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New directions for surface analysis.
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and analyzing the way these particles alter their tar-

gets can give surface scientists valuable information
about the chemistry and structure of those solids. In a
1987 CHEMTECH article, Michael Kelley noted that
these ion beam methods are experiencing a renaissance
when used to characterize surfaces (/). Ion beams can
provide high sensitivity, lateral resolution of <1 micron,
and quantitative molecular analysis of polymer surfaces.
Moreover, these features can be achieved by using less
than one bombarding atom per thousand surface atoms,
limiting surface damage.

Although Kelley concluded that the ion beam is a pow-
erful tool that has attracted less attention than it deserves,
that situation is slowly changing. In this article, we will
demonstrate how coupling lasers with ion beams opens up
a whole horizon of new applications. These applications
involve molecular surface analysis with unprecedented
sensitivity, as well as the possibility of performing
detailed chemical analysis with submicron spatial resolu-
tion. The ion beam method of interest here goes by the
various names of sputtering, secondary ion mass spec-
trometry (SIMS), and fast atom bombardment mass spec-
trometry (FABMS). We will not discuss the techniques of
ion scattering spectrometry (ISS) and Rutherford back
scattering spectroscopy (RBS), which were also covered
by Kelley.

In SIMS (and FABMS and sputtering) a particle with
1-25 keV of kinetic energy strikes a solid surface. As the
attractive forces that hold the solid together are only
3-6 ¢V, considerable motion is induced in the solid (Fig-
ure 1). Eventually a few particles escape from the solid
and can be detected. There is tremendous damage in the
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Figure 1. Time snapshots from 2 molecular dynamics simulation
for 3 keV Ar* ion bombardment of Rh metal. The atoms are col-
ored by layer. (a) Side view, from top to bottom, at times 0, 100 fs,
and 200 fs; (b) Top view at 200 fs.
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anmst Icnlzaﬂm and llmo-al-mam SIMS

Theimytomaktnathsparticle bombard-
ment process more sensitive is obvious:
Detect more of the particles. As men-
tionad above, the typical approach in
SIMS and FABMS experiments is to
detect the ions that are ejected from the
solid. However, because in general the
neutral specles are much more abun-
dant, how can we detect them? The:
answer to this problem lies in lasers. By
irradiating a small region above the sur-
tace with a laser, it is possibie to ionize
the ejected spacies by either resonant
(4) or nonresonant processes (5). -

We have chosen to use-the muitipho- |

ton resonance ionization (MPRI) pro-
cass bacause it takes less laser power to
make lons than the nonresonant
approach. The resonant ionization
scheme for an atom such as In is shown
in Figure 2. Two colors of laser light ars
used (4). The first photon.(304 nm,
0.850 mJ per pulse in this case) excites
an atom from its ground electronic state
to an excited state. The second photon
(608 nm, 7.03 mJ per puise) ionizes the
atom from this excited state. These
schemes produce ions with nearly 100%
efficiancy, as demonstrated so elegantly
by Hurst and his co-workers during the

late 1970s (6). Once the neutral species

Qm rmnt advance in mass spec-
trometw Is the time-of-flight (TOF)
-reflecting mirror analyzer (7). The ion to

lonization Y,
continuum

i II,

N
652 nm §

608 nm

5.0, A A

5.785 eV

326 nm, 3.81 eV

04 nm, 4.08 eV

Tf

5P,

Q
52P1f2

Figure 2. WMultiphaien resonanse lon-

Ization (MPRI) scheme for indium. The

have been efficiently converted to ions, - first photon-(304 nm er 326 nm) excites
the goal is to detect them with maximum - the atom while the second pulse (608 or
efficiency. 652) ionizes the excited state.
lon
beam +750V
Extraction +350V
lens grid = l
Sample N
+1000V Trajectory 1 %,
7/ v \/ Lo
Desorbed .
:::&ez /] = Trajectory 2

Laser Detector
beam
To computer

Reflector grids

28 CHEMTECH JANUARY 1993

be detected Is accelerated down the
flight path by a high potential. The time
of arrival is related to the energy and
mass of the particle and the length of the
flight path,

It all the ejected particles had the
same kinetic energy at time = 0, then
the energy would be the acceleration
potential plus the ejection energy. The
mass of the particle would be perfectly
determined by the arrival time. How-
ever, there is a distribution of kinatic
energias of the ejecting particles, and
the time of arrival is a convoluted func-
tion of mass and the unknown kinetic
energy.

