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The fabrication of thin film layered structures of multi-component materials such as
high temperature superconductors, ferro-electric and electro-optic materials, and alloy
semiconductors, and the development of hybrid technologies incorporating some or all of
these materials into a single device requires a detailed understanding of film growth and
interface properties. Some of the relevant interfaces are within a few A of the surface, while
others may be at a depth of several (xm. Interfaces may be either atomically abrupt or be
spread over a significant depth, with no clearly identifiable transition.
For materials such as the High Temperature Superconductors (HTSC's), the
superconducting coherence length is extremely short (5-15 A), and the fabrication of reliable
devices utilizing these materials will require control of film properties at extremely sharp
interfaces; It will be necessary to verify the integrity of thin layers and layered structure
devices over thicknesses comparable to the atomic layer spacing. Analytical techniques which
probe the first 1-2 atomic layers are therefore necessary for in-situ characterization of
relevant thin film growth processes. However, most surface-analytical techniques are sensitive
to a region within 10-40 A of the surface. Additionally, they are physically incompatible with
existing thin film deposition technologies and are typically restricted to ultra high vacuum
conditions, whereas the growth of multi-component oxide or nitride films is usually carried
out in an ambient partial pressure of oxygen or nitrogen up to several hundred mtorr.
A review of ion beam-based analytical methods for the characterization of thin film and
multi-layered thin film structures incorporating layers of multicomponent oxides will be
presented. Particular attention will be paid to the use of time-of-flight techniques based on the
use of 1-15 keV ion beams which show potential for use as non-destructive, real-time, in-situ
surface diagnostics for the growth of multicomponent metal and metal oxide thin films.
1.0 Introduction
l.i IN-SITU MONITORING OF THIN FILM DEPOSITION PROCESSES
Thin film deposition methods such as ion beam sputtering which can be applied to a
wide range of materials are ideally suited to the production of multicomponent thin films
and layered structures as part of a single automated process. One such deposition process is
described elsewhere in these proceedings [1]. Films produced by such methods may
incorporate materials representing semiconducting, ferroelectric, optoelectronic, magnetic and
high temperature superconducting technologies, or a combination of such materials in a
single hybrid device. As more and more complex thin film structures are produced, it
becomes increasingly more important to be able to monitor the deposition process in-situ.
This is particularly so when dealing with oxide and nitride films in which the phase produced
is a highly sensitive function of the growth conditions. However, it is precisely these materials
which present the greatest challenge to in-situ surface analysis. It has for example been found
that the best YBa2Cu3O7- x thin films have critical current densities approximately lOOx
higher than bulk polycrystalline material. A connection has been made [2] betv/een the high
critical current density observed in some HTSC thin films and a high density of screw
dislocations believed to be associated with island growth during the early stages of film
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nucleation. The ability to characterize the early stages of film formation would provide a
means of unambiguously identifying the growtfi processes which lead to high J c values, and
help to assure the attainment of those growth conditions during device fabrication.
All surface characterization schemes involve directing ions, electrons, or photons onto
the sample, and detecting the ejected ions, electrons, or photons resulting from a number of
different physical processes within the solid. For example, X-ray Photoelectron Spectroscopy
CXPS) involves the impact of an incident x-ray beam on the analyzed material to create
photoelectrons. The kinetic energy of these photoelectrons is uniquely related to the electron
energy levels of the atoms within the solid and can therefore be used to identify the atoms.
The surface sensitivity of XPS is due to the fact that only photoelectrons generated in a
shallow layer near the surface can escape to the vacuum to be detected. For electrons with a
kinetic energy < 1 keV, the depth of analysis varies from approximately 10 to 40 A.
However, if there is an ambient gas pressure associated with the deposition process, the short
electron mean free path becomes a disadvantage since the electron must travel distances on
the order of 0.5 meters through an energy analyzer before it reaches the detector. Techniques
such as Auger Electron Spectroscopy (AES), Ultraviolet Photoelectron Spectroscopy (UPS),
Low Energy Electron Diffraction (LEED), and XPS typically require high to ultra-high
vacuum (<10"8 torr) in the region surrounding the sample.
There is an additional practical constraint on most surface analytical metnods in regard
to in-situ monitoring of thin film deposition in that the analysis equipment must not intrude
in the area occupied by the deposition equipment. In order to obtain relatively high data
acquisition rates, most surface analytical equipment requires the positioning of large
instrumentation very close to the sample surface. The number of analytical techniques which
are suitable for in-situ characterization of surface processes during thin film growth is
therefore very limited. There are several techniques which utilize relatively collimated beams
and therefore do not interfere with the deposition process. Reflection High Energy Electron
Diffraction (RHEED) utilizes elastically scattered electrons with a kinetic energy in uie range
of 20 keV. This energy is high enough to provide a reasonably long electron mean free path.
RHEED is therefore widely used in molecular beam epitaxy (MBE) systems where the
ambient pressure during deposition is relatively low. RHEED provides a measure of the lattice
spacing in the direction normal to the substrate, but provides no chemical identification and
no information on short-range phenomena such as pinhole formation.
Techniques such as x-ray diffraction (XRD), x-ray fluorescence spectroscopy (XFS),
Ion-Induced X-ray spectroscopy (IIX), Rutherford backscattering spectroscopy (RBS) and
Elastic Recoil Detection (ERD) can be used for in situ characterization of the overall
properties of a film, but except for grazing incidence geometries, they sample the material to
a depth on the order of 0.5 to 1 um. In order to characterize trie processes occurring at the
surface of a growing film, it is necessary to probe the first few atomic layers, and in principle
to identify the uppermost monolayer where the growth occurs.
2.0 Pulsed Ion Beam Surface Characterization
Low energy (1-15 keV) pulsed ion beam surface-analytical techniques, possess the
ability to provide a remarkably wide range of information directly relevant to the growth of
multi-component semiconductor, metal and metal oxide thin films and layered structures.
The range of information obtainable by Direct Recoil Spectroscopy (DRS) and Ion Scattering
Spectroscopy (ISS) probably exceeds that obtainable by any other surface analytical
technique. The information available with these methods includes the surface composition,
atomic structure of the first few monolayers, lattice defect density, trace element analysis and
phonon characteristics. Much of this data may be obtained on samples which are at ambient
gas pressures up to one torr, i.e. 6-8 orders of magnitude higher than any other analysis
technique which provides a comparable degree of surface specificity. This capability makes
pulsed ion beam analysis ideal for real-time, in-situ characterization of thin film growth
processes. We discuss here some of the materials properties which may be measured by
Direct Recoil Spectroscopy, (DRS), Ion Scattering Spectroscopy (ISS) and Mass Spectroscopy

