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Abstract

We have investigated the mechanism of secondary ion yield enhancement using Bi,* (n=1-6) primary ions and three different samples —
DL-phenylalanine, Irganox 1010 and polystyrene — adsorbed on Al, Si and Ag substrates. The largest changes in secondary ion yields are observed
for Bi,* and Bi;* primary ions. Smaller increases in secondary ion yield are found using Bis*, Bis* and Big* projectiles. The secondary ion
yield enhancements are generally larger on Si than on Al. Using Bi,* structures obtained from density functional theory (DFT) calculations we
demonstrate that the yield enhancements cannot be explained by an increase in the deposited energy density (energy per area) into the substrate.
These data show that the mechanism of Bi,* sputtering is very similar to that for Au,* primary ion beams. When a polyatomic primary ion strikes
the substrate, its constituent atoms are likely to remain near to each other, and so a substrate atom can be struck simultaneously by multiple
atoms. The action of these multiple concerted impacts leads to efficient energy transfer in the near surface region and an increase in the number
of secondary ions ejected from the surface. Such concerted impacts involve one, two or three projectile atoms, which explains well the nonlinear

yield enhancements observed going from Bi* to Bi,* to Bi;™.
© 2006 Elsevier B.V. All rights reserved.
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1. Introduction

Today secondary ion mass spectrometry (SIMS) is a widely
used technique for the analysis of sample chemical composi-
tion in fields ranging from materials chemistry to biological
systems [1,2]. One of the drawbacks of SIMS analysis is that
low secondary ion yields are often observed for primary atomic
ion impacts. Polyatomic projectiles have been demonstrated to
greatly enhance molecular ion yields compared to monoatomic
primary ion beams, such as Ga™ or Ar". Examples of poly-
atomic ion beams that exhibit this behavior include Au,,* [3-8],
Au,~ [9], SFs* [10-13], Cgo* [14-19], (CsI),Cs* [20] and
(Biz03),BiO™ [20]. The use of polyatomic primary ions has
led to improvements in the maximum spatial lateral resolu-
tion of SIMS mass spectrometric images (chemical images)
[21]. Further, the accumulated sample (chemical) damage using
polyatomic primary ion beams is greatly reduced compared to
monoatomic ions. Hence, it has now become possible to perform
molecular depth profiling [16].
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The use of polyatomic projectiles in sputtering has been
investigated since the 1960s [22-24]. At the energies used in our
experiments (kinetic energy <100 keV) the predominant energy
loss mechanism is nuclear stopping. In 1979, Johar and Thomp-
son [25,26] observed that diatomic and triatomic P, As, Sb and
Bi primary ions greatly increased the sputter yields from Ag,
Au and Pt targets, and the yield was strongly nonlinear with the
number of atoms in the projectile (a “nonlinear” yield enhance-
ment). One important conclusion from this work was that the
high sputtering yields were due to the polyatomic ions creating
a “collisional” spike in the sample surface, rather than a “thermal
spike” [27]. Studies by Benguerba et al. also supported the “col-
lisional” spike mechanism [3]. These authors also concluded
that the yield enhancements were dependent on the energy den-
sity (energy/area) deposited into the substrate surface by the
projectile and not on the linear energy loss of the projectile
(dE/dx where x is the penetration depth of the primary ion).
This data supports the “collisional” spike mechanism since the
energy density is dependent on the mass and size of the projec-
tile; as the number of constituents in the projectile increases there
is an overlap of collision cascades within the material leading
to the enhanced sputter yield. Later studies using molecular and
polymer substrates demonstrated that the enhanced sputter yield
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was not accompanied by a proportional increase in the damage
cross-section [10]. (The damage cross-section is determined by
the average surface area damaged by a single ion impact. In this
area, the surface is modified so that a secondary ion cannot be
created from the surface at a later time.)

The mechanism of nonlinear yield enhancement has also
been investigated by molecular dynamic (MD) simulations
[15,28-32]. These simulations suggest that multiple collisions
are needed to cause the ejection of a molecule into the gas phase.
For a polyatomic projectile there is a higher probability that
multiple collision cascades are generated simultaneously from
the collision of the constituent projectile atoms with the sub-
strate molecules/atoms. There is therefore an enhancement in
the observed sputter yield due to the “nonadditive” effects of the
collision cascades. Further these simulations have shown that the
substrate significantly influences the yield enhancement, with
larger enhancements observed for less dense substrates, such as
Si[31,32].

There were many drawbacks to the early polyatomic ion
sources. They were often difficult to maintain, had low ion cur-
rents and could not be focused to small spot sizes. The recent
developments of Au,*, Bi,* and Cgp" primary ion sources have
resolved many of these issues. The Au,* and Bi,,** ion sources
are liquid metal ion guns (LMIGs) [33]. They have long lifetimes
>500 wA h, have a very high brightness, and can be focused to
a spot size of 100 nm. These ion sources emit a variety of ions,
necessitating the use of a mass filter to select the desired primary
ion. Bi,,* ion sources produce higher cluster currents than Au,,*
ion sources because a eutectic alloy is not required to lower the
source operating temperature. Recently these ion sources have
been used to obtain molecular images from tissues, single cells,
and a wide variety of other samples [21,33,34]. The Cgp* ion
source has also been used to obtain molecular depth profiles
[16].

