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A Theoretical Investigation of the Yield-to-Damage Enhancement with Polyatomic
Projectiles in Organic SIMS

1. Introduction

Secondary ion mass spectrometry (SIMS) can be used to
analyze high-molecular-weight nonvolatile organic compounds
that cannot be analyzed by traditional methbdsA keV
primary ion beam bombards the sample consisting of the
molecules to be analyzed on a solid substrate or in solid form,
and the secondary ion emission of molecular ions is measured.
Low primary ion doses must be used to minimize damage to
the sample, and therefore, the sensitivity depends on increasin(j‘i
the secondary ion emission (SIE) yield per each primary ion
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Experiments show that polyatomic projectiles have the potential to improve the sensitivity of organic secondary
ion mass spectrometry by increasing the yield without a comparable increase in damage to the sample. Molecular
dynamics simulations of the high energy bombardment of an organic film have been performed with the
purpose of understanding how the yield-to-damage ratio is enhanced with polyatomic projectiles. The model
systems consist of 0.6 keV Xe and S#rojectiles bombarding a monolayer of biphenyl molecules on two
different substrates, Cu(100) and Si(001). The yield-to-damage ratio is the ratio of the yield, defined as the
number of molecules ejected stable and intact, to the damage, defined as the sum of molecules ejected either
fragmented or unstable. To have a quantity that is comparable to the experimental definition of damage cross
section, a yield-to-disappearance ratio, defined as the ratio of the yield to the sum of the yield and damage,
is also calculated. The enhancements in both the yield-to-damage and yield-to-disappearance ratios show the
same trends, with the greatest enhancement on the substrate with the open lattice structure and the lighter
mass atoms}?Si(100). Polyatomic projectiles are able to increase the yield more than the damage because
different types of motion are responsible for the production of the two types of molecules. The yield is
enhanced when the polyatomic projectile deposits energy into upward moving substrate atoms over a wider
surface area, which leads to a greater number of intact and stable molecules ejected from the surface. Damage
to molecules is caused primarily by the impact of the bombarding projectile.

monolayer and multilayer LangmuiBlodgett films and found

the enhancement to be considerably less on the monolayer
films.2” Ada and Hanley measured ion yields from a surface
composed of NK physisorbed to a CO monolayer on Ni and
found SKE* to produce only a factor of 2 greater yield than
Xe™.28 Van Stipdonk et al. have examined the effect of the
number of layers on the ion yield with (C§Ds" (n = 0—2)
projectiles?! They created a monolayer of anions by exchanging
etrafluoroborate and tetraphenylborate anions to the surface of
n amine-terminated self-assembled monolayer. The yield with
fthe monolayers was compared to that obtained by bombarding

impact. There has been considerable interest in the use o
polyatomic ions as a primary ion source because they have bee
shown to increase the yield of desorbed molecular ions by an
order of magnitude or more?®

Recently, there have been numerous experiments wigh, SF 4 o . .
which has become available as a primary ion so&fc® The An issue more critical than the yield enhancement is whether

most dramatic enhancements in yield have been observed bypolyatomlc projectiles increase the useful signal. For polyatomic

Kétter and Benninghoven, who measured the yield from bulk lons to k_)e_ advantageous, the incrr_ease in _darr_lage by t_he
and spin-coated polymer surfaces with 10 keV* AXe*, and polyatomic ion must be less than the increase in yield. In their

SR+ ions. The yield with SE compared to Af was found to pioneering work, Appelhans and Delmore performed experi-

be up to 1000 times greater with the polyatomic projeéile. ments with Cs and Sk° on a tetrahexylammonium bromide

The enhancements on monolayer targets, however, are substarjtfﬁrggt' The_ da_mag:e_ ct:rosst sectlo? IS ?eterrfngned bf3|/ measun:‘g
tially less than on bulk molecular solids. For example, Stapel € decay In signaf Intensity as a function of beam Tuence an
et al. measured yields with Ar Xe', Ga', and SE* on measures the total number of molecules that are removed from

the surface, regardless of whether they are detected as yield.

