incident at 20 keV kinetic
energy. The impact energy of the fission fragments wa80 MeV.

parison, the yields produced by the MeV enefgiCf Table 1 were also observed in each mass spectrum.
fission fragments are also included. Within the suite The relative yields of these peaks were low compared
of keV energy projectiles, the secondary ion yields to those in Table 1, and their addition to the calcula-
increase with the mass and complexity of the primary tion described above does not significantly change the
ion. The yields produced by (Csl)Cs and (GE§" percentages reported below. Fig. 4 shows the percent-
are of the same order of magnitude of those produced age of iodide and iodate secondary ion yield produced
by the MeV energy fission fragment, demonstrating by 20 keV energy Cs, (Csl)Cs, (CgDs ions and
the high sputter ion yields typical of keV polyatomic ~100 MeV energy fission fragments. Within the suite
ion impacts. of keV energy ions, the yield of iodate type secondary
Based on the XPS results, the (NaI) secondary ions decreases as projectile complexity increases. The
ions observed from NalQare attributed to chemical yield of iodide type secondary ions, however, in-
damage induced by the impact of the primary ion. Of creases as the projectile complexity increases. Since
interest in this study was the quantitative change in the kinetic energy of each projectile was 20 keV, the
the yield of ions corresponding to chemical damage relative changes in ion yield also scale with an
(those with composition (Ngl)™) relative to those  increase in the energy density deposited. The MeV
representative of the NalGstoichiometry. To calcu energy fission fragments, which produce fission tracks
late the percentage of secondary ion yield character- characterized by high energy density per unit volume,
istic of Nal and NalQ produced by each primary produce more signal characteristic of Nal than NalO
projectile, the yields of: (1) (Nal)l and (Nal}l ~ and Increases in ion yield characteristic of ion impact
(2) 105, (NalGy)l~ and (NalQ)lO5 were summed  induced chemical damage have been reported for
and divided by the sum of the secondary ion yields sodium nitrate, sodium tetrafluoroborate, and organic
listed in Table 2. The yield of 1 was not included in molecular samples. For instance, at constant impact
the calculation because this secondary ion can beenergy, polyatomic ions increase the yield of NO
considered characteristic of both the iodide and iodate relative to NG from nitrate targets [10]. For organic
solids. Several additional secondary ions correspond- targets such as polymers and polyaromatic carboxylic
ing to the sequential addition of O to the ions listed in acids, projectiles composed of many atoms, such as
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Fig. 5. Relative yields of: (a) 19 and (b) (Nal)I" sputtered from Nal@by Cs, (Csl)Cs, and (Csifs primary ions. Yields are plotted as a
function of energy per projectile mass unit, which is proportional to the square of the projectile velocity.

Cgo produce as much chemical damage (measuredper mass unit of the primary ion. For each primary
using hydride attached carbon cluster anions), per ion, the secondary ion yields increase with the square

projectile impact, ag>“Cf fission fragments [17,18].

3.4. Secondary ion yield measurements from
(Csl),Cs" impacts at 10-25 keV

To determine the influence of projectile velocity on
secondary ion yields from NalQthe Cs, (Csl)Cs, and
(Csl),Cs projectiles were accelerated to impact ener
gies ranging from 10 to 25 keV. Fig. 5 shows the
relative yield of IQ; (a) and (Nal)I' (b) plotted as a
function of the kinetic energy per mass unit of the
primary ion, which is proportional to the square of the
projectile velocity. Fig. 6 shows the relative yield of
(NalOg)IO5 (a) and (Nal)l~ (b) versus the energy

of the projectile velocity.