To circumvent this problem the parti-
cles are decelerated at the end of the
flight path, turned around, and then
accelerated along a secand flight path.
This reflection causes a time focus at the
detector and removes the kinetic energy
as a parameter in the mass determina-
tion.

This type of analyzer now has a
resolving power of greater than 1 part in
10,000 with an efficiency approaching
50%. It has opened the SIMS technique
and Its variants to be applied to the
study of very high molacular weight
compounds (8). A schematic of a basic
instrument for particie bombardment,
MPRI and the TOF detection is shown in
Figure 3.

Figure 3. Schematic for the ion beam,
MPRI, and reflecting mirror detecior
instrument. Trajectory 1-is the trajec-
tory of the ions created at the surface:
itseif. Trajectory 2 is the trajectory of the.
ions created in the laser beam from the
neutral species ejected from the surface.




Table 1. MPRI experimental data for In in Si

{in], ppb Average signal’ Average background® Art current, pA Laser power, W Relative intensity®
2000 1.45x% 108 185 0.158 0.186 (4.84 A+ 0.08) x 10¢
36.5 2.78x 10° 29.5 18.0 0.158 880+62.4
385 9.41 x 10? 9.6 473 0.211 93.7+226
0.165 3.72x10 40 46.0 0.211 3.43+058

*Signal and background are expressed as counts per 9000 laser pulses, averaged over three analyses.
5 Relative intensity is derived by normalizing the data for each individual analysis to the ion current and laser power and obtaining a cumulative average. The results in this
column have been used to generate the calibration piot. The error limits are reported at the 95% confidence level from three independent observations.

solid resulting from a single particle striking the surface,
and it is amazing that any useful knowledge can be dis-
cerned about the composition or arrangement of molecules
in the topmost atomic layer.

Through the use of molecular dynamics (MD) computer
simulations, it is possible to gain an atomistic view of the
process, which shows that many of the particles eject from
the surface layer (2). Moreover, the particles’ motions are
initiated at time scales that are relatively short compared
to the time scale of the damage in the solid; thus the prop-
erties of the ejected species really do reflect the arrange-
ment of surface atoms. The picture of surface damage
must be kept in mind, however, when the surface topology
of an integrated circuit is being characterized or when ion
beams are used to study molecular surfaces. Once a por-
tion of the sample has been struck by an energetic parti-
cle, the surface atomic arrangement is no longer the same
as it was originally. Thus for surface-sensitive applications
of SIMS, the total dose of incident particles must be less
than about 10'%*/cm?, where typical surface densities are
10" atoms/cm?®. This puts a constraint on experimental
configurations.

What we're really looking at

The particles that eject from the surface are the ones
that are ultimately detected in SIMS. These particles can
be neutral or ionic, atoms or molecules. Moreover, they
can be in ground or excited electronic, vibrational, or rota-
tional states. The relative proportions of each depend sen-
sitively on the electronic properties of the ejecting species
and also on the original substrate (3). We still do not have
a complete understanding of what controls, for example,
the concentration of ions that eject.

Ions are the most commonly detected species and the
ion concentration can vary by several orders of magnitude
depending on the solid, so it has been very difficult in the
past to obtain quantitative information. What we will show
here is that by post-ionizing with a laser beam the neutral
species that eject, the sensitivity can be enhanced by sev-
eral orders of magnitude in some cases so that it becomes
easier to quantify the signals. As an aside, the fact that we
do not fully understand the electronic events in SIMS
makes it an interesting field of study. There is physics to
be learned!

The combination of laser post-ionization with SIMS that
we will discuss allows us to have a surface detection limit
as low as 9 atoms per trillion surface atoms. In addition,
the sensitivity for detecting molecules is greatly enhanced.
We will show how the liquid metal ion gun (LMIG)
allows for spatial resolutions of 500-1000 Af Finally we
will discuss how these techniques are allowing us to gain
a better understanding of the fundamental physics
involved in keV particle bombardment.

Parts per trillion

How sensitive is this combination of laser ionization
and time-of-flight mass spectrometry? We tested the com-
bined particle beam and laser design by fabricating three
samples that contained known concentrations of In in a Si
wafer (9). In order to minimize the effects of possible
contamination or surface segregation, the samples were
sputtered before each data acquisition cycle until a steady-
state, reproducible signal was obtained (/0). The data were
then accumulated for 5 min (9000 laser pulses at a repeti-
tion rate of 30 Hz), after which the background signal was
measured for an equivalent period.