* To whom correspondence should be addressed. E-mail: krantzmank@ 1€ increase in yield with §F was slightly greater than the
cofc.edu. increase in damage cross secfighlater study compared yields

Ipulk inorganic targets of solid NaBRnd NaB(Pk). Nonlinear
enhancements were observed with the bulk targets, while only
a slight nonlinear enhancement was observed with the ex-
changed monolayers.
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and damage cross sections with"@sd Re@™ ions on sodium lattice of the Si(100) substrate initiates collision cascades that
nitrate and found the yield to be greater and the damage crosdead to substrate atoms hitting the biphenyl molecules from
section to be less with the polyatomic iéin the experiments  below, which result in a greater yield of ejected molecules.
by Kotter and Benninghoven on polymeric surfaces, more Contour plots of the energy density distribution for a few typical
fragmentation was observed with the polyatomic projectile, but trajectories show that SFproduces a larger area of energy
the damage cross section was found to increase less than thelensity than Xé&8 The increase in area with $Hs more

corresponding yield® pronounced on the silicon substrates, which accounts for the
van Stipdonk and co-workers have discovered another greater enhancement in yield. _
interesting aspect of the damage created by polyatomic-fofs. The purpose of the present work is to understand how

They have found that polyatomic ions produce a greater numberpolyatomic projectiles can increase the yield more than the
of “manufactured” ions that do not reflect the structure of the damage. Simulations of the bombardment of a monolayer of
material to be analyzed and may lead to errors in the interpreta-biphenyl molecules on the copper and silicon substrates with
tion of the mass spectra. For example, experiments were0.6 keV Xe and Sgprojectiles are performed. The yield-to-
performed with (CshCs' (n = 0—2) and Gg" ions on a NaBF damage ratio, defined as the ratio of the number of molecules
target!® In addition to a series of ions containing BFa series ejected stable and intact to the number of molecules ejected
of ions containing NaF was also observed: "N not bonded either fragmented or unstable, and the yield-to-disappearance
to F~ in the target surface, and therefore the production of NaF ratio, defined as the ratio of the number of molecules ejected
is produced by the rearrangement of target atoms. The increasestable and intact to the total number of ejected molecules, are
in yield of ions produced by rearrangement of atoms on the calculated by averaging the results of 150 trajectories for each
surface is greater than the increase in analytically useful ions pProjectile/substrate system. The greatest enhancements in the
and increases as the number of atoms in the projectile increasesyield-to-damage ratio and the yield-to-disappearance ratio are
Experimentalists have hypothesized how polyatomic projec- ON the open lattice substrate with the lighter mass atéf8s;

tiles are able to enhance the secondary ion yield. Benninghoven(100). Polyatomic projectiles are able to increase the yield more
proposed that the energy density deposited in the surface must@n the damage because different types of motion are respon-
be within a definite range in order for molecules to desorb intact SiPle for producing the two types of molecules. The average
and stablé:3 Molecules very close to the impact point receive €N€rgy density distribution for each projectile/substrate system

too much energy and are fragmented by the impact. Molecules!S calculated as a function of radial distance from the impact
far out from the impact point are not affected. Only molecules PNt Sk is able to deposit its energy over the widest surface
within a certain annular region receive the correct amount of 762 0n the silicon substrate, which leads to the greatest ejection

energy to desorb intact and stable from the surface. Appelhans®f intact and stable molecules.

and Delmore hypothesized that polyatomic projectiles increase
the emission yield by increasing the energy density depositedz- Method
near the surfaceAfter the projectile splits i_nto atoms, collision The classical method of molecular dynamics simulations is
cascades created by the atoms overlap in space, and thereforgiseq to study the systems of interest and the details are described
a greater surface area is affected by the impact, leading to anextensively elsewheri-5 Briefly, the initial conditions of the
enhancement in yield. This hypothesis, however, does notgysiem and the potential energy functions to describe the
explain why there would be a greater increase in yield than jnteractions among the atoms are specified, and Hamilton’s
damage with the polyatomic projectile. equations of motion are integrated to determine the position
Previously, we have performed molecular dynamics simula- and velocity of each atom as a function of time. From the final
tions in order to examine the effect of polyatomic projectiles positions and velocities of the atoms, the identity, kinetic energy,
on the yield3*~38 The blending of molecular dynamics simula- and internal energy of each ejected species are calculated. In
tions with the availability of multi-body potentials has proven addition, animations of the motions of the atoms during the
successful in the modeling of the high-energy bombardment of bombardment event are analyzed in order to determine mech-
organic monolayers on metal surfac&s!’ In the first study, a anisms for ejection.
model system consisting of a single biphenyl molecule on a  The model systems consist of a monolayer of twenty biphenyl
Cu(001) surface was bombarded with energetig @u= 1—4) (C12H10) molecules adsorbed on copper and silicon substrates
clusters**3*A cooperative mechanism was found to be respon- and are shown in Figure 1. The Cu(001) microcrystallite consists
sible for an enhancement in yield with polyatomic projectiles of 2574 atoms with 9 layers of 286 atoms. The Si(100)(2)
in which adjacent collision cascades hit different parts of the microcrystallite consists of 2520 atoms, with 9 layers of 280
molecule and collaborate to eject the intact molecule from the atoms, and the top layer of silicon atoms is reconstructed into
surface. Simulations were extended to a more realistic systemdimers. The positions of the biphenyl molecules are determined
consisting of a monolayer of biphenyl molecules on a Cu(001) by allowing the adsorbates to equilibratede on thesubstrate,
substraté® The yield increased only linearly with cluster size, using an algorithm based on the generalized Langevin equation
but the yield-to-damage ratio increased with cluster size, (GLE).
indicating that clusters have the potential to improve the  The forces between the atoms are described by the best
sensitivity of SIMS. available potential energy functioP’s52The MD/CEM potential
Preliminary simulations with Xe and $Fclusters were developed by DePristo et 255 is used for the CuCu
performed on a monolayer of biphenyl molecules on two interactions, the Tersoff potential is used for the-Si interac-
different substrates: Cu(001) and Si(180)Yhe effect of the tions?® and Brenner’s hydrocarbon potential is used for the
number of atoms in the projectile can be measured by comparingC—C, C—H, and H-H interactions’-58 For the silico® and
yields with Sk and Xe at the same incident energy because hydrocarboff potentials, Molige potentials are used in the
the two projectiles have approximately the same mass. Therepulsive region. The pairwise €&, Cu—H, Si—C, and Si-H
enhancement in yield depends strongly on the structure of theinteractions between the atoms in the biphenyl molecules and
lattice. The breakup of the $Eluster within the more open  the metal substrate are described by Lennard-Jones pot&htials
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with the form of the equation given in ref 40, using the following
potential parametersc,—c = 0.05 eV,ecy—n = 0.01 eV esi—¢