In this paper we have investigated the mechanism of Bi,*
(n=1-6) secondary ion yield enhancements. We survey three
different organic samples which are used in a variety of impor-
tant medical and technological applications. Samples were
prepared by forming thin films of polystyrene (M, =1110),
Irganox 1010 (M —H)™ m/z=1175) and pL-phenylalanine
((M +H)* m/z=166) adsorbed on silver, aluminum and silicon
substrates. DL-Phenylalanine is an amino acid, while Irganox
1010 and polystyrene are a commonly used polymer additive
and polymer, respectively. Also, these samples have all often
been characterized using TOF SIMS and were used in previous
studies of secondary yield enhancements using Au,* primary
ions [3,4,7,35]. Fig. 1 displays their structures.

Using our results and data for Au,,* projectiles [4], we deduce
a general mechanism for nonlinear yield enhancements for kilo-
electronvolt polyatomic projectiles. Our studies suggest that
the mechanism of nonlinear secondary ion yield enhancement
involves multiple, concerted particle (Bi or Au) impacts on sub-
strate atoms which leads to efficient energy transfer between
the projectile and the substrate atoms in the near-surface region.
Further this model explains the large changes in nonlinear yield
enhancement observed going from Bi* to Biy* to Bis*, or Au*
to Aupt to Aust.
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Fig. 1. The structure of (a) polystyrene, (b) Irganox 1010 and (c) DL-
phenylalanine.

2. Experimental
2.1. Time-of-flight secondary ion mass spectrometry

Time-of-flight secondary ion mass spectra were obtained
using a TOF SIMS IV instrument (ION TOF Inc., Chestnut
Ridge, NY). The instrument consists of a loadlock, a prepara-
tion chamber and an analysis chamber, each separated by a gate
valve. The preparation and analysis chambers were kept between
1 x 1072 mbar and 5 x 10~ mbar during experiments. The pri-
mary ion beam was generated using a liquid ion gun fitted with
a pure Bi source, capable of producing Bi,* (n=1-6) ions. The
primary ions were mass selected using their flight time via a dou-
ble blanking plate system, and their kinetic energy was varied
from 10keV to 25 keV. The primary ion beam current was mea-
sured prior to and after obtaining a TOF SIMS spectrum using a
Faraday cup which is located on a grounded sample holder. The
difference between the measured ion currents was at maximum
45%. Typical primary ion currents for a 25 keV beam energy
are 1.0 pA (Bi*), 0.46 pA (Biz*), 0.35 pA (Biz*), 0.13 pA (Bis™)
and 0.044 pA (Bis™).

The secondary ions generated were extracted into a time-
of-flight mass spectrometer using an energy of 2000 V. Before
reaching the detector the secondary ions were reaccelerated to
10keV.

Analyzed sample areas were 152 pum x 152 um for
polystyrene adsorbed on silver foil, and Irganox 1010 and DL-
phenylalanine adsorbed on silicon and aluminum. The primary
ion dose during data acquisition was less than 10'%ions cm ™2
which is below the static SIMS limit. The secondary ion
peak intensities were reproducible £5% from scan-to-scan
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and £15% from sample-to-sample. The secondary ion yields
reported are the average values calculated from three different
samples with at least three spots per sample analyzed (i.e., nine
measurements). The average calculated error in the secondary
ion yields is +12%.

2.2. Sample preparation

Irganox 1010 was obtained from Ciba Specialty Chemi-
cals (Tarrytown, NY), DL-phenylalanine from Sigma—Aldrich
(St. Louis, MO) and narrow distribution polystyrene 771
(M, =1110) from Scientific Polymer Products, Inc. (Ontario,
NY).

Irganox 1010 and polystyrene were dissolved in chloroform
as 1.00 mg/ml solutions. A 10~2 M solution of bL-phenylalanine
was prepared using a 1:1 2-propanol:water mixture as the
solvent. Chloroform (EMD Chemical, Gibbstown, NJ) and 2-
propanol (Fisher Scientific, Pittsburgh, PA) were high purity
and HPLC grade, respectively.

The substrates used were silver foil (99.9% purity, 0.05 mm
thick, Alfa Aesar, Ward Hill, MA), aluminum foil (99.99%
purity, 0.1 mm thick, Alfa Aesar) and single crystal silicon wafer
((111) orientation, Addison Engineering, San Jose, CA). The
Ag and Al foils were prepared by etching in 1:1 HNO3:H;O,
rinsing several times in water, followed by rinsing in 2-propanol
and drying with N; gas. The Si wafers were prepared using
Piranha etch (1:3 H,O,:H,S0O4), followed by rinsing with copi-
ous amounts of water and 2-propanol, and drying with N, gas.

Thin film samples of polystyrene and Irganox 1010 were
prepared by spin coating in the following way: ~1.2ml
(polystyrene), or 0.6 ml (Irganox 1010), of solution was dropped
onto a 1 cm? (1 cm x 1 cm) substrate (silver foil, aluminum foil
or silicon wafer) and the sample spun at 500 rpm for 12 s and then
2900 rpm for 10 s using a KW-4A spin-coater (Chemat Technol-
ogy, Inc., Northridge, CA). Samples of DL-phenylalanine was
prepared by allowing one drop of solution (<0.1 ml) to evaporate
on the substrate surface. We estimate that that the sample films
are 100-300 A thick. In all SIMS spectra, we clearly observe ions
from the substrate indicating that Bi,,* ions penetrate through the
organic layer to the substrate.

