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ABSTRACT

Time-of-flight ion scattering and recoil spectroscopy (TOF-lSA_RS) enables the
characterization of the composition and structure of surfaces with 1-2 monolayer specificity.
It will be shown that surface analysis is possible at ambient pressures greater than 3 rnTorr
using TOF-ISARS techniques; allowing for real-time, in situ studies of film growth
processes. TOF-lSARS comprises three analytical techniques: ion scattering spectroscopy
(TSS), which detects the backscattered primary ion beam; direct recoil spectroscopy (DRS),
which detects the surface species recoiled into the forward scattering direction; and mass
spectroscopy of recoiled ions (MSRI), which is 3 variant of DRS capable of isotopic
resolution for all surface species – including H and He, The advantages and limitations of
each of these techniques will be discussed.

The use of the three TOF-ISARS methods for real-time, in situ film growth studies at
high ambient pressures will be illustrated. It wiII be shown that MSRI analysis is possible
during sputter deposition. It wilI be also be demonstrated that the analyzer used for MSR.I
can also be used for time of flight secondary ion mass spectroscopy (TOF-SIMS) under high
vacuum conditions. The use of a single analyzer to perform the complimentary sutiace
amdyticd techniques of MSRI and SIMS is unique. The dwd functionality of the MSRI
analyzer provides surface information not obtained when either MSRI or SIMS is used
independently,

INTRODUCTION AND 13ACKGROT.IF/D

Complex thin films are often deposited, following a standard protocol (recipe) in
processing environments, without any in situ analysis. Periodically, samples are transferred .
through ambient air into surface analytical instrumentation for analysis. The use of real-time,
in situ, monitoring would allow the characterization of the surface of thin films ciun”ng
growth. The information obtained fkom real-time, in situ monitoring could be used to modify
the deposition process, such that films with the required properties (composition, phase, etc)
are reliably produced. Real-time, in situ monitoring and control could, in principle, decrease
the failure rate to zero. Real-time, in situ analysis requires a technique that can operate at high
ambient pressures, be non-destructive, should provide a wide range of surface compositional
and structural information on a time scaIe commensurate with the deposition rate, and must be
compatible with the geometric constraints of the deposition process.
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Ion scattering spectroscopy (MS) has been used for surface analysis for a number of
years [1-5]. For 1SS, an energetic primary ion beam is directed onto a surface at near normal
incidence as shown in Figure 1. The backscattered ions lose energy according to classicaI two
body collision kinematics; the energy of the backscattered ions correlates with the mass of the
surface atoms. 1SS is able to detect all elements heavier than the primary ion [1-5]. in its
infancy, 1SS was performed using electrostatic (hemisphencal) energy analyzers. There are
three limitations of electrostatic energy analyzers: (1) they only detect the positive ion
fraction, which is typically about 10-2to 104 of the scattered primary beam; (2) they transmit
only a narrow portion of the energy distribution; and (3) electrostatic energy anaiyzers are
bulky and would interfere with thin film deposition equipment. Large beam doses are
required in order to circumvent the low detection efficiency of electrostatic energy analyzers
(limitations 1 and 2 above). The advent of time of flight (TOF) detection drastically changed
ion scattering spectroscopy [6,7]. Since TOF detection simultaneously measures the total
sputtered yield (ion plus neutral), the data acquisition time is significantly less. Additionally,
TOI? analyzers are smaller than electrostatic analyzers and could be incorporated into thin film
deposition systems.

A limitation of 1SS is that only elements heavier than the primary ion are detected.
Light weight species, such as H, D, and He can not be detected, even if a He primary ion beam
is used. In 1975, Bucket. d, demonstrated that if the primary ion beam strikes the surface at
glancing incidence, and if a time of flight detector is positioned in the forward scattering
direction (glancing exit angle, see Figures 1 and 2), one can directly detect the species that are
ejected from the surface [6,7]; the technique is called direct recoil spectroscopy (DRS) [5-12].