of Recoiled Ions (MSRI), and describe a physical implementation of the pulsed ion beam
analysis technique which requires very low beam dose, provides real-time data acquisition,
does not interfere physically with thin film deposition equipment, is compatible with high
ambient pressure operation, and is therefore suitable as a real-time probe of thin film
deposition. DRS/ISS in particular, will be shown to be non-destructive, real-time, in-situ
surface diagnostics, suitable for monitoring the growth of multicomponent metal and metal
oxide thin films.
2. 1 THEORY
Ion Scattering Spectroscopy was demonstrated to be a useful means of thin film
analysis by Smith in 1971 and by McKinney and Frankenthal in 1973 [3,4]. The McKinney
study used ISS as a means of characterizing 20-30 A thick passivation layers on Fe-Cr alloys.
However, ISS has not been widely used for this purpose for a number of reasons: Eariy ISS
instruments required a very high ion beam dose, sometimes exceeding the number of atoms
at the surface of the film being analyzed in order to produce usable spectra. In order to
achieve this dose, data acquisition times could be longer than the film deposition time.
Because of the extrenic surface sensitivity of the ISS technique, it is commonly perceived as
suitable only for use in ultra-high vacuum and therefore incompatible with many thin film
deposition methods. Additionally, most ISS analyzers including even currently marketed
commercial instruments are geometrically incompatible with most deposition processes.
Modern Time-of-Flight (ToF) ISS instruments are either not in fact subject to most of these
limitations, or can be modified to correct these difficulties. However, ToF instruments are still
relatively rare, existing only as custom-built units in a few laboratories.
The method of ion beam surface analysis consists of directing an ion beam of mass Mi,
kinetic energy E o at the surface, consisting of atoms with mass M2, and detecting either the
backscattered primary particles at energy Ei (ISS), or the direct recoil-sputtered surface
atoms (DRS) with energy E2, as shown in Fig. 1.
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Fig. 1. Collision geometry for an ion, wfth mass Mi , kinetic energy Ej (black circle) incident on a surface
atom with mass M2 (hatched circle). T is the kinetic energy transferred during the collision.
For primary ions in the approximate range 1-100 keV, the primary ion-target atom
collisions are adequately described by two-body elastic collision dynamics. The kinetic
energy, Ei of the scattered primary is then given by
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provided M2>M i. The kinetic energy E2 of the recoil-sputtered surface atom is

I 2 - = 4a (1+a)"2 cos2 6 2

(2)

where ct= M2/M1 and 0i and 82 are the scattering and recoil angles respectively. In addition
to the single collision events represented by eqs. 1 and 2, more complicated multiple collision
events sometimes give rise to relatively sharp peaks as well. These often occur at energies for
which no single scattering event is possible and can usually be identified.
In order to monitor thin film deposition, it is necessary to obtain data over periods of
time which are short compared with the time required for the thin film deposition process,
using ion beam doses which result in negligible sputtering or other modification of the
surface being studied. Since there are roughly lO1^ atoms/cm2 at the surface of a typical
solid, a non-damaging dose may be taken as approximately 10 1 3 ions/cm2. The kinetic
energies of the scattered primary and direct recoil atoms are typically measured either by
using an electrostatic energy analyzer (ESA) [3-5] with a continuous beam, or by pulsing the
beam and measuring the time required for the scattered/sputtered particles to reach the
detector after the ion beam strikes the sample [6,7]. The ESA detects only ions, which
typically constitute between 0.1 and 1% of the total flux leaving the sample. Moreover, at any
given time, the ESA is set to transmit only a very narrow range of kinetic energies, and the
spectrum is obtained by scanning this energy window.
The ToF-ISS method consists of directing a pulsed beam of energetic ions onto the
surface and measuring the time at which the scattered primary particles, most of which are
scattered as neutral atoms, arrive at the detector. By placing the detector either off-axis or in
line of sight with the sample, either the scattered ions or neutrals may be selectively detected.
If the scattered neutrals are detected, the method has a depth sensitivity of 2-3 atomic layers.
However, since the neutralization probability for an ion penetrating more than one monoiayer
into the solid is nearly unity, the detection of the scattered ion species provides a sensitivity
only to the uppermost atomic layer of the solid [3,5,6,8]. This surface specificity is unique
among surface analytical techniques. Consequently, detection of the scattered ions provides
an ideal method for the characterization of sharp interfaces. The ToF scheme, which
independently detects backscattered ions and neutrals with kinetic energies corresponding to
all M2 values simultaneously, gains 3-4 orders of magnitude in terms of the reduction in data
acquisition time and ion beam dose necessary to obtain data compared with the ESA. Low
beam dose and rapid data acquisition are key requirements for real-time, low damage in situ
analysis of thin film growth.
The most obvious application of ISS for thin film analysis is the determination of the
surface composition. Assuming that all atoms within a depth Sx are exposed to the same
incident ion flux, quantitative determination of the composition depends on knowing the
differential scattering cross section, da/d£2 and, for the ion signal, the probability that the
scattered will not be neutralized, P+. The scattered ion signal is given by:
1+ = I o £2 T C s 5x (do/d£2) P+

(3)

where I o is the incident ion flux, £2 is the solid angle subtended by the analyzer, T is the
transmission of the analyzer, and C s is the surface concentration in a region of thickness 5x.
For primary ion kinetic energies approximately 1 keV or greater, the differential cross section
is determined by two-body collision processes, and the scattering intensity is proportional to
the number of atoms exposed to the beam. The cross section may be determined using the

theory of Lindhard, Scharff and Schiott [9-11] with e.g. a Thomas-Fermi potential using
Moliere's approximation [12] to simplify the calculation.
The charge exchange probability for an ion traversing a distance ds. in time increment
dt is given by [13]:

P n = A exp (-as) dt

(4)

and V =ds/dt is the instantaneous primary ion velocity, t is time, and a is the thickness of Hie
near-surface region in which charge exchange occurs. By integrating over the incoming and
outgoing ion trajectory, the probability of scattering without neutralization is found to be

P+ = exp - { ! (A/V 1 ^ exp (-as) ds + I (A/V2±) exp v -as) ds }
/si

(5)

in

where A represents an electron tunneling frequency, &j_ and S2 are the incoming and outgoing
trajectories, and V^j. and V2_L are the normal component of the incoming and outgoing
velocities respectively. Calculation of the ion survival rate is a non-trivial problem, and the
results are strongly influenced by the chemical environment of the surface atoms. However,
the magnitude of this so-called "matrix effect" depends exponentially on the ion velocity, and
is consequently much smaller for relatively energetic scattered primary ions or direct recoil
ions than it is for the much slower ions associated with Secondary Ion Mass Spectroscopy
(SIMS).
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Fig. 2 Plot of the charge fraction for atoms sputtered from a variety of clean (open circles) and oxidized
(tilled circles) elements, (after Krauss & Krohn, 1980)
In general, the scattered ion and direct ion recoil intensities deviate from the values
corresponding to the calculated cross sections by a facto- of 2-4x [14, 15] from one surface
atom species to another, while the SIMS intensities vary by as much as 5 orders of magnitude
as shown in Fig. 2 [16]. For a given surface species, the ion component of the ISS and DRS