2.3. Quantum mechanical calculations

To determine the cross-sectional area of the primary ion used,
density functional theory (DFT) geometry optimization calcula-
tions were performed to determine the lowest energy structures
with the formula Bi,,* and Bi,, (n=1-6). The calculations were
carried out at the PW91PW91/CRENBL level of theory [36-42]
using the NWChem 4.5 package [43]. The accuracy of the com-
putational method was checked by benchmark calculations on
the Bi atom and Bi, cluster. From our calculations the ionization
potential and electron affinity of Bi are 8.03eV and 0.69¢V, in
good agreement with experimental data, 7.29eV and 0.95¢V,
respectively [44]. For Bi,, the ionization potential is 7.44 eV,
which is also in good agreement with experimental data [45].
However the binding energies of Bi; and Biy™ are much larger,
5.1eVand 5.7 eV respectively, than the experimentally observed

values, 2.06 eV [46] and 1.77 eV [47], respectively. At present it
is not clear why the calculated binding energies of Bip and Biy*
differ from the experimental values. We note that we also calcu-
lated these structures at the PW91PWO91/LANL2DZdp level of
theory [36,48-50], and nearly-identical lowest-energy structures
were found. These structures are also in agreement with previous
studies of Bi cluster structures [51]. Further, the structures cal-
culated follow Wade’s rules for cluster structures [52,53]. Thus
we believe that the reported structures are the lowest-energy
Bi cationic structures. We are currently working on improving
the calculational methods employed to reproduce the ionization
potentials, electron affinities and bond energies more accurately.

2.4. Calculation of the average cross-sectional area of
thebi clusters

The geometry-optimized lowest-energy Bi,* clusters were
used to calculate the minimum, maximum and orientationally-
averaged cross-sectional areas of the primary ions used in these
studies.

The calculation was carried out in the following way. Using
Cartesian coordinates of the Bi atoms in the cluster and an atomic
radius of 1.60 A for Bi[54],a space filling model of the Bi,,* clus-
ter was evaluated by projection onto a planar surface. To obtain
the orientationally-averaged cross-sectional area, this area was
recalculated for each possible Eulerian orientation of the clus-
ter, ¢ =0-360°, 6 =0-180° and 1 =0-360°, and the average of
these areas determined.

3. Results

3.1. Effect of Bi,* (n = 1-6) projectile velocities on
secondary ion yields

The secondary ion yields, Y, of Irganox 1010, polystyrene
and DL-phenylalanine were calculated from their mass spectra.
Fig. 2 displays an example of the data obtained: the secondary
ionyields of Irganox 1010 molecularion (M — H)™; m/z=1175)
and several fragmentions (C;7H2503 7, (monomer) ™, m/z =277,
Cs6Hg3010~, ((monomer)3—C—CH,0) ™, m/z=915) from a thin
film adsorbed on a Si substrate bombarded with Bi,* (n=1-6)
primary ions. Similar behavior is observed for DL-phenylalanine
and polystyrene (data not shown). The secondary ion yields are
presented as a function of the kinetic energy per constituent atom
of the primary ion (which is proportional to v?, where v is the
primary ion velocity) so that the secondary ion yields obtained
with different Bi cluster projectiles can be compared at the same
impact velocity. For a given Bi,* primary ion we observe that the
secondary ion yield increases linearly with the incident kinetic
energy per Bi atom (i.e., with v?) (Fig. 2).

Similar behavior has been observed for Au,,* clusters incident
on organic surfaces [3,4], indicating that the mechanism of Bi,*
secondary ion yield enhancement is similar to that for Au,*. A
further indication that the mechanism of Bi,* is similar to that
Au,* sputtering is that the largest increases in secondary ion
yield occurs when changing from Bi* to Bip* and Biz* primary
ion bombardment (Fig. 2).
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Fig. 2. The secondary ion yields of Irganox 1010 spin coated on a Si substrate
from negative ion mode spectra: (a) m/z=1175, (b) m/z=915 and (c) m/z=277.
Secondary ion yields from Bi* primary ions are shown as filled circles, Biy*
open squares, Bis* filled diamonds, Bis* open stars, Bis* filled hexagons and
Big* open triangles. The dotted lines are drawn as a guide to the eye.

Secondary ion yields for bombardment of Irganox
1010, pr-phenylalanine and polystyrene films with Bi,*
(n=1-4) for Bip", Bis* and Biy*, with respect to Bi*