In order to detect single pulses, the photoion signal was
attenuated for the two most concentrated samples by
reducing the primary ion current. Individual determina-
tions were normalized to the measured ion current and
laser power. The experimental parameters and results are
presented in Table 1.

Because the TOF analyzer clearly resolves both the
abundant isotope '*In and the less abundant isotope '*’In,
the 3.85 ppb (part per billion) sample is also a 165 ppt
(parts per trillion) sample in ''*In concentration. A plot of
the relative MPRI intensity versus bulk In concentration is
shown in Figure 4.

Although a logarithmic scale has been chosen for dis-
play purposes, the results of the least-squares analysis on
the normalized linear plot denote a slope of 1.00 + 0.01.
In addition, the raw data from the analysis of the '°In in
Si indicate a S/N (signal/noise) ratio of about 9. If this is
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Figure 4. The MPRI intensity of inditm versus the bulk indium
concentration. The In reference concentrations (in atoms per cubic
centimeter) are 1 x 1017, 1.83 x 10", 1.92 x 10, and 8.25 x 102,
See Table 1 for additional information.
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extrapolated to S/N = 2 and a number of other corrections
are applied, a detection limit of 9 ppt is obtained.

The combination of the particle bombardment and
MPRI techniques allows ppt analysis of surface concentra-
tions. Furthermore, for the 165 ppt analysis, 46 mA of pri-
mary ion current was delivered to the sample in 5.6 ms
pulses. For the 5 min data accumulation period, this bom-
bardment yielded a total dose of 1.5 x 10'* Ar ions into
the 0.07 cm® beam spot, corresponding to a removal of
2.0 x 10"3 surface atoms (0.3 monolayer) on the assumption
that In desorbs at the same rate (1.4 atoms per incident ion)
that has been observed for Si (/7). Given the detection limit
of 9 ppt, this experiment is therefore sensitive to 180 atoms.
If removal of an entire monolayer is required, then as few as
640 atoms may be detected.

Now that the applicability of the combined technique
has been shown for atoms, can it do the same wonders for
molecules?

Detection of surface molecules

The techniques of SIMS and FABMS have opened the
door to high molecular weight mass spectrometry (12), but
the energy level diagram for molecules is not as simple as
that shown in Figure 2 for In atoms. In addition to the
electronic levels there are a multitude of vibrational and
rotational levels. Furthermore, when a molecule is ejected
from the surface it is invariably in one of these excited
vibrational or rotational states. Thus, finding a perfect res-
onance is both easy and hard. If there is an easily accessi-
ble electronic state, then finding a density of molecules in
a given vibration/rotation level where they can be ionized
is easy. Unfortunately, sometimes species show up that
one does not expect. In addition, the photon field may also
dissociate the molecule, ieading to fragmentation. The
area of the control of laser-induced photofragmentation is
obviously one that is ripe for exploration.

As a model system to study this problem, we have cho-
sen a set of polycyclic aromatic compounds (PACs) for
evaluating the characteristics of this approach. The com-
pounds are environmental health hazards because of their
acute carcinogenic and mutagenic behavior. Moreover,
there are many applications where surface detection of
PACs is desirable without resorting to elaborate sample
pretreatment. Our results show that, indeed, it is possible
to characterize small fractions of a monolayer of PACs on
both conducting and insulating surfaces with subfemto-
mole detection limits (/3).

Benzo[a]pyrene (C,Hg, mass = 252 amu) is one of the
most toxic and carcinogenic PACs. The detection of this
particular molecule, which is present in trace amounts in
soil, air, and water samples, is of widespread interest. The
experiments we performed were done in basically the
same manner as the In experiments described above. In
this case both photons have energies of 280 nm, as two of
these photons have sufficient energy to ionize most PACs.
Figure Sa shows the SIMS spectrum with the parent peak
barely discernible. Figures Sb-e show the MPRI-TOF
spectra obtained as a function of laser intensity. Even at
the lowest laser intensity the garent peak is dominant. The
spectrum at 3.0 x 10°W/cm? (5d) is about 1000 times
more intense than in the SIMS spectrum. The detection
limit for this case is about 10® molecules/cm?. As the laser
power is increased (5e) the parent peak remains but the
fragmentation pattern changes. This kind of ‘‘tunable’’
fragmentation has been observed before and can be
employed as a means of sequencing proteins (/4).
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Figure 5. Time-of-flight spectra of benzo[alpyrene ions de-
sorbed from a silicon surface. (a) Positive secondary ion mass
spectometry (SIMS) spectrum using a 815-ns incident Ar* ion
pulse. (b—e) MPRI mass spectra at various 280-nm laser intensi-
tieg in Wiem?: (b) 1.9 x 10% (c) 1.2 x 10%; (d) 3.0 x 10°; (e) 2.0 x
10°,