intensities vary by 2-4x as the degree of oxidation is changed, while the SIMS signal varies
by 2-3 orders of magnitude. For example, the removal of an oxide layer on copper by ion
beam sputtering results in a two-fold increase in the ion fraction of the ISS signal, but a 2
Or ei O m a n i t u
£ L 5 8
£ e decrease in the Cu+ SIMS signal as shown in Fig. 3 [17]. Alkali metals
which dominate SIMS spectra even when they are present as trace impurities represent an
extreme example in that they are typically not even seen in ISS spectra [17]. This occurs
since the secondary ion fraction for alkali metals present as trace impurities is in the range
50-100%, whereas for most oxygen-free metallic species, the secondary ion fraction is 10"2 10' 5 and is largely independent of the primary ion energy.
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Fig. 3 Detected ion signals corresponding to ISS and SIMS for an oxidized Cu surface cleaned by ion beam
sputtering (After Grundner et. al., 1974)
The absolute magnitude of the ion fraction observed in DRS and ISS is much larger
but somewhat more dependent on the primary beam energy than is the case for SIMS. For
example, for 2-10 keV Ar+ incident on S1O2 and Mg(OH)2, the ion component of the DRS
signal ranges from 30 to 46%, and for 5-10 keV Ar+ incident on C it varies from 4-10%[18J.
The positive ion fraction for He scattering from Au and W at 135° ranges from 9-11% for
primary ion energies ranging from 5-16 keV [19]. For some combinations of primary ion
and target elements such as He+ incident on Pb, In and Sn, oscillations in the ion component
of the ISS signal with kinetic energy have been observed [20-22]. These oscillations have
been attributed to a quasi-resonant charge exchange process in which the energy levels of the
outer shell electrons of the sample are close to the He Is state. Methods have been proposed
to exploit this effect as a means of characterizing the chemical state of the surface atoms [231
but there seems to be little recent work in this area.
Therefore, with some qualifications, measurement of the ion component of the ISS
signal constitutes a reasonably reliable means of measuring the surface composition a solid
and of profiling near-surface interfaces with a very high degree of depth resolution. An
example is shown in Fig. 4 [4], illustrating spectra of a passivation layer on a Fe-Cr alloy,
taken after various intervals of ion beam sputtering. The four spectra represent the
composition at the surface, and at depths of 10, 20 and 30 A, respectively. Since the data
produced by ISS is extremely surface specific, it is possible to observe significant variation in

the Cr concentration over a range which is comparable with the mean sampling depth of XPS
and AES. It should be noted however, that since an ESA was used, the analysis could not done
during formation of the passivation layer, and that the data acquisition itself required a beam
dose of ~10 1 5 ions and consumed 1-2 monolayers/scan, even for a relatively limited mass
range. In order to obtain even this degree of sensitivity, it was necessary to collect ions
scattered into a solid angle which was large enough to compromise mass reso!ution between
Fe and Cr.
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Fig. 4 ISS spectrum of stainless steel taken with 127° electrostatic analyzer (after McKinney 1973)
In order to increase the sensitivity, electrostatic analyzer ISS systems sometimes use an
alkali metal beam [24-30]. As suggested in Fig. 2, alkali metal atoms scatter predominantly
as ions. It is therefore possible to use an electrostatic analyzer with a beam dose which is
reduced by ~100x compared with an inert gas ion beam. Aside from the increase in signal
intensity, the alkali ion beam produces a broader peak, and a pronounced low energy tail,
both resulting from multiple collisions involving subsurface atoms. The angular intensity
variation of the alkali ion signal shows more structure than the inert gas data. The additional
structure can be interpreted in terms of single collisions involving either first or second layer
atoms or double collisions, usually involving one first layer and one second layer atom.
Complete characterization usually requires postulating different models of the near-surface
structure, using computer methods to simulate the corresponding spectra [27].
An even larger increase in sensitivity can be obtained by detecting backscattered neutral
inert gas ions [31]. Detection of energetic neutrals requires the use of the somewhat more
complicated time-of-flight methods, but because all masses are sampled simultaneously, the
ion beam dose is even lower than that required for alkali metal beam scattering. Additionally,
the inert gas beam ions which are implanted into the sample are much less harmful to most
film properties than the alkali metals. The surface specificity of backscattered neutrals is not
quite as great as that of the backscattered ion signal. However, as will be shown below, the use
of backscattered neutrals makes it possible to detect atoms in the 2nd and 3rd atomic layers,
and to quantitatively determine their position in the crystal lattice.

2.2 APPLICATION
2.2.1 Elemental Abundances. It is possible to utilize the surface-specificity of ion scattering
spectroscopy (both ion and neutral signals) to obtain highly detailed information about the
structure and defect properties of the first few atomic layers of a solid. [7,32-38]. Consider
for example, a solid in which the first layer of atoms are of species A (open circles in Fig. 2),
and the second layer consists of species B (filled circles). As shown in Fig. 5, the angle at
which the primary ions are scattered depends on the distance between the initial primary ion
trajectory and the center of the target atoms. There is a shadow cone into which no primary
ions are scattered, and an enhancement of the scattering intensity on the surface of the
shadow cone region. If the B atoms in the second atomic layer lie within the shadow cone of
the first layer A atoms as shown in Fig. 5a, they do not contribute to primary ion scattering.
There is an angle of incidence for which the second layer atoms lie on the surface of the
shadow cone of the first layer atoms as shown in Fig. 5b, For this critical angle of incidence,
the second layer atoms intercept an enhanced primary ion flux and produce an enhanced
scattering signal. If the second layer atoms lie outside the shadow cones of the first layer
atoms, they receive the same primary/Toa flux as the first layer atoms, as shown in Fig. 5c, and
the signal intensity may be used urquahtify the relative concentration of A atoms and B
atoms. It has been found that surface roughness results in a decrease in the absolute intensity
of the scattering peaks. However [39] it has been found that the relative intensities of the
surface components remain unchanged, and ISS therefore provides valid composition ratios
for rough "real-world" samples as well as polished laboratory samples.