Table 1. For Irganox 1010 (M —H)™ (m/z=1175), the ratios
of the secondary ion yields are 1:13.0:24.6:35.6:28.5:8.7
for Bi*:Bip™:Bi3™:Bis":Bis*:Big* primary ion bombard-
ment. For DL-phenylalanine (M+H)™ (m/z=166) the sec-
ondary ion yield ratios are 1:7.0:9.4:20.9:13.2:7.1, and for
polystyrene adsorbed on silicon (m/z = 1008 positive ion mode)
1:43.8:71.4:92.4:84.6:61.6. We note that the secondary ion
yields using Big* primary ion beams are most likely underes-
timated, and we estimate the error may be as large as 25%.
(This is due to uncertainties in measuring the primary ion beam
current. The current may be lower than reported since we are
near to the limit of detection for the Big™ primary ion current
(typical Big* ion current ~0.01 pA and the lowest ion current
that can be detected is 0.004 pA).) A useful parameter to dis-
cuss these ion yields is the yield enhancement, YE, which is
defined as YE =Y, (E)/nY1(E/n) where Y,(E) is the secondary
ion yield measured for Bi,* primary ion bombardment, n is the
number of constituent atoms in the polyatomic primary ion and
Y1(E/n) is the secondary ion yield observed for Bi* projectiles
measured at the same velocity. If YE > 1, the yield enhancement
is said to be nonlinear, i.e., more secondary ions are produced
than would be expected if the secondary ion yield was pro-
portional to the primary ion size, where Y, (E)=nY(E/n). The
yield enhancements for Biy*, Biz* and Big primary ion bom-
bardment are shown in Table 1. We observe nonlinear yield
enhancements for all systems studied except for polystyrene
adsorbed on Ag. We note that Ag substrates are well known
cationizing agents and greatly increases the observed ion yield
from polystyrene [2]. For Bi* primary ions, the secondary
ion yield for polystyrene adsorbed on Ag is approximately
100 times larger than when it is adsorbed on Si (Table 1).
Finally, we note that the yield enhancements observed are lower
than those observed using Au,* primary ion bombardment
[3.4].

The number of secondary ion generated from a molecular
layer is dependent not only on its ionization probability and the
primary ion current but also on the sputter rate of the mate-
rial [55]. One important parameter to determine is the whether
the secondary ion yield increases relative to the amount of
material removed from the surface. To measure this, the effi-
ciency, e, which is the ion yield relative to the disappearance
cross-section, has been determined. The disappearance (dam-
age) cross-sections, o, is measured by following the decrease of
mass spectra peaks with ion dose. We note that the decrease
in the ion intensity is due to either (or both) the sputtering

at constant primary ion energy, 25keV, are given in (removal) of the analyte from the surface or the destruction of
Table 1

Molecular ion yields and yield enhancements for thin films of Irganox 1010, pL-phenylalanine upon Bi*, Bix*, Bis*, Bis* primary ion bombardment at a kinetic
energy of 25keV

Sample Molecular ion; mass (Da) Y+ Ygi,+ Ypi,+ Ygi,+ YE* (Bix*) YE* (Biz*) YE* (Bis*)
Irganox 1010 on Si M—H)"; 1175 21x107°  33x107* 52x107* 7.6x107* 65 8.2 8.9
DL-Phenylalanine on Al (M+H)*; 166 94x107* 33x1073 32x107% 7.1x1073 35 3.1 5.2
Polystyrene on Ag (M2 +Ag)*; 1413 71x107  14x107% 13x107* 27x107* 1.0 0.60 0.9
Polystyrene on Si CpoHigg™; 1008 131077 57x107% 93x107® 12x107> 219 23.8 23.1

2 The yield enhancements for Biz* and Bis* are calculated using the secondary ion yields for a Bi* of 10 keV. This is lowest energy at which the Bi,* primary ion

beam is stable.
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Table 2

Secondary ion yields, Y, disappearance cross-section, o, and ion bombardment
efficiencies, e, for Bi,* bombardment on Irganox 1010 (M — H)~ m/z=1175)
adsorbed on silicon and polystyrene (M2 +Ag)* m/z=1413) adsorbed on

silver

Projectile Y o (cm?) e (cm™2)
Irganox 1010 on Si
Bi* 2.1x 1073 6.9x 10714 3.0 x 108
Biy* 33 %107 1.3x 10713 2.5 % 10°
Biz* 52x107* 14x10713 3.7 x 10°
Bis* 7.6x 1074 1.8x 10713 4.2 % 10°
Bis* 6.1x107* 12x 10713 5.1 x 10°
Polystyrene on Ag
Bi* 7.1 x 1073 1.1x 10713 6.7 x 108
Biy* 14x 10~ 14x 10713 1.0 x 10°
Biz* 13x107* 1.9x 10713 6.8 x 108
Bis* 27 %1074 2.6x 10713 1.1 x 10°
Bis* 2.1x107* 27 x 10713 7.6 x 108
Primary ion energy 25 keV.

the analyte chemical structure by ion bombardment. Table 2 dis-
plays the secondary ion yield, disappearance cross-section and
efficiencies for Irganox 1010 adsorbed on Si and polystyrene
adsorbed on Ag under Bi,* bombardment. Fig. 3 displays the
logarithm of the intensity of Irganox 1010 molecular ions gen-
erated (M —H)™ m/z=1175) as a function of ion dose. It can
be seen that the ion signals decrease exponentially with ion
dose. Similar behavior is observed for all the analytes and their
fragment ions (data not shown). The resulting disappearance
cross-sections for Bi cluster ion bombardment are within a factor
of three of the Bi* primary ions. Thus the increases observed in
the secondary ion yields are not due to enhanced chemical dam-
age of the sample. We note that for polystyrene adsorbed on Ag,
which does not exhibit nonlinear secondary ion yield enhance-
ment, the efficiency of the ion generation for Bi cluster ion
bombardment was similar to, or slightly better than for Bi* ion
bombardment (Table 2). This further supports the hypothesis that
the increase in ion yield is not due to an increase in the chemical
damage.
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Fig. 3. Logarithm of the intensity of the molecular intensity (M —H)~
(m/z=1175) plotted vs. primary ion dose (PIDD) from an Irganox 1010 film
adsorbed on Si.