= 0.05 eV, andesi_y =,0.01 eV ando = 2.3 A for all the
interactions. With these parameters, the binding energies of the
biphenyl molecule to the copper and silicon substrates are 2.3
and 2.0 eV, respectively. Larger values than those in the
experimental systems of interest are used in order to reduce the
yield and conserve computer time. The absolute yield is not
critical because the quantity of interest is the enhancement in
yield with SFs compared to Xe. Simulations were performed
in which the binding energy was changed to half the original
value, and the same trends in the results were shown with the
lower binding energy. A Moliee potentidi! is used in the
repulsive region of the potential for these interactions and is
connected to the Lennard-Jones potential with a cubic spline
function.

The Cu and S§projectiles are brought in at normal incidence
with 0.6 keV of energy. The orientation of the $Sprojectile
with respect to the surface is selected randomly. The results
are calculated with each projectile for 150 trajectories, where
each trajectory has a different aiming point on the surface, shown
by the black points in Figure 1. The trajectory is terminated
when the atoms left on the surface do not have enough energy
to eject and the typical time ranges from to 0.2 to 5 ps. In the
simulations, it was found that the edge layers of silicon atoms
reconstructed into dimers as the integration of the trajectory
proceeded, thereby releasing extra energy into the crystal. To
prevent the reconstruction, the outer edge layer of atoms are
held rigidly in place and three layers of stochastic atoms absorb
energy from the microcrystallite. Artifacts due to particles or
energy reflecting from the edges were carefully monitored to
make sure that they did not affect the ejection yield.

The yield and damage are determined from the positions and
velocities of the biphenyl molecules at the end of the trajectory.
For each biphenyl molecule, there are five possible outcomes:
(1) ejection as an intact stable molecule, (2) ejection as an intact
unstable biphenyl molecule with enough energy to fragment
before reaching the detector, (3) broken into fragments before
the trajectory is terminated, (4) left intact but unstable on the
surface, and (5) left undisturbed on the surface. The yield of
biphenyl molecules out of 150 trajectories is calculated as the
total number of stable biphenyl molecules ejected from the
surface. Biphenyl molecules are defined to be stable when the
internal energy is less than 10 eV and unstable when the internal
energy is greater than 10 eV. In experiments, these unstable
molecules would not survive intact within 1gs, the typical
time it would take to reach a detector. As discussed elsewhere,
RRK calculations estimate that this is a reasonable V&lue.
Furthermore, simulations were performed with biphenyl mol-
ecules that had internal energies ranging from 0 to 15 eV and
molecules with 10 eV internal energy or less did not fragment
after 2 ns.

The damage reflects the number of molecules that are not
detected as yield, but are damaged so that they are no longer
Figure 1. Top views of the model systems used in the simulations. _avallable for future analysis. To estimate the number of unstable
(a) monolayer of biphenyl molecules on the Cu(001) microcrystallite, INt&ct molecules left on the surface, the energy of each intact
and (b) monolayer of biphenyl molecules on the Si(100)(21) molecule remaining on the surface is calculated and molecules
microcrystallite. The rectangular box outlines the two target molecules with internal energies greater than 10 eV are counted as unstable.
that overlap the impact zone of the bombarding projectile. The two The number of intact unstable molecules left on the surface was
circles outline ﬁ;]e ﬁrhSt artw)d_zecrc]md rci'ngs”of molecfuldes surrounding thrf found negligible, and therefore, the damage is defined simply
impact zone. The rhomboid-s aped collection of dots represents the .