Fig. 5. Illustration of the shadowing phenomenon, (a) Atom B (filled circles) is completely inside the
shadow cone of atom A (open circles) and does not give rise to an ISS signal, (b) Atom B is on the edge of
the shadow cone of atom A and is receiving an enhanced primary ion flux, (c) Atom B is completely outside
the shadow cone of atom A and receives the same primary ion flux as A.
2.2.2 Surface Crystallography. An example of the shadowing phenomenon is shown in Fig.
6 for a monolayer of Au adsorbed on Si (111) [40]. Since the gold is in the uppermost
atomic layer, the signal intensity for backscattered primary ions is almost independent of the
ion beam angle of incidence. It can therefore be immediately determined that the Au film is
not more than one monolayer thick. The Si atoms however, reside entirely in the second and
deeper layers, and for certain angles of incidence, they are shadowed by the adsorbed Au
layer, resulting in oscillations in the Si scattering intensity as a function of the angle of
incidence.
If we consider the case of grazing ion beam incidence on the surface shown in Fig. 5,
there is a critical angle for the surface atom species as well as for the second layer atoms. This
is illustrated in Fig. 7. For near-grazing incidence (Fig. 7a) the surface atoms lie in each
other's shadow cone, and the scattered signal intensity is nearly zero. At somewhat larger
angles (Fig. 7b), each surface atom lies on its neighbor's shadow cone, and a strong signal is
seen. At still larger angles of incidence (Fig. 7c), the scattering intensity for the surface atoms
becomes independent of the angle of incidence.
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Fig. 6. Au/Si Angular variation of the Au and Si ISS signal intensity for an Au monolayer adsorbed on Si
(111) (after Katayama et. al. 1988).

Fig. 9. Self-shadowing of surface atoms at oblique angles of primary ion incidence.
By mapping the intensity of specific peaks of a multicomponent material, as a function
of both azimuthal and polar angles, it is possible [41] to construct an ion beam
crystallograph, showing a psiiedo-three dimensional image of the atoms in the first few
atomic layers. Data for As/Si(001) are shown in Fig. 8. The As image, shown in Fig. 8a
exhibits a strong intensity variation for polar angles close to grazing incidence, but very little
variation with azimuthal angle and for polar angles greater than ~6 degrees. In accord with
the preceding paragraph, it is therefore immediately obvious that the As exists as a
monolayer, with no depth-dependent structure. The Si substrate however, has a well-defined
3-dimensionaI structure, and as shown in Fig. 8b, such features as the atomic alignment and
locations of open channels in specific crystallographic directions are clearly seen.
2.2.3 VIBRATIONAL ENERGY
If the atoms on the surface are absolutely stationary, the variation in signal intensity due
to the shadowing effect would be arbitrarily sharp. In practice however, the atoms are not
stationary and the sharpness of the increase in the B atom signal as the angle of incidence is
varied through the critical angle (\jfC) where the edge of the A atom shadow cone starts to
intercept atom B, is a measure of the mean vibrational energy of the surface atoms. An

example is shown in F.g. 9 tor the TiC ( I I 1 ) surface. The Ti JCI.SS signal is shown as a
function of angle ot incidence for 3 different azimuths. The mean displacement from the
stationary atom positions may be calculated by assumina a civen aromic displacement
distance, calculating the critical arsgle and summing the results for a range of displacements
weighted by the probabiltty of tlw given displacement usina a Gaussian distribution function
ine points in Fig. 9 represent experimental data for the three azimuths, and the solid lines
represent the best tit results for the computer simulations. The mean square atomic
displacements measured for the three azimuths are shown in the inset [43-5^1

Fig. 8. Ion beam crystallograph for As/Si (001) - (1 x 2) produced by (a) monitoring the As ISS sianal
intensity and (b) by monitoring the Si ISS signal as the polar and azimuthal anales are scanned (After
Niehus & Spitzl, 1991)

Fig. 9. Circles: intensity of He" ions scattered from Ti atoms at the TiC (It I)-lxl surface as a function of
ion incidence angle a. (measured from the surface). The solid curves are the best-fit computer simulation
results. The table shows the values of the root mean square displacement perpendicular to the surface in
Angstroms. (After Souda at. al.. 1983)
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2.2.4 Surface Atomic Structure. The shadow cone is defined as the envelope of the points of
closest approach for ions with a range of impact parameters r. The shape of the shadow cone
is described in terms of its radius r as a function of the distance R. along the axis of the
shadow cone from the scattering center. C. is defined as the hypotenuse of the right triangle
formed by R = C sin (Vc) and r = C cos (Vc)* The relationship between R and rjs determined
by the interatomic potential. At the angle of incidence \|/c at which the shadow cone of one
surface atom (A) just intersects its nearest surface neighbor as shown in Fig. 10a, C_ is equal to
the distance betv«en these two surface atoms. If this quantity is known by e.g. Low Energy
Electron Diffraction (LEED), then it is possible to define a relation between R and r for the
specified ion-atom interaction. By varying the angle of incidence of the primary beam, a
second critical angle \|/c' (Pig- 10b) may be found for which the second layer (B) atoms lie on
the shadow cone surface. Since C\ R' and r1 form a right triangle and the relation ship between
R1 and f is now known, it is possible to determine the interatomic distance and bond angles
between atoms in the first few atomic layers [7,38,53-61].

\

Fig. 10. Determination of the interatomic bond distance and angle from shadow cone shape analysis.
In practice, the interpretation of surface structure from shadow cone data as depicted in
Fig. 10 is not always straightforward. The critical angle is measured as the angle at which
there is an enhanced signal for the shadowed atom species. However, as shown in Fig. 11, the
angle of incidence at which signal enhancement is observed depends on the placement of the
detector. In Fig. lla, the scattering angle is 9 = 180°, placing the ion source and detector
along the same axis. Enhancement of the atom B scattering signal occurs for an angle of
incidence y c , corresponding to the condition that the shadow cone of atom A just intersects
atom B. For scattering angle 9 ' < 180° (Fig. lib), the enhancement of the atom B signal
occurs at an angle of incidence yc 1 which does not correspond to the condition that atom B
lies on the shadow cone of atom A. Therefore the quantitative analysis described in the
preceding paragraph is only valid if the detector is placed as close as possible to the axis of
the incident ion beam. This is usually done by using a relatively small detector placed close to
the axis of the ion source. Ion scattering spectroscopy performed in the geometry with 9
close to 180° is sometimes referred to as "Impact Collision ISS" (ICISS) [58]. The term
"CAICISS" [40] refers to the experimental configuration in which a coaxial detector is used to
ensure that the scattering angle is as close to 180° as possible. "ALICISS" [28] refers to the
use of an alkali ion beam in conjunction with the ICISS geometry, and "NICISS" [31] refers
to the detection of backscattered neutrals using ToF detection in the ICISS geometry.
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Fig. 11, A comparison of the shadow cones for two scattering geometries: 8=180o(a),andG'<180o(b).
An example of the difference, between ICISS with detection of backscattereJ inert gas
ions and alkali ions or neutral inert gas atoms is shown in Fig. 12 for the Pt(lll) surface. The
collision geometries, labelled 1, 2 and 2' are shown in the upper part of Figure 12 for three
different angles of incidence. Geometry 1 refers to oblique incidence with consequent
scattering by a first layer atom. Geometry 2 refers to a steeper angle of incidence with
scattering by an exposed second layer atom without any interaction with first layer atoms.
Geometry 2' refers to an even steeper angle of incidence with consequent scattering from a
second layer atom followed by a grazing collision with a first layer atom along the exit
trajectory. The corresponding spectra for inert gas and alkali metal ions are shown in the
lower part of Figure 12. The inert gas ion signal is dominated by charge exchange events
arising from long range electronic interactions rather than the nuclear collision events which
reflect the crystal structure. For the alkali ions however, the three types of collisions are
clearly reflected in the polar angle scan of the backscattering intensity.
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Fig. 12. Vjn patterns of Na + (solid line) and Ne + ions (dots) backscattered from Pt atoms as measured at
constant energy with an electrostatic energy analyzer. Scattering angle 9=45°. incident plane in the [112]
azimuth of Pt (111) [after H. Niehus and G. Comsa (1986)]
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ICISS has been used [55,58] to quantify the structure of the TiC (001) surface
Qualitatively, the structure is similar to that of Fig. 11, with the carbon atoms residing slightly
below the surface. The shape of the shadow cone for 1 keV He + incident on Ti has been
determined by measuring the Ti critical angles for the (111) and (001) surfaces of TiC, (Fig.
13), Fitting the measured Ti critical angles and an assumed Thomas-Fermi-Moliere potential
[62]. The resulting shadow cone is shown in Fig. 14. For 1 keV He + incident along the
<100> azimuth of the TiC (001) surface, the critical angle for the carbon signal occurs at
a c =24°. From this it may be determined [58] that the C atoms are located 0.87± 0.08 A
below the surface and 1.97±0.05 A from the nearest Ti atom, at an angle 26±1° relative to the
plane of the surface [55].
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Fig. 13. Angular resolved intensity dependence of the Ti signal from TiC (lll)-lxl surface. (After Aono
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2.2.5 Surface Defects. If there are surface defects as indicated in Fig. 15 in which one of the
A atoms is missing, then some B atoms will be visible for angles of incidence in which the B
atoms would all be in the shadow cone of the A atoms if there were no lattice defects.
Consequently, there would be a bump in a plot of the peak intensity corresponding to
element B as a function of angle of incidence. An example is shown in Fig. 16 for TiC (001).
In this case, a carbon vacancy permits the detection of Ti atoms below the critical angle,
giving rise to the structure indicated by the shaded area.