3.2. Fragment ion formation

Although it is now agreed that polyatomic projectiles signifi-
cantly enhance molecular secondary ion yields, it is not clear that
the yield of fragment ions is increased. Using Au,* (n = 1-5) pri-
mary ions, Benguerba et al. observed that for a DL-phenylalanine
film the yield of light such as H™ increased linearly with the
number of atoms in the projectile [3]. However, Davies et al
observed that for a gramicidin A (m/z =~1880) film adsorbed on
Al the yield enhancement for ions below m/z =100 was approx-
imately same order as magnitude as for the quasi-molecular ion
(m/z=193) [8]. Above m/z=200, the yield enhancement was
found to significantly increase. Using Cgo* primary ions and a
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Fig. 4. Yield ratios (Y(Bi,)/Y(Bi")) at constant primary ion velocity vs. m/z for
thin films of (a) pL-phenylalanine on a Si substrate, (b) Irganox 1010 on a Si
substrate and (c) polystyrene on a Ag substrate. The total energy of the Bi,*
(n=2,3,4,5,6) primary ion was 25 keV. The ratios for Bi3*, Bis™, Bis* and Big*
were determined using a Bi* primary ion energy of 10 keV. This was the lowest
energy that the Bi* ion beam was stable. Error bars have been removed from the
figures to make them clearer. Typical error is £20%.
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wide variety of films including polystyrene (PS-2000), Grami-
cidin D and Irganox 1010, the same research group showed that
the fragment ion yield enhancements observed were dependent
on the chemical identity of the analyte [19]. In later experi-
ments Nagy and Walker [4] using Au,* (n=1,2,3,5,7) primary
ions demonstrated that the secondary ion yield enhancements for
fragment ions depend not only on the chemical identity of the
analyte but on the mass of the ion as well. For example, in the case
of Irganox 1010 adsorbed on Si, the yield enhancement initially
decreases to a minimum at m/z = ~500 and then increases to the
mass of the molecular ion (M — H)™; m/z=1175). In contrast,
for pL-phenylalanine the yield enhancements of fragment ions
increased with increasing mass-to-charge ratio (m/z), and in for
polystyrene adsorbed on Ag, the yield enhancement remained
approximately constant in the n-mer region (m/z =600-1700).

Table 3

In our experiments using Bi,, ™ primary ions, we observe simi-
lar results to those observed for Au,* primary ion bombardment
(Fig. 4 and Tables 3 and 4) and provide another indication that
Bi,* sputtering mechanism is similar to that for Au,*. In the
case of DL-phenylalanine the ratio of the secondary ion yields
increases from a mass-to-charge ratio of 43-166 (M +H)*)
(Fig. 4a and Table 3). For Irganox 1010, the ratio of secondary
ionyield decreases to minimum at m/z = ~500 and then increases
to the mass of the molecular ion (M — H)™, m/z=1175 (Fig. 4b
and Table 4). In the n-mer region of polystyrene adsorbed on Si,
Al or Ag, we observe that the ratio of the secondary ion yields
is approximately constant (Fig. 4c).

Following the interpretation of Walker and co-workers [4], as
the number of Bi atoms in the primary ion increases the energy
deposited in the surface region increases leading to an increase

A comparison of the secondary ion yield and ratios of ion yields using Bi* and Bi4* primary ion bombardment at the same ion velocity on thin films of pL-phenylalanine

adsorbed on Si and Al substrates

Substrate miz Yg;i+ (10keV)? Ygi,+ (25keV)? Esi = Yy +/Vpi+° Epl = Yy + [ Vpi+ Esi/Eni
Negative ions
Si 164 1.5x 107 2.7x1073 18.7 1.04
Al 164 9.0x 1073 1.6 x1073 17.9
Positive ions
Si 43 51x107* 2.1x1073 4.12 1.56
Al 43 48 x 10~ 1.3x1073 2.64
Si 57 54x107* 2.1x 1073 3.78 1.85
Al 57 3.8x 107 7.8 x 1074 2.04
Si 91 9.5x 1074 6.3 x 1073 6.65 0.96
Al 91 79 %1074 5.5x1073 6.91
Si 120 1.5x 1073 1.0 x 1072 6.91 1.03
Al 120 1.2x1073 79 %1073 6.68
Si 166 3.0x 1074 1.2 x 1072 41.06 1.98
Al 166 34 %107 7.1%x 1073 20.70

2 The ratios are calculated using the secondary ion yields for a Bi* of 10keV, and not 6.25 keV. This is because the Bi,* primary ion beam is not stable below a

kinetic energy of 10keV.

Y The error in the yield ratio, E, is 220%. The error is calculated from the error in the secondary ion yields, which are not shown for clarity.