150 impact points of the projectile. The copper microcrystallite has as the sum of th? number of eJecte.d gnstable and fragmentgd
dimensions of 37.2 Ax 45.0 A and the silicon microcrystallite has ~ Molecules. The yield-to-damage ratio is calculated as the ratio

dimensions of 53.8 Ax 65.3 A. (c) Picture illustrating the sizes of  Of the yield to the damage. Another quantity, the yield-to-
the Sk and Xe projectiles relative to a biphenyl molecule. disappearance ratio, is more comparable to the experimental
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TABLE 1: Average Number of Stable (S), Unstable (U), and Fragmented Molecules
Fragmented (F) Molecules out of 150 Trajectorie3 19
6 .

system S HY] U F Y/D E[Y/D] Y(Y+D) E[Y/(Y+ D)] }’: & SF5/Cu
SK/Cu(001) 1.7 1.2 05 14 09 0.6 0.46 0.8 - .
Xe/Cu(001) 1.3 0.1 08 15 0.60 E 0.8 - XE/CU.
SK/Si(100) 26 25 02 14 16 1.2 0.62 11 - SF5/Si
Xe/Si(100) 1.0 0.04 0.7 1.3 0.57 g & Xe/Si
SR/12Cu(001) 1.5 2.9 0.8 1.0 09 1.7 0.47 1.4 o 0.4 “‘
Xe/2Cu(001) 0.5 03 0.7 05 0.34 -g
SKy/'%Si(100) 1.9 39 05 09 13 25 0.57 16 5
Xe/*?Si(100) 0.5 0.2 0.7 05 0.35 2 o
SFKs/%4Si(100) 1.8 1.7 0.9 1.6 0.7 0.7 0.41 0.8 ] i
Xe/si(100) 1.0 0.3 08 1.0 0.50 Target 1st Ring 2nd Ring

aThe yield-to-damage ratiov(D) and yield-to-disappearance/(Y Figure 2. Average number of ejected fragmented molecules from the
+ D)) ratio are calculated. Enhancement factors, defined as the ratio Si(100) and Cu(001) substrates as a function of distance from target
with SFs to that with Xe, are shown for the stable moleculEEY), zone. Figure 1 shows how the molecules on the surface are categorized

the yield-to-damage raticE{Y/D]) and the yield-to-disappearance ratio by their location.
(ELY/(Y + D))).

the atoms was changed. The mass of silicon was changed to 64
definition of damage cross section. It is calculated as the ratio amu in the®Si(100) substrate to have the same mass as copper.

of yield to the sum of the yield and damage. The mass of silicon and copper atoms was changed to 12 amu
) ) in the12Si(100) and2Cu(001) substrates to have the same mass
3. Results and Discussion as carbon. The enhancement in yield withs $§ greater on

The enhancements in the yield, the yield-to-damage ratio, and®Si(100) than on Cu(001) and greater &8i(100) than on
the yield-to-disappearance ratio depend on the lattice type and*Cu(001), which indicates that the lattice structure is important
mass of the substrate, and these results are explained in term#r Yield enhancement. The enhancement factors for the yield-
of the mechanisms for ejection and the energy density distribu- to-damage and the yield-to-disappearance ratios are greater on
tion. First, the enhancements in the yield, the yield-to-damage the *2Si(100) substrate than on th#u(001) substrate, but are
ratio, and the yield-to-disappearance ratio are analyzed as aabout the same on tHéSi(100) and Cu(001) substrates.
function of the structure and mass of the substrate. Then, the Evidently, the mass of the substrate atoms must also be an
mechanisms for the production of fragmented, unstable, andimportant factor. The yield, yield-to-damage ratio, and the yield-
stable molecules are described. The distribution of energy to-disappearance ratio are greatest on the Si(100) substrate,
density deposited by the projectile onto the substrate is analyzedwhich has a mass closest to the mass of the atoms in the SF
for each system and is used to explain why the enhancement inprojectile. When there is mass matching between the projectile
yield with SF; differs on the silicon and copper substrates. atoms and the substrate atoms, the projectile can transfer the
Finally, the dependence of the kinetic energy distribution of greatest amount of energy to the substrate atoms. When the

the ejected molecules on the substrate is discussed. projectile atom (or atoms) are much heavier than the substrate
3.1. Effect of Lattice Structure and Mass on the Enhance- atoms, the projectile penetrates directly through the lattice and
ments in Yield, Yield-to-Damage Ratio, and Yield-to- is not able to transfer energy to the top layers of atoms.