Control over molecular ion fragmentation opens the
possibility for the direct analysis of mixtures of closely
related PACs using MPRI detection. To demonstrate this
possibility, we prepared a simulated sample consisting of
benzo[a]pyrene, dibenz{ac]anthracene, triphenylene, and
pyrene (/3). A 1:1 benzene solution with all four mole-
cules was deposited onto a clean wafer and air dried. The
theoretical concentration of each molecule in the analysis
zone was about 107'2 mole assuming uniform deposition.

The MPRI-TOF spectrum of the mixture for a modest
laser power density of approximately 1 x 10° W/cm? at
280 nm photon wavelength is shown in Figure 6. There
are three intense peaks associated with benzo[a]pyrene,
dibenz[ac]anthracene and triphenylene, and a lower inten-
sity pyrene signal. Note that the peak intensities for all
four molecules are not equal, even though the solution was
equimolar with respect to each compound. There are sev-
eral possible explanations for the observed intensity varia-
tions: nonuniform distribution of samples across the target,
different photoabsorption cross sections leading to nonuni-
form detection efficiencies, and different sublimation rates

5t —




Figure 6. Time-of -flight MPRI mass spec-
252 trum of a simulated complex mixture. The
(Il pyrene 2021y (i spectrum was obtained by use of 10~'2 mo!
40 [~ ) benzol R of each PAC labeled in the insert. MPRI was
(1t benzol (2) pyrene accomplished with a 280-nm laser radia-
(IV) dibenz (a.c) anthracene tion at a power density of 1.6 x 105 W/ecm2.
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due to different vapor pressures of each compound. None-
theless, these preliminary results suggest that direct mix-
ture analysis will be an important future application of this
methodology.

Opening the door for spatial resolution

The combination of keV particle beams, laser post-ion-
ization and time-of-flight mass determination has made it
possible to perform surface-sensitive trace analysis. The
next big breakthrough comes from the use of the liquid
metal ion gun (LMIG), which allows for 5001000 A spa-
tial resolution.

The LMIG used as a SIMS source is constructed from a
sharp tungsten or other hard metal tip. A liquid metal such
as Ga or In is allowed to ‘‘drain down’’ the tip, at which
time a large extraction voltage is applied. The result is that
the Ga or In ions stream off the small tip at energies of the
order 25-60 keV in a highly focused beam. It is this
focused quality of the LMIG that allows for spatial imag-
ing with SIMS.

Using a LMIG with a conventional SIMS detection
scheme (quadrupole) Levi-Setti and co-workers, who pio-
neered this work in the early 1980s (/5), have examined
several silver halide-based emulsion microcrystals engi-
neered for photographic applications. The complex com-
positional structure and small size (<2 um) of these fragile

o

y

very low in concentration in the center.

Figure 7. SIMS maps of engineered photoemulsion microcrystals containing a pure
AgBr core and concentric shells containing 8 wt% | and 16 wi% !. Scale bar = 2 ym.
(a) This Br~ image shows triangular or hexagonal crystals uniform in bromine concen-
tration. {b) The I~ image shows iodine concentrated on the edges of the crystals and is

species imposes stringent requirements on any technique
employed to measure them. Figure 7 is a SIMS map using
an LMIG to examine photographic silver iodobromide
crystals. Analysis of the "’Br* SIMS image on the left of
Figure 7 indicates that the triangular or hexagonal crystals
are uniform in bromine construction. The I” SIMS image
on the right shows that the iodine is concentrated on the
edges of the crystals and is low in concentration in the
center. These observations do not agree with those pre-
dicted by precipitation chemistry (/6).

The future

We can now meld together ion beam methods, TOF
mass detection, liquid metal ion guns, and multiphoton
resonance ionization to produce real maps of the surface
distribution of atoms and molecules. We have used this
combined technique to obtain spatially resolved maps of
the In signal (27). A 300-mesh Cu grid was placed over an
In foil so as to shadow specific regions of the In surface
(Figure 8). For this particular image, each pixel measures
5000 A x 5000 A and the total field of view is 150 x 150.
Each pixel was produced by summing the results of two
laser shots. The image, which contains 50,000 pixels, was
recorded in 45 min. We estimate that the data acquisition
efficiency can be improved by a factor of 4 when using a
transient digitizer rather than a multihit time to digital
converter. Moreover, if the LMIG is
employed using the larger aperture, the
count rates improve by an additional fac-
tor of 8 with only a small loss in spatial
resolution.