Table 4

A comparison of the secondary ion yield and ratios of ion yields using Bi* and Bis* primary ion bombardment at the same ion velocity on thin films of Irganox 1010

adsorbed on Si and Al substrates

Substrate miz Ygi+ (10keV)? Y+ (25keV)! Esi = Yg;,+/Vpir® Eal = Ygi,+/Vgir® Esi/Eal
Negative ions
Si 41 1.9x 107 8.4x1073 3.49 1.20
Al 41 83x107° 3.0x 1073 36.28
Si 205 25x107° 57x107* 22.51 1.66
Al 205 6.1x107° 83x107% 13.54
Si 231 32x107* 5.1x1073 15.97 1.19
Al 231 1.5x 107 20x 1073 13.44
Si 277 1.1x10™* 1.7x 1073 15.45 1.42
Al 277 73 %1073 79x 1074 10.88
Si 607 1.2x10°° 2.6x107° 21.46 111
Al 607 1.6 x 107 3.0x 1073 19.42
Si 915 1.5%x 107 49 %1073 3393 1.60
Al 915 1.0x 107 22x107° 21.17
Si 1175 2.1x107° 7.6x 1074 35.61 1.08
Al 1175 1.1x107° 3.6x107* 33.12

2 The ratios are calculated using the secondary ion yields for a Bi* of 10keV, and not 6.25 keV. This is because the Bi,* primary ion beam is not stable below a

kinetic energy of 10keV.

Y The error in the yield ratio, E, is 220%. The error is calculated from the error in the secondary ion yields, which are not shown for clarity.



150 G. Nagy, A.V. Walker / International Journal of Mass Spectrometry 262 (2007) 144—153

in surface damage (which is approximately proportional to the
increase in cluster ion area and therefore the number of con-
stituent atoms in the cluster). Hence, close to the primary ion
impact point there is an increase in analyte fragmentation, and
an approximately linear increase in the yield of very light frag-
ment ions. Molecules slightly further away from the primary ion
impact point desorb intact but are sufficiently excited to fragment
before reaching the detector. For the Irganox 1010 samples, the
yield enhancement decreases to a minimum at m/z = ~500. Frag-
ment ions of m/z <500 derive from the Irganox 1010 monomer.
As the number of ions in the projectile increases, there is an
increase in the energy transferred to the analyte, which leads to
a larger number of ejected fragments and monomers (neutrals
or ions) (m/z=200-500) with sufficient energy to fragment into
lighter mass ions (m/z < 200) before reaching the detector. Thus
a higher number of lower mass ions (m/z<200) are detected
leading to the observed larger yield enhancements than for ions
with m/z between 200 and 500. Heavier fragments and molec-
ular ions (m/z>500) are formed by the “lift off” mechanism in
which whole molecules/large fragments are gently ejected by the
concerted upward motion of substrate atoms. As the number of
Bi atoms in the cluster increases more energy is deposited in the
near surface region and this process becomes more likely. For
Irganox 1010, the secondary ion yield enhancements increase
above m/z> 500, with the largest enhancement observed for the
molecularion (M — H)™ (m/z=1175). For polystyrene adsorbed
on Si, Al and Ag, the secondary ion yield enhancements remain
approximately constant between m/z=500 and 1800. In this
case the secondary ions ejected contain integer numbers of the
monomer.

3.3. Substrate structure

Secondary ion yield enhancements are dependent on the
substrate structure and composition as well as the chemical
identity of the analyte. Using MD simulations Krantzman and
co-workers observed larger yield enhancements for less dense
substrates, such as Si [31,32]. This observation was later exper-
imentally confirmed by Walker and co-workers [4]. Using
Au,* primary ions they observed for Irganox 1010 and DL-
phenylalanine adsorbed on Si (atomic weight: 28.086; diamond
structure; density 2.33 gcm™> [44]) and Al (atomic weight:
26.982; face-centered cubic structure; density 2.70 g cm™—3 [44])
surfaces that the observed secondary ion yield enhancement was
slightly larger (typically 1.1-2.0 times larger) for films adsorbed
on the more open Si substrate. We note that for Auz* ions
bombarding DL-phenylalanine, the secondary ion yield enhance-
ment was much larger: for the positive molecular ion (M +H)*
(m/z=166), the yield enhancement was 18 times larger on the
Si substrate than on the Al substrate.

We have also examined the effect of substrate on secondary
ion yields using thin films of DL-phenylalanine, Irganox 1010
and polystyrene adsorbed on Si and Al substrates. For DL-
phenylalanine, in the positive ion mode we observe that the
yield enhancement is larger on a Si substrate than on Al sub-
strates (1-2 times), while in the negative ion mode the yield
enhancement is slightly lower on the Si substrate (Table 3). We

note that for the (M — H)™ ion, the secondary ion yield on a Si
substrate is almost twice the observed ion yield on an Al sub-
strate for Bi* ion bombardment, whereas the ion yields for Bi,*
bombardment are approximately the same on Si and Al. Thus,
the yield enhancement is smaller on silicon than on aluminum.
In the case of Irganox 1010, we observe that the yield enhance-
ment is 1-2 times larger on Si than on Al (Table 4) in agreement
with previous measurements using Au,* primary ions [4]. For
polystyrene, we observe that the on the more open Si substrate
the yield enhancement is 3—5 times larger than on the Al sub-
strate (data not shown). Taken together, these data suggest that
there is a slight increase in the secondary ion yield enhance-
ment on the more open silicon surface than on the more dense
aluminum surface. We further note that we only observe the
differences in the yield enhancement for certain ions. For exam-
ple, for pL-phenylalanine the yield enhancements observed are
within experimental error for the (M — H)™ ion, but the yield
enhancement is ~2 times larger for the (M +H)" ion.