Fig. 15. All the B atoms except for one (grey) are inside the shadow cone of atom A. A missing surface
atom A (hatched) allows a B atom to be exposed to the incident primary ion flux.

ICISS INTENSITY OF Ti FOR TiC(00l)-1xl
IkeV He'
[100] AZIMUTH

SO

O. (deg)

Fig. 16. Angular variation of the Ti ISS signal for a TiC surface (a) annealed, (b) with missing C atom
defects, and (c) after oxygen adsorption which results in filling of the defect sites by oxygenatoms. (After
Aono 1984).
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2.2.6 Interfax Analysis. King et. al. [63] have applied CAICISS to interface analysis during
thin film growth. With careful interpretation of the angular intensity profiles, they are able to
probe 10 monolayers or more across an interface to determine the registry of film and
substrate atoms. Deposition of a CaF2 epitaxial film on a Si (111) substrate was monitored
using a 2 keV He+ probe beam, with a typical dose of 3xl0 1 0 ions/spectrum. Angular scans
of the Ca and Si signals for a 1 ML film of CaF2 on a Si (111) substrate show similar peaks,
but with the Si peaks reversed about the 90° angle of incidence, showing that the CaF2 layer
and Si have identical structures, but with the CaF2 epitaxial layer rotated 180° with respect to
the substrate. The structure for the CaF2 layer is however, different from that of bulk CaF2.
For thicker films, (-500 A) grown at a temperature of 700 °C and annealed to 750 °C for 8
minutes, the Ca angular profile shows new structure which is consistent with the assumption
that it corresponds to CaSi 2 (Fig. 17). Modeling the CAICISS peak intensities by the
computer code TRIM, it is determined that the CaSi2 layer exists at a depth of at least 13-40
A below the surface. Therefore it is concluded that although the initial growth of CaF2 on Si
(111) is epitaxial, an intermediate CaSi2 layer is formed prior to establishment of the bulk
CaF2 structure.
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Fig. 17 CAICISS yield from the Ca surface i*ak as a function of the angle of incidence of 2 keV He+ with
respect to the sample surface for (a) an epitaxial CaF2 film deposited on Si (111) at 700 °C. (b) the above
film after annealing at 750 °C for 8 minutes, (c) a numerical simulation of ion scattering from Caterminated CaSi2. (After King et. al., 1990)
2.3 DIRECT RECOIL SPECTROSCOPY (DRS)
By placing a detector in the forward scattering direction, surface atoms ejected by direct
recoil sputtering are seen in addition to the scattered primary beam. Detection of these recoilsputtered atoms constitutes the basis of the closely related Direct Recoil Spectroscopy (DRS)
analysis technique. ISS provides no signal for ions lighter than the probe beam, but DRS is
one of the few surface analytical techniques which is sensitive to helium and hydrogen, as
shewn in Fig. 18, and is able to distinguish between H and D at levels down to about 1%
[64]. The data in this Figure represents the surface composition of a Cu-Li alloy which forms
a very thin (1-2 monolayer) lithium surface layer by Gibbsian segregation, as shown in Fig.
18a. In Fig. 18b, a fraction of a monolayer of Cu is evaporated onto the surface, resulting in
a decrease in the Li peak signal and an increase in the Cu signal. With the adsorption of 10 L
of CH3OD, the H,D and C levels increase significantly, while the Cu signal decreases slightly
and the Li signal decreases significantly, indicating a preferential adsorption on Li-terminated
surfaces. Previous studies of this material [65,66] by AES have failed to determine whether
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oxygen preferentially adsorbed on the Li-covered portion of the surface, or whether it was
distributed uniformly over both the Li and Cu-covered portions of the surface.