DRS is able to detect all surface species [5-14]. DRS has been used to study the
interaction of H as well as D with Si [13] and diamond [10,11,14]. DRS peaks are broad
since: (1) the binary primary ionlsubstrate collisions arc not ideal, and (2) multiple scattering
events occur. The broad peaks degrade the resolution and also prevents the detection of
species present in small quantities. If the ionic fraction of the sputtered particles are diverted
into a time refocusing analyzer such as a Poschenreider sector [15]or a reflection [16,17], one
can obtain isotopicalIy resolved mass spectra of the species present on the surface [8,9,17-19].
The use of a time refocusing analyzer to improve the ~solution of the DR spectra is referred
to as mass spectroscopy of recoiled ions (MSRI). MSRI has two advantages over DRS,
increased resolution and increased sensitivity [8,9,1,17-19].

The three complementary ion scattering techniques 1SS, DRS, and MSRI are
collectively referred to as time of fIight ion scattering and recoil spectroscopy (TOF-ISARS). -

ION SCATTERING METHODOLOGY AND THEORY

Figure 1 shows the concepts leading to signal generation for the three TOF-ISARS
methods. A pulsed ion beam of mass w and with a kinetic energy ~) of 5 keV to 15 keV
strikes the surface to be studied. At these high energies, the collision kinematics are
essential y those of classical two body elastic collisions. The energetic of the binary

‘ collision results in complete decomposition of rhe molecular species present on the surface.
The three analytical methods differ in the geometry of the incident ion beam (ix)and the
detectors (0) as shown in Figure 2. In Figure 2, and throughout this text, the subscripts i and r
refemer to 1SS and DRS/MSIU respectively.

For 1SS, cq is about 90 deg and Ojis about 180 deg as shown in Figure 2. 1SS is a
well established surface analytical technique that has been used to study the composition and
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structure of many materials [1-6]. The sampling depth of 1SS is only one to two layers. 1SS is
therefore the most surface sensitive analytical technique available. 1SS is often used to
determine if thin f- are growing in a layer by layer fashion, a 2D fashion, or a 3D island
nucleation fashion f20,.21J!&di@al information on 1SS can be found in the literature [1-6,
20,21].
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Figure 1, Schematic of the three TOF-N4RS Figure 2. Definition of the angles
processes: 1SS, DRS, and MSI?l for the three TOF-ISARS processes,

For both DRS and MSRI the pulsed ion beam strikes the surface at grazing incidence

(G). The binag collision res~ts in the tirect ejection of the surface species in the forward,
scattering direction. DRS and/or MSRI analyzem are positioned at grazing exit angles (&) as
shown in Figures 2 and 3. The kinetic energy of the ejected atoms ~) is given by:

&= 4E&M&lfCos2(3~(l&+Mr)2 (0

where ~ and M~are the masses of the primary ion and the surface atoms respectively, & is
the energy of the primary ion, and&is the exit angle (shown in Figure 2). The values
obtained from equation (1) are only valid for an ideal binary collision. Deviations fkom ided
conditions (i.e., muhiple collisions) resuIt in the loss of energy and as a result, each mass has a
kinetic energy spread, and not a unique single value. The energy spread results in the
broadening of the DRS features towards longer flight times and limits the mass resolution
obtained using DRS. The spread in kinetic energy of the recoiled ions can be coxnpensatcd by
diverting the ion fraction into a reflection time refocusing analyzer [15-16], For ions of a ~ -
given mass, the higher kinetic energy ions travel far into the reflection before being turned
around while the less energetic ions do not penetrate as deeply and therefore travel a shorter
distance [15-19], By properly adjusting the reflection potentials and experimented geometry.
all ions of a given mass are forced to arrive at the detector simultaneously; enhancing the
resolution. The use of a time refocusing analyzer to improve the resolution of DR spectra is
referred to as mass spectroscopy of recoiled ions (MSRI) [8,9,17-19], MSRI is capable of
both isotopic resolution for the entire mass range and better than part per million @pm)
sensitivity [17].