4. Discussion

These studies indicate that the mechanism of Bi,* (n=1-6)
sputtering is very similar to that observed for Au,* primary
ions. Both Bi [[21,33] and this work] and Au [3-8] polyatomic
projectiles greatly enhance molecular secondary ion yields with
nonlinear yield enhancements as large as 30. The secondary ion
yields of fragments ions are also enhanced. Furthermore the
increase in secondary ion yields is not due to an increase in
surface chemical damage: the secondary ion yields increases far
faster than the measured damage cross-sections.

We note that we do observe some differences between
Bi,* and Au,* sputtering. In general, the secondary ion yield
enhancements for Bi,* are slightly lower than those observed
for Au,* [4]. Indeed for polystyrene adsorbed on Ag we observe
that the secondary ion yield enhancements observed are linear,
not nonlinear. Secondary ion yields are dependent on both the
sputter rate and the ionization probability [2]. Fig. 5 displays
the variation of secondary ion yields of Irganox 1010 (M — H)™
(m/z=1175) with kinetic energy per atom upon bombardment
by Bi," (n=1-6) and Au,* (n=1-7) [4]. The secondary ion
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4 Au++
o 50831 g
E k4 AU3
> 4.0e3 + Augt
< +
o L Ay
> 3.0e-3 ° Bi'xa3 |
g o By x33
S 2.0e-3 - ° Big X33
5 3 v Big' X33
»n = Big' x3.3
1.08-3 1 i x3.
0 X Big' x3.3
0.0 ’ " Qe Qe e =
0 5 10 15 20 25 30

Kinetic Energy per Constituent Atom (keV/n)

Fig. 5. The secondary ion yields of the molecular ion (M —H)~™ (m/z=1175)
from a thin film of Irganox 1010 spin coated on a Si substrate. Secondary ion
yields from Au,* primary ions are shown as filled shapes, and Bi,*™ as open
shapes. The dotted lines are drawn as a guide to the eye.
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yields for Bi,* primary ions have been multiplied by 3.3. It can
clearly be seen in Fig. 5 that within the errors of the measure-
ments (+£15%) that the variation of the secondary ion yields
with kinetic energy per atom are very similar for Bi,* and
Au,* projectiles. Since the masses of Au (A;=196.97) and Bi
(Ar=208.98) are very similar, it is likely that the sputter rate will
be approximately the same for these cluster projectiles. Thus
the differences secondary ion yields are due to differences in the
ionization probability.

At first glance this suggests that Au,™ primary ions are bet-
ter for SIMS analyses. However, Bi,,* primary ions have several
advantages. Bismuth LMIG sources emit larger clusters and pro-
duce higher cluster ion currents [33]. For example, Bi3* primary
ion currents are about 25% of the emitted beam while Aus*
ions constitute only 5% of the primary ion beam. Thus, data
can be acquired much faster when using a Bi,* primary ion
beam, which makes it possible to image biological samples, for
example, in a reasonable time with useful lateral resolutions of
less than 500 nm [21]. Secondly, bismuth LMIGs emit doubly
charged ions, Bi,,2+ (n=1,3,5), which have can be used to image
surfaces with higher very high lateral resolution (<400 nm) and
also greatly increase secondary ion yields [21,56].

Table 5

4.1. Mechanism of nonlinear secondary ion yield
enhancement

The mechanism of nonlinear yield enhancement is not fully
understood. It is correlated with kinetic energy per constituent
atom of the primary ion (keV/n), but not the primary ion kinetic
energy. It has been suggested that the nonlinear yield enhance-
ments are correlated with the energy deposition density (primary
ion kinetic energy/area, keV/Az) at the surface [3]. However,
recent studies using Au,* primary ions have suggested that
nonlinear yield enhancements are not solely due to an increase
in the deposited energy density [4]. To investigate whether the
deposited energy density is a major factor in the Bi,™ sputter-
ing mechanism, we employed DFT calculations to calculate the
structures of Bi,,* (n=1-6) (Table 5). From the orientationally-
averaged cross-sectional area (Table 5), we calculated the energy
density in keV/A2 deposited into the surface upon impact of a
Bi,* assuming that it remains intact. We note that recent MD
simulations indicate that Au dimers maintain their identity for
at least 50 fs after striking a Si(100) (2 x 1) surface [30]. The
bond energies in a Bi cluster [46,47] are similar to those in a Au
cluster [[57] and references therein] and thus this is a reasonable

The calculated lowest energy structures of bismuth cationic clusters, Bi,* n=1-6, and the orientationally-averaged cross-sectional area of the Bi,* cluster calculated

using an atomic radius of 1.60 A

Number of Bi atoms in the cluster

Structure of the lowest energy Bi,* cluster

Cross-sectional area of the lowest energy Bi,* (A%

o Bolos”

8.04

14.39

20.18

25.18

30.24

35.40
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Fig. 6. The energy density, keV/AZ2, vs. the energy per particle in the cluster,
1/2 mp;v? for the calculated lowest-energy Bi cationic clusters.

assumption. It can be seen in Fig. 6 the energy density deposited
into the surface is larger for Bi,,* (n>2) than for Bi* primary
ions, and the slope increases with the number of atoms in the
cluster, in agreement with the experimental observations.