Nonlinear yield enhancements in secondary ion
yields from a variety of organic, inorganic, and metallic
targets have been reported in sputtering experiments
using Ay, [5], (Csl),Cs" [19], (La,O3),La0™ [3],
and Tq [20] projectiles. A nonlinear enhancement
exists when the yield per projectile atom produced by
a cluster projectile composed aof constituents is
greater than the sum of the yields produced by the
impact ofn atomic projectiles when compared at the
same incident velocity. The enhanced ion yields are
attributed to the high energy density deposited into
nanoscale volumes of the solid surface by polyatomic
projectiles. Molecular dynamics simulations suggest
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that multiple overlapping collision cascades, each the primary ion trajectory occurs at impact energies
created by individual projectile atoms, act in concert below 10 keV, causing a change in the angle of
to eject polyatomic species from the surface [21,22]. incidence. Secondary ion yields scale with 1fcés
To probe ion yield enhancements from Nalhe where#6 is the angle of incidence. Assuming that the
secondary ion yields produced by the (GSI3 pri yield trend produced by Csremains linear at lower
mary ions were divided by the number of atoms in the velocities, it is clear from Figs. 7 and 8 that the ion
bombarding projectile (the difference in mass of Cs vyields per projectile constituenincrease nonlinearly
and | is small and the cluster is thus considered from Cs" to (Csl)CS. As shown in Figs. (7a) and
homogeneous). Figs. 7 and 8 show the yield of IO (8a), no further increase in the vyield of JOor
(7a) (NalI™ (7b), (NalG)IO5 (8a), and (Nahl™ (NalO;)IO5 per projectile atom is observed progress
(8b), per projectile constituent, versus the energy per ing from (Csl)Cs to (Csl),Cs". The yield per con
mass unit of the bombarding ion. Because of limita- stituent for (Nal)l and (Nal}l~ (7b) and (8b),
tions to the primary ion kinetic energies accessible in however, continues to increase using (g8§" over
the current instrument configuration, Ceould notbe  (Csl)Cs'.
directly compared to the polyatomic primary ions at The secondary ions characteristic of the iodate
the same incident velocity. Considerable deflection of composition and those due to chemical damage both
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Fig. 7. Relative yields of: (a) 1Q and (b) (Nal)I" sputtered from Nal@by Cs, (Csl)Cs, and (CsiIs primary ions. The yields are divided
by the number of Cs and | atoms in the bombarding ion to demonstrate yield per projectile constituent.

increase nonlinearly when (Csl)Cs is used as a pri- To our knowledge, this is the first case in which
mary ion instead of Cs, i.e. the yield produced by secondary ions with two different compositions that
(CsI)Cs'" is greater than three times they yield pro originate from the same inorganic compound show
duced by C3. The yield enhancement for [Dand distinct behavior in yield enhancement saturation. The
(NalO,)I05 saturates at the three atom projectile, and possibility that the observed saturation is an artifact
the yield per constituent produced by (GE3" scales introduced by secondary ion multiplicity was checked. It
linearly with the increase in projectile complexity. Le may be recalled that qualitative measurements based
Beyec and co-workers measured the saturation of on the pulse counting technique are only valid if the
nonlinear enhancements in ion yields from organic probability of ion multiplicity based on Poisson sta-
targets [23]. In their study, which involved carbon tistics is small. lon multiplicity is defined here as the
based primary projectiles, the nonlinear increase in number of ions of the sanma/zvalue sputtered by the
yield of deprotonated molecule ions from a phenylal- same primary ion impact. With this in mind, the
anine target ceased at= 7. Beyond seven atoms, transmission of the secondary ion ToF region was
secondary ion yields increased linearly with the addi- decreased by an additional 50% using low transmis-
tion of projectile constituents. Similar results have sion grids. The yields of 19, (NalO;)IO5, (Nal)l—,
been obtained in our laboratory using ¢a),La0O™ and (Nal)}l ~ at primary ion impact energies of 10-25
projectiles [3]. keV were then remeasured. The yield trends displayed
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in Figs. 7 and 8 were reproduced, with the concomi-
tant reduction of the relative yields of all secondary

polyatomic primary projectile impacts at equal kinetic
energy that the increase in chemical damage scales

ions due to the decrease in transmission efficiency of with an increase in energy density, as has been shown

the instrument. The saturation of the yield enhance-

ment of IQ; and (NalQ)IO; is therefore considered
to be real and due to chemical effects occurring during
ion formation following the impact of the polyatomic
primary ions.

4. Conclusions

By using XPS and SIMS with atomic and poly-
atomic projectiles, we have shown that the formation
of (Nal), | negative ions from sodium iodate is due to
chemical damage created by individual primary ion
impacts. It is clear from the comparison of atomic and

in earlier experiments employing (CsDs" projec
tiles incident on sodium tetrafluoroborate [9] and
nitrate targets [10]. It is interesting to note that the
polyatomic projectiles increase the relative abundance
of secondary ions that reflect reduction reactions
during ion formation. One possible explanation for
the increase in iodide-type ion yield might be an
increase in secondary electron production within the
zone of high collisional excitation induced within the
solid by a polyatomic projectile impact. For instance,
the chemical reduction of iodate (I oxidation state of
+5) to iodide is a process that requires six electrons.
The yields of electrons ejected from surfaces by
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