If is of importance to point out the difference between secondary ion mass
spectroscopy (SIMS) and MSRI. The hardware used for MSRI is similar to that used for
TOF-SIMS. For MSRI, the geometry is chosen to emphasize single collision ejection events
rather than the muhiple collision cascade mechanism associated with the SIMS process
[22,23]. Both the kinetic energy and the ion fraction of the ejected surface atoms are much
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. higher for MSRI than SIMS. In SIMS, the atoms are ejected close to the sample normal as a
result of a cascade of numerous small angle collisions between the recoiling target atoms (i.e.
collision cascade) [22,23] rather than between the primary ion and the target atom, By the
time a surface atom receives enough momentum from the cascade to be ejected normally from
the surface, the kinetic energy has degraded to only a feweV [22,23]. The sputtered species
leave the surface witi only a few eV of energy; regardless of the primary ion energy. The low
energy SIMS atoms ejected from the surface have a significant amount of time during which
charge exchange can occur between the surface and the departing atoms, resulting in a high
degree of charge neutralization of the sputtered atoms [22]. The amount of charge
neutralization changes drastically as the surface composition changes. In SIMS, the ion .
fraction is low (typically only l&to 10-5);as the composition of the surface changes, the ion
yield can vary by up to five orders of magnitude; this is the well known SIMS “matrix effect”
[22], In contrast to SIMS, the sputtered species in DRS/MSRI leave the surface with much
greater energies (see equation 1) [8,9,17-19], and are not as prone to charge neutralization
with the surface, As a result, the ion fraction of the direct recoil atoms often exceed 10% and
in many cases approaches 100% [24]. In contrast to MSRI, both elemental species and
moleculax fragments are detected in SIMS. The SIM spectra can be difficult LOinterpret.

High energy sputtered particles are detected using the three TOF-ISARS techniques. It
has been shown that high energy particles can travel through short, high pressure, paths [10].
If the experimental apparatus is properly configured (e.g., differential pumping apertures are
placed on the end of the primary ion beam cohnnn and the entrance to the detectors, and these
regions are differentially pumped), the threeTOF-ISARS techniques are capable of surface
analysis at high (> 3mTorr) ambient pressures, as will be shown below. 1SS, DRS, and MSRI
can therefore be used for real-time, in situ analysis of thin film growth [8,9]. Collision cross
sections have been measured for 1SS and DIM [25,26], as well as MSR.T[27] and the vaIues
obtained are consistent with Ar+//M momentum transfer cross section values reported in the
literature [28].

EXPERINIENTAL

The experiments reported here wem performed in two ultra-high vacuum chambers
that differed in the primary ion source and the analyzer mounting geometry. The first chamber
(Argo~e National Laboratory - ANL) utilizes an Atornika noble gas gun (lOkeV @ for
TOF-ISARS. This chamber was designed to allow for real-time, in situ studies of film - -
growth processes at high ambient pressures [29]. The MSRI refiectron anaIyzer is mounted at
a forward scattering angle of 60 deegrees. The hole in the pumping apertutiextractor is
l.Omrn in diameter, and the aperture is positioned 44mm from the sample. Differentially
pumped 1SS and DRS detectors as well as a Kaufman ion source and a multi-target carousel,
for thin film deposition, are located on the lower half of the ANL chamber ~29]. Figure 3 is a
schematic of tie lower half of the ANL chamber (half used for TOF-KM.RS and thin film
deposition). The upper half of the APL chamber contains a double paSS cylindrical mirror
analyzer that is used for in situ Auger electron spectroscopy (AES), X-ray photoelectron
spectroscopy (XPS), and Ultraviolet photoelectron spectroscopy (UPS) studies of the surfaces
following thin film deposition. A shutter is used to isolate the two halves of this chamber.
The ANL chamber was used for most of the work reported blow. The second chamber
(Ionwerks - NV) uses an alkali (10 keV K+) ion soume. The reflection analyzer was mounted
at a forward scattering angle (0~)of 74 degrees, The pumping apemmdextractor was 3.Omm
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in diameter and was positioned 19rnm fkom the sample. The Ionwerks chamber had two other
DRS detectors, positioned at forward scattering angles ((l,) of 15 and 30 deg as well as a
Poschenreider sector MSRI anaIyzer located at (3,= 30 deg [17]. The geometry of the IW
chamber was such that the refkctron analyzer could be used for both MSR.1and TOF-Sl?vfS
[17]. The pulsed ion beam current for both systems is less than lnA, which corresponds to the

miva] of -109ions/s.
An Ionwerks, Model TDC-4 time to digital converter [30] with a digitizing resolution

of 625 psec was used to collect the TOF-IS~ spectra on both systems. This TDC allows
simultaneous collection of four data channels (i.e., three DRS channels and one MSRI
channel) during a single experiment.