Will it be possible to record comparable
images for molecules on a surface? Based
on the In map shown in Figure 10 along
with the MPRI spectra of molecules such
as those in Figure 5, we obviously believe
that this is the future. Michael Kelley was
indeed right in 1987. Ion beams are
attracting more attention. Moreover, the
coupling with lasers has considerably
brightened their future.
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Probing the fundamentals

" Itis possible to use the timing between the keV ion pulse and

.7....-the laser pulse for a differant time-of-flight measursment; -
~ that of the velocity of the ejected atoms. This allows us 1o

: dem ine atomic level propérties and permits us to. uadar
- grazing angles. Without belaboring the details, the distribu- =

tion has characteristic features with the largest peak in the -

1 crystal behavior under keV bombardment. .
: ln the experimental configuration and timing sequence
-shown In Figure 3, the TOF was used after the laser pulse to

- do the mass determination. However, this is  bit redundant
a8 the resonant ionization process aiready selectively picks

- -the mass, especially if we restrict ourselves to atoms, Thus
by changing the time delay betwesn the ion pulse and the
laser pulse, the velocity or energy distribution can be mea-
sured. If a flat plate detector replaces the TOF analyzer, it is
also possible to determine the takeoff angle of the desorbing
species, and both the energy and angle distributions can be
simultaneously measured (77). These distributions are most
interesting for single crystals as there are strong anou!ar
effects. ,

Em:v-and gle- mwﬂmum

Wmsmmmmmmmm: :

rbital ground state; (b) *F,,, excited state. The data

10 ejection along: $¢=0° and ¢ = 45° erystalio--

- graphic directions, as defined in the inset. Owing to the sym-
_“metry of the surface and the angular resolution (e.g., Ap = 18
“at @ = 45), the results represent the data over about 50% of

“:-all space. Both plots are normalized to the maximum inten- -
ny,

peaks‘ iThe dashed circles in the inset represent second
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~-ejected atoms ra

The energy and angle distribytions for the ground ‘F.,z :

‘state of Rh are shown in Figure 9a. The energies of the.

from 0-to >50.6V, The polar angle, 8, is
0° for emission perpendicular to- the surface and 90° for

¢ = 0° direction (18). By slightly changing the wavelength of
the laser to something like that depicted in Figure 2 for In, the
‘F excited state of Rh can be accessed. Figure 9b is the:
distribution for the excited state of Rh, It is different from the
ground state. These distributions represent the first obtained

~for two separate states where the intensities have been mea-

sured at all angles for energies between 0 and 50 eV. Previ-
ous work was limited to one angle of ejection,
Detailed data such as these challenge theories and theo-

rists to the limit. The traditional model of the velocity distri-
- bution of excitation predicts that the ratio of the excited state

intensity to the ground state intensity should go as
exp(~A/av, ), where A and a are constants and v, is the pers
pendicular component of the ejection velocity {79). A plot of:

“the log of this ratio versus 1/v, (Figure 10) shows thatat

high velocities the data follow the simple mode!. However, at.
low velocities, there is no velocity dependence. A model for

the excitation and de-excitation process has been incorpo-

rated into the molecular dynamics calculations and the
resuits from these calculations are aiso shown in thure 19
The agreement is very good. Morsover, the calculations tel

us that collisions of ejecting particles within 1-20 Aoverthe
surface gives rise to the plateau seen inthe expenmental dis G

tribution (20).

(dN*/dv) /{dN/dv)
3&-

Figurs 10. Excitation pmmmuu ‘ "caleulam exdtaﬂon-

probabilities, P, of individual atoms vs 1/v, for 6 < 30°,

(b) Ratio of intensities (UN*/dv)/(dN/dv) as obtamed from- .-
the averaged excitation probability. The solid line includes all =~
sputtered atoms in the calculation. The dashed line repre-

sents the expenmental data,




Figure 8. Indium atom image of a copper grid overlaying indium substrate. Field of view: 150 x 130. Each pixel measures 500 nm2, with
the brightest pixels containing 18 counts. 1 x 10° pulses, total dose 2 x 107 Ga* ions or 10" Ga* ions/cm2
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