Disappearance Ratio The average number of stable (S), Preliminary experiments by Gillen et al. supports this concept
unstable (U), and fragmented (F) biphenyl molecules reported of mass matching They performed depth profiles of glutamate,
for the Sk and Xe projectiles on the Cu(001) and Si(100) an amino acid, with € and Ak~ clusters and found the carbon
substrates are given in Table 1. The average number is calculateglusters to be more effective. Although the yield, the yield-to-
as the raw number of molecules divided by 150, the total number damage ratio, and the yield-to-disappearance ratio are greatest
of trajectories. A greater number of biphenyl molecules ejected on the Si(100) substrate, the greatest enhancements are on the
intact and stable is obtained with SBombardment compared ~ 12Si(100) substrate. This is because the numerator in the
to Xe bombardment. Moreover, the enhancement of \E&§1, enhancement ratio is so small. Many of the trajectories with
is greater for the silicon substrate than the copper substrate. TheXe on 2Si(100) result in no ejected molecules because of the
issue for analysis, however, is whether the useful signal is open lattice structure and light mass of the atoms. The Xe
enhanced with polyatomic cluster bombardment. Thus, the projectile often penetrates the lattice to the bottom of the
damage created by both S&nd Xe bombardment is important.  microcrystallite without transferring much of its energy to the
As shown in Table 1, more damage is created by t8&n Xe substrate atoms.
on both substrates. By calculating the ratioW{Y{ + D)), where 3.2. Mechanisms for Production of Damaged and Yield
D represents the damage due to unstable molecule ejection andolecules Molecules that are fragmented during the course of
fragment molecules, the enhancement of useful signal can bethe trajectory make up the major contribution to the total number
estimated. For the Si substrate, thes $lembardment does  of damaged molecules. As shown in Figure 1, the location of
increase the yield more than the damage compared to Xethe molecules can be divided into three categories: (1) the two
bombardment. For the Cu substrate, on the other hand, Xemolecules in the target zone outlined by the black rectangle,
enhances the yield-to-damage ratio more thag SF (2) the four molecules in the first outer ring from the target
The two substrates differ in two ways: silicon atoms have a zone, and (3) the eight molecules in the second outer ring from
lighter mass than copper atoms and silicon is a network covalentthe target zone. For the copper substrate, the average distance
solid with a more open lattice than the densely packed face- to the closest impact poins 5 A for molecules in the first ring
centered cubic structure of copper. By comparing substrates withand 10 A for molecules in the second ring. For the silicon
the same mass but different structures, the effect of the lattice substrate, the distanceseds A for the first ring and 11 A for
structure can be isolated. Therefore, simulations were performedthe second ring. In Figure 2, the average number of fragmented
on substrates in which only the mass, but not the identity, of molecules for each projectile/substrate system is shown as a
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function of distance from the target zone. The primary mech- Unstable Molecules
anism for fragmentation is the bombarding projectile directly 0.4
striking a molecule as it impacts the surface, which is also the — SF&/Si
case in molecular dynamics simulations by Delcorte et al. of - SF5/Cu
the bombardment of a monolayer of polystyrene molecules on i:;glu
silver with 0.5 keV Ar atomg’ A secondary mechanism for

fragmentation also occurs in which fragments from the directly
struck target molecules move laterally and strike neighboring
molecules, causing them to fragment. Molecules are not
observed to fragment by collision cascades of the substrate €
atoms. The fact that molecules outside the target zone are3
fragmented is in agreement with earlier simulations performed
by Winograd, Garrison, and Harrison. They studied the bom-
bardment of a monolayer of CO on a Ni(001) microcrystallite 0 ot ‘ ,
with 0.6 keV Ar atoms and found that only #05% of the 0 15 20 25 30
molecules ejected dissociatively, and some of these are outside Distance (Ang)

of the target zon&? . .
. _ Figure 3. Average number of ejected unstable molecules on the
Most of the fragmented molecules are in the target zone. With sj(100) and Cu(001) substrates as a function of distance from the impact
SF;, on average one of the two target molecules is fragmented point. Unstable molecules are ejected with greater than 10 eV of internal

by each impact. With Xe, this number is slightly smaller because energy and are predicted to fragment withinidbefore reaching an
of the smaller size of the projectile. A much smaller contribution €xperimental detector.

to the number of fragmented molecules is from molecules in

the first ring, and a negligible contribution is from molecules 0.4
in the second ring. SFhas many more fragmented molecules
from the first outer ring than Xe. There are two reasons for
this. First, since SHis larger, it affects a wider area of molecules
as it impacts the surface. Furthermore, wheg ®#aks up, it
causes lateral motion of the biphenyl fragments, which then hit
molecules farther away.