The refiectron analyzer used for MSRI on both chambers contains six main parts: an
ion extractor/pumping aperture, lens assembly, high voltage field free drift region, reflection
stack, ion detector and a neutral (Iine-of-sight) DRS detector [17]. For positive ion analysis,
ku’ge (up to 15kV) negative potentials am applied to the extractor, the lens, and the field free
drift region. The back ring potential is positive. For negative ion analysis, the potentials are
inverted. Neutral species are not effected by the potentials used in the reflection anaiyzer and
shoot straight through to the line-of-sight detector. 13e10w,we will show that the reflection
used for MSRI analysis can also be used for TOF-SIMS amdysis when positioned at a suitable
geometry (large Q [17,27]. For TOF-SIMS analysis, the potentials applied to the reflection
analyzer are optimized for low energy ion detection [17,27]. Additional details regarding the
MSRI reflection analyzer can be found elsewhere [17,27j.
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Figure 3. Lower half of the ANL chamber Figure 4. MSRI spectra of rrdirtyPt ~‘
showing the TOF-ISARS and film growth sample as a function of oxygen drnbient
components. pressure.
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. For a 10 keV Ar primary ion beam and a MSRI detector position of 60 dcg (e.g., ANL
MSRI configuration), the recoil energy distribution for the entire mass range, calcuh.itcd from
equation (l), is Oto 2.5 keV.

RESULTS AND DISCUSSION

%-face Analysis at High Ambient Ikxiure

Fibwre 4 shows MSRI spectra obtained from a dirty l%sample as a function of oxygen
pressure. These spectra were obtained using 20 second data acquisition times (ANL I
chamber). Elsewhere, it is shown that at high ambient pressures (2.7 mTorr), the pressure in
the NISRI housing is 4.8 x 107TOI-Gabout three orders of magnitude lower [27]. As the
oxygen pressure increases, the sigmd intensity decreases. MSR.I spectra, characteristic of the
stuface composition, were obtained for signal to noise ratios greater than three at ambient
oxygen pressures up to -3xnTorr. At high ambient pressures, the loss in signal intensity is a
function of both the ambient gas pressure and the high pressure path length traveled by the ion
beam (-25 cm). The product of these two quantities, -75 m~orr-em, provides an upper limit
for MSRI analysis [26,27], If the high pressure path length could be reduced to Icm, surface
analysis could be performed at pressures up to 75 mTorr. At high ambient pressures, only the
peak intensities are attenuated. Neither the peak positions, nor their lineshape, change as the
pressure increases [27]. Shniiar eff’ts are observed for 1SS and DRS at high ambient
pressures [25,26]; for the 1SS and DRS studies, the data collection times were typicaIly 120
seconds (six times longer than the MSRI data collection times used in Figure 4).
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Figure S. DR spectra of diamond
as a function of heating temperature
in 330 mTorr hydrogen with a hot
flkunent on to produce atomic H [10],

Figure 6, Simukaneously colleeted
DRS (top) and MSRI (bottom) spectra
of a dirty G sample [17].

.



,

. Figure 5 shows DR spectra of a diamond surface at various heating temperatures [10].
These spectra were obtained in a I% ambient of 330 mTorr using a tungsten filament heated to
-2300 K to produce activated (atomic) hydrogen. From Figure 5, one can see that at
temperatures less than -1000 K, hydrogen is present on the diamond surface. At
temperatures above 1000 K, the surface concentration of hydrogen starts to decrease. For
temperatures above 1350 K, hydrogen is no longer detected in the DR speetra. The DRS
results shown in Figure 5 represent the first experimental measurements of the amount of
hydrogen present on the diamond surface during hotfilament CVD growth [lO]. These data
show that little, if any, hydrogen is actually present on the surface of diamond under ho~
filament CVD growth conditions [10]. These results have been duplicated by others [11]. It
has also been shown that both D and H are present on diamond surfaces following atomic D
exposure at temperatures between 800 K and about 900 K [10]. Compiete exchange of
surface H with D occurred at temperatures above 1000 K, no exchange was detected below
800 K [10].

The top panel of Figure 6 shows a DR spectrum of a dirty Ge sample. H, C, N, O and
Ge are easily deteeted, however species present in trace amounts such as Be, Na, AI, Cr, and
Fe are buried in the long tails of the dominant species [17]. The lower panel of Figure 6
shows a simukaneously collected, positive ion, MSRI spectrum [17]. Elements such m Be,
Al, Cr, and Fe are easily identified. The spectra shown in Figure 6 demonstrate the enhanced
resolution and sensitivity of h4SRI over DRS.