However, the changes in the slope are not large enough to
account for the nonlinear yield enhancements. The ratios of
the slopes (equal to n/A where n=number of atoms in the pri-
mary ion and A is the cross-sectional area of the projectile) are
1:1.79:2.51:3.13:3.76:4.40 for Bi*:Biy*:Biz™:Bis*:Bis™:Big?.
Secondly, there is not a large change in slope between Bi*, Bi*
and Bis* primary ions, which is the experimentally observed
behavior for the secondary ion yields (Fig. 2). Hence the non-
linear secondary ion yield enhancements observed for Bi,* (and
Au,* [4]) primary ions cannot be explained by an increase in
the deposited energy density.

Using simple classical mechanics, it can be shown that for a
polyatomic projectile at a given kinetic energy the percentage
of energy transferred per collision is lower than for the atomic
projectile [4,30]. Thus a polyatomic projectile, such as Bi,*
or Au,*, will decelerate more slowly than a monoatomic ion.
Although the primary ions maintain their identity for some time
after collision with the surface [30], as soon as they strike the
surface the primary ion should be thought of as a collection
of individual atoms with similar velocities. In the near surface
region a substrate atom can be struck almost simultaneously by
many Bi atoms from a polyatomic projectile, and thus the amount
of energy transferred to the substrate is larger than for a Bi* pri-
mary ion. We note that although the efficiency of energy transfer
is lower, the absolute energy transfer to the substrate atoms is
greater for polyatomic Bi ions than for Bi* primary ions. As
the Bi,™ penetrates deeper into the substrate, the constituent Bi
atoms will move further apart and cease to act as a single poly-
atomic particle. In this regime, the energy transfer rate to the
substrate atoms will be similar to that for a monoatomic Bi*
ion, and so the penetration depth of the polyatomic ion is simi-
lar to that for Bi* [58]. Thus in the near surface region impacted
substrate atoms will have a higher energy than those deeper in
the substrate. These higher energy substrate atoms will lead to
the ejection of more secondary species and therefore increase
the secondary ion yield. Using a larger cluster ion projectile cre-
ates more high-velocity substrate atoms and hence there is an

increase in the secondary ion yield as the number of constituent
atoms in the primary ion increases. Using geometrical consider-
ations it is unlikely that a single substrate atom will be struck by
more than three Bi atoms, and the largest increases in secondary
ion yields will be observed in going from Bi* to Bix™ to Bis*,
in agreement with experimental observations. This behavior is
similar to that observed for Au,* sputtering [4]. At first glance
this is surprising since the structures of Bi,* ions are very dif-
ferent to Au,™ ions. Bi,* ions are planar for n=1-3 (Table 5)
and become three-dimensional at n >4, whereas Au," ions are
planar for n=1-7 [[57] and references therein]. However we
note that the orientationally-averaged cross-sectional areas for
these ions are very similar and so the likelihood of a substrate
atom bring struck by multiple projectile atoms is similar.

Using this model, we can also explain the observed substrate
effect. For Bi,,* primary ions striking an organic film adsorbed
on Al, the greater density of Al leads to the earlier break up of
the polyatomic Bi,* ion. Consequently, there is a reduction in
the energy that is transferred into the near-surface region when
compared with Si substrates. Thus, higher secondary ion yields
and yield enhancements will be observed on silicon than on
aluminum substrates.

5. Conclusions

The use of Bi,,* primary ions significantly enhances observed
molecular and fragment secondary ion yields when compared to
monoatomic Bi primary ion bombardment. We observe that the
yield enhancements are largest for molecular and pseudomolec-
ular ions. Further, the secondary ion yield enhancements are, in
general, larger on more open surfaces, such as silicon, than on
denser ones, such as aluminum.

The mechanism of secondary ion yield enhancement for Bi,,*
primary ion bombardment is very similar to that for Au,*. The
mechanism is complex, and is dependent on many experimental
variables including the analyte identity, the underlying substrate
structure, the energy density deposited at the surface and the effi-
ciency of energy transfer from the primary ion to the substrate.
When a Bi,* primary ion strikes the substrate, its constituent
atoms are likely to remain near to each other, and so a substrate
atom can be struck simultaneously by multiple Bi atoms. As the
Bi,* primary ion penetrates deeper in the substrate, it fragments
and a substrate atom is unlikely to be struck by more than one
Bi atom. There is therefore more energy deposited into the sub-
strate atoms close to the surface, which leads to the ejection of
a larger number of secondary ions. Geometrical considerations
show that in the near surface region a substrate atom is unlikely
to be struck by more than three constituent atoms of the Bi,*
primary ion, and thus the largest differences in secondary ion
yield are observed for Biz* and Bi3* bombardment.

We note that ionization probability for Bi,* primary ion bom-
bardment is lower than for Au,* projectiles. At first glance, this
suggests that Au,™ primary ions are better for SIMS analyses.
However, the use of Bi,* primary ions is advantageous: Bi ion
sources produce more cluster ion current and emit larger clus-
ters. This makes it possible to use ions, such as Biz™, to obtain
mass spectrometric images within a reasonable time at very
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high lateral resolutions (useful resolution <500 nm) [21]. Bis-
muth ion sources also produce doubly-charged species, which
can increase both the spatial resolution and improve secondary
ion yields [21,56].
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