An interesting result of this mechanism is the formation of
products that are composed of atoms from two or more different
molecules. A molecule or molecular fragment that is initially
struck by the incoming particle moves in a lateral direction and
combines with a neighboring molecule or molecular fragment
to make a new species. Examples of such products are H and s
H to form Hy, Ci2Hg and H to form G2H1o, and G2Hg and CH 0
to form CisHio. Some of these products formed by rearrange-
ments are misleading because they do not reflect the structure ) )
of the original molecules to be analyzed. In agreement with Figure 4. Average number of ejected stable molecules as a function
experimental observations by Van Stipdonk and co-workers, of distance from the impact point.

SFs produces substantially more of these rearranged productsgpstrate atoms also play a role in ejecting unstable molecules.
than Xe: SE/Cu has 58, Xe/Cu has 9, §Bi has 70, and Xe/ g gives more energy to the atoms in the top two layers of the
Si has 15. substrate than Xe, and therefore, produces more unstable

A minor contribution to the damaged molecules is unstable molecules. Additionally, there is a mechanism unique to the
molecules that are ejected intact, but have enough internalSFK projectile. When SE breaks apart in the substrate, the
energy to fragment before reaching the detectog. [B&duces individual S and F atoms recoil and can hit molecules from
a greater number of unstable molecules than Xe, andoBF  underneath, causing molecules to eject with enough energy to
Cu(001) produces twice as many unstable molecules @s1f8F  be unstable. SFtends to break up much closer to the top of
Si(100). In Figure 3, the yield of unstable molecules is plotted the surface on the copper substrate, and therefore, produces more
as a function of the center of mass of the molecule from the unstable molecules than on the silicon substrate.
impact point. To generate this plot, the distance between the Stable whole molecules are ejected by the action of upward
impact point and each unstable biphenyl molecule was histo- moving substrate atoms that hit the molecules from below and
grammed in 2 A increments. Therefore, the value at 7 A is the gently lift them off of the surface. In Figure 4, the average
average number of unstable molecules that were originally a number of stable molecules per trajectory is plotted as a function
distance between 6 dn8 A from the impact point of the of distance of the center of mass of the molecule from the impact
trajectory. The unstable molecules are farther from the impact point of the primary particle. The intensity of the yield curves
point than fragmented molecules, but are generally closer tois greater with SEthan with Xe, and the curves are broader on
the target than stable ejected molecules. As in the case withsilicon than on copper. $Sproduces about the same number
fragmented molecules, the predominant mechanism for the of ejected molecules on copper and silicon near the impact point.
ejection of unstable molecules is by the downward impact of However, the overall yield with Sfon silicon is much greater
the projectile. However, with unstable molecules, the primary because of the breadth of the curve.
particle will nudge the molecule as it comes down rather than  The curves are broader on silicon than copper because silicon
directly strike it in its center. This occurs more often withsSF  has a more open lattice structure. On the copper substrage, SF
than with Xe because it is larger. Energetic upward moving breaks up on impact and the S and F atoms recoil from the

0.2 4
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Stable Molecules

— SF5/Si

- SF5/Cu
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surface without penetrating below the first layer of substrate (a) Energy Density
atoms. On the silicon substrate, 53§ able to penetrate to the
second or third layer of substrate atoms before breaking apart
because of the open nature of lattice. Whegl8Eaks up within

the lattice rather than on it, the projectile produces a greater
number of upward moving substrate atoms, which lead to a
greater yield of biphenyl moleculés.

An important question is how is it possible fors3B6 enhance
the number of yield molecules without producing a correspond-
ing increase in the number of damaged molecules. The underly-
ing reason for this is that different types of motion are
responsible for the production of damaged and yield molecules.
Molecules are primarily damaged by the downward and
sideways motion of the primary projectile and ejected biphenyl 0
molecules and fragments, while yield molecules are ejected by 0
the upward motion of the substrate atoms. With the open lattice Distance (Ang)
structure and the lighter mass atomsg $~able to produce
upward moving substrate atoms over a more delocalized area.(® Average Number of Bins
By localizing the damage to only molecules near the impact 5
point and delocalizing the area of ejected moleculeg,iS&ble
to enhance the yield more than the damage.