Red-Time, In Situ TOF-lSARS AnaIvsis of Thin Film Deposition

The TOF-ISARS techniques are now being used in a number of research laboratories
for real-time, in situ studies of complex nmlticomponent oxide thin fdms such as
Pb(Zrl.XTi.)03 (PZT) [29,31], Sr13iATaz09(SET) [29,32], B~5Sro,sTi03 @ST) [29], and
YBazCu3@.X(YBCO) [4]. ~n a DRS study of S13Tdeposition onto Pt, it was demonstrated
that although Pt and Bi differ in mass by 14 amu, the resolution of DRS was not sufficient to
separate these two species [32]. More recently, MSRI was used to study SBT deposition onto
Pt and it was shown that the resolution of MSRI was sufilcient to separate Bi (in the
deposited film) from Pt (the underlying substrate) [29].

The spectra shown in Figure 7 were obtained the day the MSRI analyzer was insta.iled
onto the ANL chamber. The top panel of Figure 7 shows a positive ion MSRI spectrum of a
dirty Pt sample obtained at a Xe ambient pressure of 2.2 x 104 Torr, The middIe panel shows -
a real-time, in situ MSRI spectrum of the same sample dun”ngsputter deposition (e.g., with
the Kaufman ion source on). The deposition time, prior to starting the 20 second MSRJ data
collection, was 30 seconds. For Ibis set of experiments, we did not have a target on the
carousel, and hence, we were sputter depositing Cr and Fe from the stainless steel target
holder. The lower panel of Figure 7 shows a MSRI spectrum of the sputter deposited film at
an ambient pressure of 2.2 x 104 TorTafter turning off the Kaufman ion source; the total
deposition time was 60 seconds. The MSRI spectra measured with the Kaufman ion source
on (middle panel) and off (bottom panel) reveal similar trends; indicating that despite the
increase in the background level when the ion soutce is on, meaningful surface analysis can be
performed. These real-time, in situ MSRl spectra revealed an interesting finding. The
middle and lower spectra reveal a significant amount of Mo on the substrate. The grid on the
Kaufman ion source was made out of Mo. These MSRI speetra show that if the grids are not
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properly aligne~ and/or if the source is not running under the proper conditions,
contamination of the film, with the grid material, may occur.
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. It is probable that for some deposition processes, real-time, in situ analysis may not be
possible due to the increase in background noise. Since MSRI data acquisition-cm be -
pefformed at high ambient pressures in a matter of seconds, one could alternate between
deposition and analysis cycles.

Others are using MSRI to monitor GaN thin film growth [33-37]. It has been shown
that the Ga+/IT’_MSRI ion ratio is indicative of rhe film quality. If one compares the Ga+/N’
ion ratio measured in situ via MSRI with ex-situ photohminescence spectra, clear trends are
observed. Good films have a MSRI Ga~’ ion ratio of 3.0 and a photoluminescence fidl
width at half maximum (FWHM) of 40 meV while bad films have a MSIU Ga+/N ion ratio of
9.0 and a photolurninescence FWHM of 219 meV [35]. This research group is now
preforming angle resolved mass spectroscopy of recoiled ion (AR-MSRI) studies during thin
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film deposition [36-37]. For AR-MSRl, onc simultaneously changes Ixx.h the angle of
incidence of the primary ion beam (@ and angle of detection (&) by rotating the sample. If
one plots the locus of trajectories of each primary ion, regions behind each target atom are
detected (referred to as the shadow cone) where the primary ion beam is excluded. Atoms in
the “shadow cone” are not sampled by the primary ions and do not contribute to the MSRI
signal. As the angles change, atoms previously heated in the shadow cone may become
visible, The angles where underlying species become visible can be quantitatively related to
the bond distance and the bond angles for specific atomic species within the first few atomic
layers, The sharpness of the onset of detection of an underlying species is related to the
surface disordeq well ordered surfaces show a sharp increase while disordered surfaces show
a gradwd change. Therefore, in addition to the surface composition, AR-MSRI also provides
the local surface structure. AR-MSRI is similar to AR-ISS [8,9,29], however for the la~er$
only elements heavier than the primary ion can be detected and the peaks are broad.