Fig. 18 Direct Recoil Spectra of a lithium-covered Cu-Li alloy surface, (a) segregated lithium overlayer (b)
deposition of < 1 ML. of Cu on the surface of Fig. 18a.. (c) 10 ML of CH3OD deposited onto the surface of
Fig. 18a. (After Schmidt et. al.)
Because of the long source-detector distances associated with the ToF detection scheme,
the analysis method does not interfere with the equipment required for the thin film
deposition process. It has been demonstrated [40,67] that Time-of-Flight Ion Scattering
Spectroscopy (ToF-ISS) can be used as an in situ monitor of thin film surface composition
for low-pressure deposition processes such as MBE. However, the scattering mean free path
of low keV ions is much longer than that of sub-keV electrons, and DRS and ISS are also
much more tolerant of high background pressures than most other surface analytical
methods, although they are simultaneously much more surface-specific than other surfaceanalytical methods. It is possible to provide differential pumping of the incoming and
outgoing ion beam paths to extend the pressure limits of the ToF ion beam techniques even
further, as shown in Fig. 19. This capability has been demonstrated for DRS of diamond-like
films during growth by Low Pressure Chemical Vapor Deposition (LPCVD) at pressures up to
1 Torr, and hydrogen adsorption has been measured on (100) diamond at ambient pressures
up to 330 mTorr with very little loss of resolution [64] as shown in Fig. 20. This represents a
6-8 order of magnitude increase in the permissible operating pressure compared with other
surface analytical methods. At higher beam energies, it has been demonstrated that
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accelerator-based ion beam analysis is even possible at atmospheric pressure [68] although
surface specificity is lost.
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Fig. 19 Differentially pumped pulsed ion beam analysis/ion beam thin film deposition chamber, showing
small and large detectors for ISS and DRS.
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Fig. 20. Direct Recoil spectrum of a diamond (100) film exposed to a flux of atomic hydrogen in an
ambient pressure of 330 (iTorr. Data was taken using a 6 keV Na + beam. (After Schmidt et. al. 1990)
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2.4 MASS SPECTROSCOPY OF RECOILED IONS (MSRI)
A technique related to ISS and DRS, Mass Spectroscopy of Recoiled Ions (MSRI), has
been developed by Ionwerks, Inc. As shown in Fig. 19, the neutral direct recoils impinge on
an electron multiplier which is in line of sight with the target. The output of this detector
constitutes the DRS signal. The recoiled ions however, may instead be deflected into a
Poschenrieder-type mass analyzer. The instrumentation is very similar to that of ToF SIMS
except that the positioning of the analyzer preferentially detects direct recoil ions. The DR
ions have much higher kinetic energy than the SIMS ions and are therefore able to penetrate
a region of much higher ambient pressure without significant scattering. Consequently, the
pressure limit of MSRI is expected to be similar to that of ISS and DRS. The ultimate
sensitivity and mass resolution appear to be similar to that of ToF-SIMS except that as a result
of the higher kinetic energy associated with the DR process, there is less neutralization of the
ejected ions in the near-surface region, and consequently a reduction in the undesirable
matrix effect which makes SIMS very difficult to quantify. For elements such as boron, in
which the SIMS secondary ion fraction is very low, MSRI may be more sensitive. A MSRI
spectrum of a BN film, obtained in 20 seconds, is shown in Fig. 21. The demonstrated
resolution is significantly better than most quadrupole-based SIMS instruments. A recent
design modification has improved the MSRI signal to noise ratio and resolution even further,
yielding a dynamic range of 109 (sensitivity < 1 ppb) and mass resolution of 400 at mass
238. The time necessary to acquire a spectrum comparable to Fig. 21 is now well under one
second. It is anticipated that MSRI will be extremely valuable for real-time quantitation of
majority elements, dopants, impurities, and film-substrate interdiffusion during thin film
deposition, perhaps achieving new detection limits for trace elements where SIMS has limited
sensitivity (e.g., N in GaAs). Because of the absence of the SIMS matrix effect, the results,
can be made quantitative to within ~5%, compared to a typical value of ±50% for SIMS .
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Fig. 21 MSRI spectrum of a BN film during growth at 10"4 Torr.
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3.0 Instrumentation
A unique Time-of-FIight Direct Recoil and Ion Scattering Spectrometer (ToF-DR/ISS)
system is currently under development at Argonne National Laboratory. This system (shown
in Fig. 19), has been used to demonstrate extremely low dose surface analysis, very high data
acquisition rate, and considerably greater flexibility of operation than previous designs [69].
A thin film multi-target ion beam growth chamber [70] has been added as an appendage to
the analysis chamber, permitting real-time monitoring of the growth of multicomponent
metal and metal oxide thin fi'.ms and layered structures.
3.0.1 Pulse Formation. The beam line is depicted in Fig. 22. It consists of a telefocus ion
source injecting a 5-12 keV ma'ss analyzed ion beam into a transfer section containing two
deflection regions separated by a drift space. A dc beam current of 1-2 uA may be directed
through the beam line onto the sample at 10 keV. The apertures A1-A4 may be adjusted in
situ, selecting from 6 sizes ranging from 250 um to 4 mm in diameter. The current reaching
the sample is proportional to the area of the selected aperture size as shown in Fig. 23,
indicating that the beam is highly paraxial. For pulsed operation, the deflection voltages are
added to small dc offsets which are adjusted to provide maximum beam current when the
apertures are slightly out of alignment in order to eliminate energetic charge-exchange
neutrals from the beam. The voltage pulses which are applied to the deflection plates are of
fixed width, with very short rise time. The deflection plates run nearly the full distance
between the apertures, thereby providing high deflection sensitivity. Fringe field effects are
also eliminated since ions which are not very close to the axis as they leave the deflection field
will not enter the aperture at the end of the deflection region.
Initially, no voltage is applied to the A stage and the beam therefore passes through
apertures A1-A3. However, a deflection voltage of 100 volts is applied to the B section of the
beam line, preventing transmission through aperture A4. A deflection voltage is then applied
to section A, cutting of the tail end of the ion column as shown in Fig. 22. The tail end then
travels through the field free region between the two deflection sections. At a predetermined
time shortly before the end of the ion column enters the B section, the B deflection voltage is
removed, permitting a short burst of ions to pass through aperture A4 to the sample. The time
between the leading edge of the first pulse and the falling edge of the second pulse
determines the temporal length of the ion beam pulse. The data acquisition software
determines the timing to provide the ion beam pulse length specified by the operator. The
pulse length can be adjusted from ~10 ns to 1 us. It is therefore possible to adjust the pulse
length to suit the resolution and count rate needs of the measurement.
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Fig. 22 Schematic diagram of the Dual Pulsed Beam Line with microfocus capability.
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Fig. 23. Plot of the calculated and measured beam current incident on a sample located 30 cm from the exit
aperture of the beam line shown in Fig. 22 as a function of aperture size.
A ToF-ISS spectrum obtained for 10 keV N e + incident on stainless steel 304 is shown
in Fig. 24. In this figure, both scattered ions and neutrals were detected, using the ToF-ISS
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Fig. 24. Time-of-flight ion scattering spectrum of 304 stainless steel, taken with a 10 keV N e + ion beam
using a pulse length of 100 ns.