3.3. Energy Density Distribution on the Surface. The
energy density distribution with the two projectiles on the two
different substrates has been analyzed to understand its relation-
ship to the yield. The motion of the upward moving substrate
atoms is responsible for the ejection of yield molecules, and
therefore, only the contribution from these atoms is included
in the energy density calculations. To calculate the energy
density distribution, the surface area is divided up into XA
2 A bins. The total kinetic energy of all moving upward substrate
atoms in the bin that are withi2 A above the surface is 0
determined at each time step of the trajectory. Substrate atoms 0
are considered to be moving upward if the velocity component Distance (Ang)
in the upward direction is positive. The maximum kinetic energy Figure 5. (a) Average energy density as a function of distance from
in each bin over time for each trajectory is then recorded. The the impact point. Only kinetic energy from upward moving substrate
energy density is in units of eV per the volume of the bin, which atoms is included in the calculation, and details are described in the
is 8 A3. To save computer time, the energy density is averaged text. (b) Average number of bins with energy above 0.40 eV as a

over only 75 of the 150 trajectories. These are the 75 trajectories/Unction of distance from the impact point. The value of 0.40 eV is
ith i t points in the left half of the i t approximately the minimum threshold energy of the substrate atoms
with impact points In the left hall of the Impact zone. needed to eject a molecule. Therefore, the number of bins with energy

The radial distribution of the average energy density is plotted greater than this value correlates with the surface area of the substrate
in Figure 5a. To calculate the radial distribution, the energy that is effective for desorption.
density is summed over the bins around each ring at a fixed
distance from the impact point. The magnitude of the energy trajectory evolved in time and the maximum energy was
density is greater on the copper substrate than on the siliconrecorded. If an absolute value of the energy threshold existed,
substrate. If the intensity was the only factor, then the yields then the maximum kinetic energy of the substrate atoms in the
should be greatest on copper. However, the yield witpiSF  volume beneath every ejected biphenyl molecule would be
greater on silicon than on copper, and therefore, the intensity above a definite value. However, the simulations demonstrate
alone cannot explain the difference in yields. With silicon, the that this is not the case; the energy needed depends on the
peaks are shifted toward longer distances from the impact pointatomistic motions leading to ejection of the molecule and varies
and the curves are broader because silicon is less dense thawith each trajectory. It was found that the maximum kinetic
copper. The greater breadth of energy density on silicon energy of the substrate atoms in the volume underneath 90%
corresponds to the greater breadth of the yield curves in Figureof the ejected molecules was greater than 0.50 eV on the copper
4. Therefore, it is the greater area over which the energy densitysubstrate and greater than 0.40 eV on the silicon substrate.
is distributed that leads to the greater yield on the silicon Therefore, the minimum energy of the substrate atoms needed
substrate. to eject the biphenyl molecule is estimated to be 0.40 eV.

Figure 5a illustrates that an increase in the energy density Using this value for the threshold, it can be hypothesized
does not necessarily result in an increase in the molecular yield.that any bin with energy density greater than 0.40 e\3&vll
If a minimum threshold of energy is required to eject a molecule, be effective in ejecting a molecule. This is a reasonable
then any energy in excess of this amount is unnecessary andassumption because a bin has about the same surface area as
may actually be counterproductive by causing damage to thethe ring of a biphenyl molecule. The number of bins with energy
biphenyl molecules. Calculations were performed in order to density greater than this threshold correlates with the surface
estimate the magnitude of the energy threshold. The total kinetic area of the substrate that is effective for desorption. In Figure
energy of the upward moving substrate atoms in a volume 5b, the average number of bins with energy density greater than
underneath each biphenyl molecule was calculated as the0.40 eV/8 Bis plotted as a function of distance from the impact

— SF5/Si
-~ SF5/Cu
-+ - XelCu

- - - Xe/Si

10 A

Average Energy Density (eV/8 A3)

30

251

Ave. No. of Bins above 0.40 eV/8 A3

30
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Cu(001) Substrate on two different substrates, Si(100) and Cu(001), with the
20 purpose of understanding how polyatomic projectiles can
improve the sensitivity of organic SIMS. The enhancements in
the yield, in the yield-to-damage ratio, and in the yield-to-
disappearance ratio have been determined for each projectile/
substrate system. The correlation between the yield and the
energy density distribution on the surface has been analyzed.