Surface Phase Identik4ion Bv NEW

Although we have focused on positive ion MSRI speotra in this manuscript, one can
also measure the negative ion MSRI spectra by inverting the polarities on the refleetron
arialyzcr. It has been demonstrated that the ratio of the positive ion to negative ion MSIU
yiekk are chiiracteristic of the chemical phase at the surface [8,9,29]. Clear distinctions have
been measured fo~ (a) the hexagonal and cubic forms of boron nitride, (b) the different forms
of carbon (e.g., graphite, diamond and amorphous carbon), and (c) the perovskite and
pyrochlore phases of PZT [8,9,29]. Monitoring the sufiace composition and phase during
deposition via the positive to negative ion MSRI ratio provides a simpIe, inexpensive, .
diagnostic that can be used to evaluate the properties of the growth surface; it also provides
information that is needed in order to adjust the film growth conditions in order to selcctiveI y
produce a desired surface phase. This type of information (coupled with process control)
would allow for the unprecedented success in the growth of films that can be only be
produced, with high quality, in a narrow range of growth conditions.

Comparison Of MSRI And SIMS

The reflection analyzer was positioned at a fomvard scattering angle @r)of 74 cleg on the -
IW chamber. Using this geometry, we could selectively obtain pure MSRI or pure SIM spectra
[17]. Although MSRI anaIysis is possible at high ambient pressures, SIMS is not - due to the
low veloeity of the sputtered SIMS species. The top panel of Figure 8 shows a positive ion
MSRI spectrum of a dirty Ge sarnple, while the lower panel of Figure 8 shows a SIM spectrum.
These spectra were obtained back-to-back such that a direct comparison could be made between
the MSRI and SIM spectra. For SIMS analysis, the sample was rotated such that the s-ample
normal was close to the centerline of the reflection analyzer, and the voltage applied to the back
ring of the reflection analyzer was lowered from 1500 V (for MSRI) to 50 V (for SIMS)
[17,27]. The obvious difference between the MSRI and MM spectra is the lack of molecular
ions and molecular fragments in the MSRI spectrum, making the positive identification of D, N,
Al, Cr, and Fe straightforward. Elemental ions as well as molecular fragments are detected in

the SIM spectrum. In the SIM spectrum, one can not distinguish D from &, additionally, CXHY

fragments prevent the positive identification of N (vs. CHZ), O (vs. Cm), Al (vs. C2H3), Cr (vs.



.
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C&), and Fc (vs. C4H8). Since the Be feature measured using MSR1 and SIMS can not be
attributed to any other species, a comparison of the Be MSRl and SIMS yields can be used to I
estimate the sensitivity of these two techniques. The observation that similar Be yields are
obtained using both techniques indicates that the sensitivity for MSRI is comparable with SIMS
[17], The resolution (peak FWHM) is similar for both MSRI and SIMS for peaks with only one
component - for peaks with multiple components in the SIM spectrum (i.e., 14 amu, N and/or

CH2) the resolution decreases, I
The spectra shown in Figure 8 illustrate that MSRI and SIMS provide complimentary

information. In MSl?I, only elemental ions are detected whereas elemental ions, and molecular
ions are detected in SIMS. SIMS therefore provides clues as the molecular species present on

‘ the surface, Since the MSRI ions leave the surface with a large kinetic energy, they are not as
susceptible as SIMS ions to charge neutralization with the surface. In MSRI, the.ion yield
varies by less than a factor of ten as the chemical state of the surface changes - sirnpli@ing
quantitative analysis.

CONCLUSIONS

We have demonstrated that the three TOF-ISARS techniques (1SS, DRS and MSRI)
can be used for real-time, in situ film growth studies at high ambient pressures. Selected
examples of novel applicaticms have been presented, focusing on the newer techniques (DIN
and MSRI). Surface analysis via MSRI has a number of advantages: the ability to monitor all
surface species with isotopic resolution and high sensitivity in a qutititative fashion, the ratio
of the positive ion to negative ion MSRI yields am indicative of the surface phase and can be
used as a process control dia=mostic, the ability to perform surface analysis at high ambient
pressures, and if installed at a suitable geometry, the reflection analyzer used for MSRI can
be used for TOF-S12vlS. MSRI provides quantitative elemental analysis while SIMS provides
clues as to the molecular species present on the surface. MSRI and SIMS provides
complimentary information that can not be obtained by either technique alone. The use of
AR-MMU to measum the local surface structure in situ and in real-time represents an exciting
new area of research,
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