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analyzer under development at Argonne National Laboratory. The largest peaks are seen for
segregated S and Cl, which are presumably present as surface contaminants. Fe and Cr were
detected, but at much lower intensity. The peak at 2.68 us, identified as Zr, is the only element
which is neither a constituent nor a common surface impurity in stainless steel. Auger
spectroscopy obtains its signal from a somewhat greater depth than ISS and may provide
different elemental abundances than ISS. An Auger spectrum of this sample reveals relatively
small amounts of S and Cl, large O and Fe peaks, a small amount of Ni and no Cr or Zr.
A short ion beam pulse provides good mass resolution and exhibits a distinctly
asymmetric peak, as shown in Fig. 25, for detection of both ion and neutral Ar scattered into
a small area detector from a sample of 304 stainless steel. Auger analysis, which has a
sampling depth of 10-15 A, shows a surface consisting largely of Fe, with almost no Cr
visible. The large Cr peak in Fig. 25 results from the fact that ISS is primarily sensitive to the
composition of the first atomic layer, which is strongly enriched in Cr. The long flight time
tail of the Cr peak results from scattering of the primary beam by atoms in the second, third,
and fourth atomic layers. A similar asymmetry has been observed in DRS data, and the shape
has been calculated by Eckstein [71]. In principle, the shape of the long flight time tails can
be deconvoluted to provide information on the depth distribution of each atomic species in
the first few atomic layers.
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Fig. 25 ToF-ISS spectrum of stainless steel taken with a 1-cm diameter detector.
A long ion beam pulse results in decreased mass resolution, as shown in Fig. 26, but
provides significantly increased count rate. The total ion dose used for the spectra of Figs. 25
and 26 was ~10 1 2 ions. However, the mass resolution of Fig. 26 is more than adequate for
elemental identification and it is possible to obtain useful data with even lower ion doses
(~10 10 ions), as shown in Fig. 27.
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Fig. 26 ToF-ISS spectrum of stainless steel taken with a 1-cm diameter defector in the ANL DR/ISS
system using a 500 nsec pulse width.
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Fig. 27 ToF-ISS spectrum of stainless steel taken with a 1-cm diameter detector in the ANL DR/ISS
system using a beam dose of 10 10 ions.
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The spectra shown in Figs. 25-27 were taken using a small (1 cm diameter) spiraltron
detector. As described below, the installation of a large area channel plate detector will reduce
the required dose an additional two orders of magnitude. At that point, the ion dose will be
competitive with the much more complex and expensive laser resonance ionization technique,
which currently holds the record as the most sensitive surface analytical method known.
3.2 BEAM CHARACTERISTICS
The transmitted ion pulse forms a footprint on the sample surface consisting oi a
stationary "hotspot" along with a much less intense "corona" arising from the tail of the
chopped ion beam, which moves as the beam is pulsed. Details of the pulse characteristics will
be presented elsewhere [72]. For long ion beam pulses and short rise time deflection voltages,
the current contained in the corona becomes negligible in comparison with the stationary
hotspot. The hotspot can be focused and rastered across the surface, thereby functioning as a
microprobe. Because of the high count rate associated with the use of long ion beam pulses
and the large area detector (described below), reasonably short data acquisition times of
scanned images are possible, limited primarily by the speed with which the computer is able
to read the data from the histogram memory and assemble the images. Preliminary results
indicate that good imaging signal/noise should be obtained with a dose of 10 7 -10 8 ions per
pixel. We define the term "static" ion beam dose as a dose which is small enough to cause
negligible damage, corresponding to a maximum of approximately 1% of the atoms in the
surface area exposed to the beam, or typically about 10 ^ ions/cm^. The smallest spot which
may be resolved by the Argonne DR/ISS system using the large arc^ detector, while not
exceeding this dose is ~5 um in diameter. Using a light probe ion such as He which results in
both a reduced damage level and a higher fraction of backscattered primary ions, the
diameter of the minimum area which may be resolved while keeping the damage below the
1% level is approximately 1 (im. By comparison, the corresponding beam diameter for the
127 degree ESA used by McKinney and Frankenthal [4] is 10 cm.
3.3 DETECTORS
The system has five detectors, of which four are differentially pumped, permitting
analysis of samples which are at ambient pressures approaching one Torr. The differentially
pumped detectors are spiraltron electron multipliers with a 1 cm. diameter collection cone,
located approximately 50 cm from the sample. They are geometrically arranged so that there
are two detectors, one line of sight and the othsr off-axis, permitting independent detection of
ions and neutrals in both the forward and back-scattering directions. The fifth detector is a 4
cm. diameter channel plate with a segmented anode collector consisting of 8 concentric rings,
each connected to a separate preamplifier and discriminator, located 25 cm from the sample.
Each segment corresponds to scattering into a well-defined polar angle, and therefore a peak
in the ToF spectrum corresponds to a well-defined surface species with mass M2. The spectra
collected by each segment, are stored separately in a CAMAC histogram memory. The timeof-flight axis is converted to an M2 scale by the data acquisition software and the spectra
from the various actector segments are then added to produce a composite spectrum which
has the same mass resolution as that of the differentially-pumped small area detectors but 64x
higher count rate (or equivalently, 64x lower beam dose for the same signal/noise ratio). The
high data acquisition rate obtainable with this detector, coupled with the high count rate
provided by the use of relatively long ion pulses and the stable beam position resulting from
the dual beam chopping scheme will permit the development of a scanning ISS microprobe,
and is expected to reduce the time required for a complete polar-azimuthal angular scan from
approximately 10 hours to 10 minutes.
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3.4 DATA ACQUISITION
The ability to use long beam pulses, along with a high beam current and the extremely
high signal collection efficiency afforded by the large area detector combine to produce an
exceptionally high count rate for a ToF instrument. Preliminary measurements using the
small area detector produce count rates of 5-50 kHz. Based on this result, the estimated count
rate using the large area detector exceeds 3 MHz. Software histogramming and even softwaretriggered data transfer at this rate are not feasible. We have developed a system whereby up to
sixteen independent data channels are transferred to CAMAC histogram memory under
hardware control. The data acquisition computer pre-sets the ion beam pulse width and pulse
repetition rate, and defines the function of each segment of histogram memory. If only the
small area detectors are in use, then they may each utilize up to 8 Ik segments of histogram
memory. If the large area detector is in use, it uses 8 Ik segments, one for each portion of the
divided anode, leaving 4 Ik segments or 8 512 segments for each of the small area detectors.
Once data acquisition has been started, a quartz controlled clock on the data acquisition
card controls the pulse repetition rate without further software intervention, and the data is
assembled into the requisite number of histograms under hardware control. Consequently, the
computer is able control the deposition process and simultaneously assemble composite
spectra obtained by the large area detector, display the data, control beam position and build
images of the elemental distributions on the surface without disrupting the data acquisition
process. Details of the data acquisition hardware will be presented elsewhere, [73]