The yield of ejected stable molecules is greater withtB&n
with Xe on both substrates. The degree of enhancement in yield
: depends on the structure of the substrate and on the mass of
20 30 the substrate atoms. Molecules are ejected whole and stable by
the upward motion of substrate atoms, which lift the molecules
gently off the surface. SHs most effective on silicon, which
is a network covalent solid and has a more open lattice structure.
Si(100) Substrate The more open lattice structure allowss3& break up within
the substrate rather than on the top surface of the substrate,
which is illustrated in Figure 1 of ref 37. The breakup ofsSF
within the lattice initiates collision cascades that have an upward
momentum underneath the biphenyl molecules, which can lift
them intact off the surface. When the mass of the projectile
atom (or atoms) is close to the mass of the substrate atoms, the
greatest amount of energy is transferred to the top layers of
atoms, which leads to a greater yield of ejected molecules. The
. results of the simulations are consistent with the recent results
of Stapel et al%* who have studied the bombardment of a
30 monolayer organic film on a silver substrate with 0.50 keV Xe
Distance (Ang) and Sk projectiles. At these lower energies, the yield and
Figure 6. Center of mass kinetic energy distribution of ejected stable €fficiency with Xe was higher than with FSilver atoms are
molecules as a function of distance from the impact point. (a) Total Much heavier than copper atoms, and therefore, the close-packed

with Xe and Sk projectiles on Cu(001) substrate, and (b) total with ~ structure and mass matching should cause a higher yield with
Xe and Sk projectiles on Si(100) substrate. Xe than with SE.

Kinetic Energy (eV)

Distance (Ang)

20

15 -

Kinetic Energy (eV)

) L . The number of damaged molecules is greater with t8&n
point for each projectile/substrate systems ®h the silicon _ with Xe on both substrates. There are two types of damaged
substrate has the greatest nL_meer of bins, the greatest effectivgglecules: molecules that are directly fragmented during the
area, and thys, th_e greatest _yleld. Furthermore, there are agreateﬁrogreSS of the trajectory and a smaller number of unstable
number of bins with Sgon silicon farther away from the impact  mygjecules that are ejected intact with enough energy to fragment
point, where there are a greater number of biphenyl molecules. yjithin 10 us, before reaching an experimental detector. The
The key to the enhancement in yield withs36n the silicon o5t common mechanism for unstable and fragmented mol-

substrate is that the energy density is deposited over a widergcyjes is the primary particle striking the molecule as it impacts
area of the surface. the surface.

3.4 Kmenp E_nergy Distribution .Of. Yield Molecule_s. Since the mechanisms responsible for producing yield and
Energy qlensny IN excess qf the minimum threshold is not damaged molecules are different, it is possible for the poly-
effectlvg n produpmg more ejepteq molegules. Rather, the eXra o tomic projectile to increase the molecular yield more than the
energy is deposited into the kinetic and internal energy of the number of damaged molecules.S# the silicon substrate is
ejected molecules. Since the energy densily is greater on COPPETyhle to delocalize the area of ejected molecules while keeping
molecules ejected from the copper substrate have more kinetic

. - . a fairly localized area of damaged molecules. Therefore, the
energy than those ejected from the silicon substrate. In I:'gureenhancement factors for the yield-to-damage ratio and the yield-
6, the center of mass kinetic energy of each stable biphenyl

lecule is plotted functi £ dist f the | A to-disappearance ratio are greater than 1 on the silicon substrate.
molecule IS plotied as a function of distance from the iImpact 1, greatest enhancement in yield, the yield-to-damage ratio,
point. The dlstrlbu.tlon_ of the biphenyl molecules ejepted with and the yield-to-disappearance ratio is 88i(100), the open
Fhe .Xe and SEprqecﬂlqs f'rom. the copper sgbstrate IS showp lattice structure with the lightest mass. Therefore, our simula-
in Figure 6a, and the distribution from the silicon substrate is

S . h Lo tions predict that polyatomic projectiles will show the greatest
in Figure 6. As the distance from the impact point INCTEASES, enhancements on bulk molecular solids composed of lighter

rgsskel?\gtrlc i?:r:g%/e rc;fe(tjht?) mglﬁ%:leiSéﬁgﬁ?ﬁebsi%ast';?etgg?n'j‘nass atoms and an open lattice structure. For example, graphite
9y or diamond would be the optimal matrix for static SIMS of

Molecules close to the impact have much h_|_gher kinetic energy organic monolayers using a §Fprimary ion beam.
from the copper substrate than from the silicon substrate. The h densitv_distributi t th d .
higher mass of the copper atoms imparts more momentum to | "€ €nergy density distribution of the upward moving
the ejected biphenyl molecules, but does not cause a |argersubstrate atoms has been analyzed. There is a greater amount
number to be ejected of energy density on the copper substrate than on the silicon

substrate. However, what is important in determining the yield
is the relative intensity and area of energy density on the surface.
SFs on the silicon substrate distributes energy density above a
Molecular dynamics simulations have been performed on a certain minimum threshold over the widest area, and therefore,
monolayer of biphenyl molecules with §&nd Xe projectiles produces the greatest yield of ejected stable molecules.

4. Conclusions
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