4.0 Results
Preliminary ICISS results have been obtained for metals and HTSC oxide thin films
using a 165° scattering angle with a small area detector for He + , Ne + and Ar+ pulsed beams.
The results presented here all represent detection of backscattered ions plus neutrals. W, Nb,
Cu and Au metal foils and lava were used as calibration standards, and compared with data
obtained from YBa2Cu3O7-x (YBCO) and Bi2Sr2Ca2Cu3Os (BSCCO) HTSC films.
Figure 28 shows TcF spectra for 10 keV Ar1" incident on Au and W foil samples. Both
samples were ultrasonically degreased prior to mounting, and subjected to a brief ion beam
sputter etching before starting analysis, using a dc beam current density of ~2xl0" 5 A/cm2
obtained from the Atomika ion source. The high velocity side of both peaks is very sharp,
and the small calculated difference of 0.14 uscc is clearly distinguishable. The W peak
however, extends further toward low velocities as a result of multiple scattering from residual
low mass surface contaminants. Lightly oxidized metal surfaces have a high probability of
ejecting electrons upon ion impact, which are detected by the electron multiplier detector
almost immediately after the primary ion strikes the surface, thereby providing a calibration
for the origin of the ToF scale. The sharp peak located at 3.79 usec also corresponds to the
calculated time lag between the initiation of the ion beam pulse and its impact at the sample
surface. Using this value for ToF=0, the peak positions for Au and W are calculated and
plotted as the indicated data points. Gold, which does not form an oxide, does not display the
sharp peak.
Insulating oxides are potentially a source of difficulty for any charged particle
spectroscopy since the surface will charge if the net incident charged particle flux does not
match the outgoing flux. Ln principle, if the surface charges positively, the problem can be
remedied through the use of an electron flood gun. However, the ion beam dose for the ToF
ISS system is so low that even this remedy may not be necessary. Unless otherwise noted, the
data shown in this section were acquired using a 10 keV He+- Ne + , or Ar+ beam with 50 asec
pulse length and time averaged currents of 2-4 x 10' 11 amps, with typical spot sizes 200-300
u,m in diameter. Data acquisition times ranged from -4-40 seconds, resulting in beam doses
of roughly 5 x l 0 n - 5 x l 0 1 2 ions/cm2. Fig. 29 shows a ToF spectrum for 7 keV Ne + incident
on a lava insulator used as part of the sample holder. Peaks for Al. Si, Cl and Cu are clearly
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distinguished although all of the peaks have a low energy tail because a major surface
constituent, oxygen, is lighter than the probe beam.
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Fig. 28 ToF spectra for 10 keV Ar + incident on W (solid line) and Au (dashed line). The calculated peak
positions are indicated by the symbols.
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Fig. 29 ToF spectra for 7 keV Ne + incident on lava. The calculated peak positions for Cu, Cl. Si and Al
are indicated by the symbols.
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A ToF spectrum for 10 keV Ar+ normally incident on a BSCCO thin film is shown in
Fig. 30. Fig. 30a shows an "as is" surface, exhibiting a broad multiple scattering peak and no
clearly resolved elemental lines. The base pressure of the system is in the low 10"9 torr, and
rises to ~4xlO -8 torr when the ion beam is on, although the pressure rise is almost entirely due
to the inert gas in the beam. After heating to 150 °C and sputtering for 34 minutes (Fig. 30b),
a strong Bi line and a weak Si- line were observed. Turning the beam off for 27 minutes (Fig.
30c) resulted in the disappearance of both elemental lines. The partial pressure of active gas
in the chamber is equivalent to the adsorption of 1-2 monolayers during the 27 minute
interval. However, rotating the sample so that the beam was incident at a 45° angle resulted in
the reappearance of the Bi signal (Fig. 30d), indicating that the adsorbed gas was in an A-top
binding site which shadows the underlying Bi for normal ion beam incidence.
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Fig. 30 (a) 10 keV Ar+ normal incidence ToF spectrum of an "as is" BSCCO thin film, (b) Same film
after sputtering for 34 minutes with 10 keV Ar+ (c) same film 27 minutes after sputtering (d) same as c
except for 45° incidence.
For more extended room temperature sputtering, (Fig. 31a), Bi, Sr and Cu are clearly
visible above the background. However, one hour after sputtering ceased, the; Sr signal had
almost disappeared and the Cu signal had disappeared completely, while the P signal has not
decreased (Fig. 31b), indicating that adsorption occurs preferentially on the Sr and Cu sites as
long as they are not covered by more than one monolayer of adsorbate.
Figure 32 represents ToF spectra of a YBa2Cu3O7_x film 240 A tfiick in which Y, Ba
and Cu were deposited sequentially on a LaAlC>3 substrate to produce a film 20 unit cells
thick. The inset represents a spectrum taken with 10 a keV He + beam, which clearly shows
the oxygen peak, but is unable to resolve Y and Ba. The main figure was taken with a 10 keV
Ar + beam which clearly resolves Y and Ba. As in the case with BSCCO, it is very difficult to
see the Cu peak. By subtracting the background, a measure of the surface composition may
be obtained. A depth profile is shown in Fig. 33. There is a clear modulation of composition
both at the surface and near the interface with die substrate occurring over a distance on the
order of 10 A. The half width of the onset of the substrate signal is approximately 4 A,
corresponding to 1/3 of the c-axis lattice spacing of YBa2Cu3O7_x . Depth resolution on this
fine a scale is very difficult to obtain via conventional surface analytical methods.
A preliminary angular profile of the Y and Ba signals for the sample of Figs. 32 and 33
is shown in Fig. 34. A previous ISS study [74] using a cylindrical mirror ESA showed copper
and oxygen to decrease relative to Ba during the orthorhombic to tetragonal phase transition.
Both the Cu-0 chains and Ba were found to be located in the first monolayer. However, issues
of beam damage and ion neutralization effects remain to be clarified. The data presented in
Fig. 34 show strong Ba intensity oscillations at near-grazing incidence and strong intensity
oscillations in die Y signal near normal incidence, suggesting that Y occupies second layer
sites which are offset relative to the surface Ba atom positions.
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Fig. 31 (a) 10 keV Ar normal incidence ToF spectrum of a BSCCO thin film after sputtering for 5 hours,
(b) same as 4a one hour after sputtering.
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Fig. 32 10 keV He + (inset) and Ar+ (main figure) ToF spectra of a YBa2Cu3C>7-x thin film.

27

10keVAr + - * - Y b a CUgO,.

0

|

| •

M I

0

••

' \ *

' • •

100

50

150

200

250

300

Depth (A)
Fig. 33 depth profile of the film in Fig. 32.
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Fig. 34. Polar scan of the Ba and Y signal intensities for the film of Fig. 32.
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5.0 Summary
Time of Flight pulsed ion beam analysis can provide a wide range of information on
the surface characteristics of multicomponent and multilayered thin films. In particular, it is
possible to obtain this information at the relatively high chamber pressures required for the
growth of oxide and nitride thin films. The instrumentation does not conflict with the spatial
constraints of most thin film deposition processes, the required beam dose and consequent
beam damage can be extremely low, and data can be collected on a real-time basis. A pulsed
ion beam surface analysis instrument for this purpose is under development, and its current
performance characteristics and anticipated capabilities are described. Preliminary results on
HTSC thin films indicate that extremely high depth resolution can be obtained for interface
profiling, and that information on the relative positions of the different atomic species in the
near-surface region and gr,s phase adsorption sites may be determined.
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