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Abstract. Secondary ion mass spectrometry (SIMS) is a technique based on the sputtering of
material surfaces under primary ion bombardment. A fraction of the sputtered ions which largely
originate from the top one or two atomic layers of the solid is extracted and passed into a mass
spectrometer where they are separated according to their mass-to-charge ratios and subsequently
detected. Because the sputter-yields of the individual species, coupled with their ionization
probabilities, can be quite high and the mass spectrometers can be built with high efficiencies, the
SIMS technique can provide an extremely high degree of surface sensitivity. Using a particular
mode like static SIMS where a primary ion current is as low as I0 TM amp, the erosion rate of the
surface can be kept as low as 1 A per hour and one can obtain the chemical informaaon of the
uppermost atomic layer of the target. The other mode like dynamic SIMS where the primary ion
current is much higher can be employed for depth profiling of any chemical species within the
target matrix, providing a very sensitive tool (,,~ I ppm down to ppb) for quantitative characterization
of surfaces, thin films, superlattices, etc.
The presence of molecular ions amongst the sputtered species makes this method particularly
valuable in the study of molecular surfaces and molecular adsorbates. The range of peak-intensities
in a typical SIMS spectrum spans about seven to eight orders of magnitude, showing its enormously
high dynamic range; an advantage in addition to high sensitivity and high depth-resolution.
Furthermore, the high sensitivity of SIMS to a very small amount of material implies that this
technique is adaptable to microscopy, offering its imaging possibilities. By using this possibility in
static SIMS or dynamic SIMS mode of analysis, one can obtain a two-dimensional (2D) surface
mapping or a three-dimensional (3D) reconstruction of the elemental distribution, respectively
within the target matrix.
Secondary ion yields for elements can differ from matrix to matrix. These sensitivity variations
pose serious limitations in quantifying SIMS data. Various methods like calibration curve approach,
implantation standard method, use of relative sensitivity factor, etc. are presently employed for
making quantitative SIMS analysis. The formation of secondary ions by ion bombardment of solids
is relatively a complex process and theoretical research in this direction continues in understanding
this process in general.
The present paper briefly reviews the perspective of this subject in the field of materials analysis.
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1. Introduction
The ejection of surface atoms or molecules under energetic ion impact - known as
sputtering - has been a subject of considerable importance in the field of materials
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analyses since the significant development of the secondary ion mass spectrometry
(SIMS) technique resulted in the year around 1960. In this technique, the solid surface to
be investigated is bombarded by a focused beam of primary ions of a few keV energy and
the secondary sputtered particles (atomic or molecular) which are only in the ionized
state (positive or negative) are mass-anlaysed and subsequently detected.
The primary ions (in the energy range typically used in this process), when impinging
into the solid, transfer kinetic energy to the target atoms via nuclear (elastic) collisions. A
target atom, set in motion by such an elastic collision, may in turn transfer a part of its
energy to another target atom. In this way, a cascade of collisions is generated, resulting
in a large number of target atoms to be temporarily set in motion. During cascade
development, some of the target atoms in the near surface region (-,~ 10.A in depth)
receive enough outward-directed momentum and hence sufficient energy to overcome the
surface potential barrier and can eventually leave the target. The total number of ejected
particles from a material per incident ion is called the sputter-yield of that material. A
very small fraction of the total emitted sputter-particles exists in the ionized state
(positive and negative) and therefore, the secondary ion-yield S ± is basically the sputteryield Y (number of emitted atoms per incident ion), coupled with the ionization
probability or the degree of ionization 13± (number of secondary ions/number of
secondary neutrals) and can simply be expressed as S~ = Y~+. The sputter process is
independent of the charge-state of the emitted ion and this is most likely true for metallic
targets where the atoms are emitted by knock-on process [1]. While the sputter-yield may
well be dominated by the knock-on process, this need not be true for the ion-yield.
It is important in the considerations of sputtering to distinguish between the linear and
nonlinear portions of a collision-cascade [2]. The physical picture is that in a linear
collision cascade, the density of recoiling atoms is sufficiently small to allow linear
superposition of two independent cascades within the same limited volume, while in a
nonlinear cascade, i.e. spike, enough energy is deposited in a smaller cascade volume to
essentially set every atom in motion. Clearly, the initial (high energy) portion of a cascade
is linear, while the nonlinearities show up in the long-time or low-energy limit. Only the
linear collision cascade leads to sputtering and the sputter-yields in that case superimpose
linearly from the yields of the constituents of the bombarding molecule. Whereas in case
of a nonlinear collision cascade or spike, this is not so. In this case, yield enhancements of
up to an order of magnitude have been reported [3].
While only the elastic part (nuclear stopping) of the projectile-target interaction has to
be considered in describing the sputtering of neutral particles (sputter-yield Y = KS,/U
[2], where U is the surface binding energy of the solid or the heat of sublimation, Sn is the
nuclear stopping power of the primary ion and is given by ( - d E / d x ) , . It is a measure of
the rate at which energy is deposited by the primary ion into the nuclear motion of the
near-surface atoms, K is a constant depending on the ion-target combination), the inelastic
collisions (electronic stopping) where interaction between the projectile and electrons
(potential energy) of the target atoms takes place which leads to the emission of
secondary ions. An idea of the effective thickness of a sputtered layer can be obtained
from the following expression of the sputter-yield
,
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Figure 1. Variation of the sputter-yield with primary ion energy (ref. [2]).
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Figure 2. Variation of nuclear stopping power with primary ion energy (ref. [2]).

where xl is the effective thickness of the sputtered layer and w0 is the typical average
energy of the sputtered particles. ( - d E / d x ) , or the nuclear stopping power can be
calculated from the classical scattering theory, based on Thomas-Fermi model. Figures 1
and 2 give the plots of sputter-yield and (dE/dx)n, respectively for Kr+-bombarded Cu as
a function of the bombarding energy E [2]. Comparing these two figures, one gets
( - d E / d x ) J Y , , ~ 40eV/A. That is, wo/xl ~ 40 eV/,~. Now taking the average energy of
the sputtered copper atoms as ,-~ 10eV, the effective thickness xl '-~ 0.25 ,~.
Figures 3 and 4 show a schematic representation of the SIMS process and a typical SIMS
mass spectrum of silicon. With the logarithmic display of figure 4, the species SiO +, Si~,
Si20 + and Si + are clearly distinguishable. The data are isotope-selective, showing the
correct abundances of the different isotopes of an element. The high dynamic range over
which the secondary ion intensities can be measured is also reflected in this mass spectrum.
The secondary ion emission process is a complex phenomenon and has been discussed
through a number of models [4-6]. Theoretically the most difficult task in interpreting
SIMS results comes due to the difficulty in estimating the ionization probability/Ta:, as it
is grossly affected by the so-called matrix effect (the change in the element ion-yield due
to the presence of reactive species on the surface) which causes the secondary ion-yield
of an element to be strongly dependent on the chemical composition of the surface. This
effect has been evidenced by the fact that the presence of electro-negative species (like
oxygen) on a surface enhances the positive ion-yield [4]. The enhancement is larger, the
larger is the electro-negativity [7] of the species with respect to the emitted element. For
example, fluorine gives a larger positive ion-yield enhancement than oxygen of the same
Pramana - J . Phys., Voi. 50, No. 6, June 1998
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concentration. An analogous effect takes place in the case of negative ion emission when
some electropositive elements (like Cs) are present on the surface. These effects are,
however, very important in SIMS analysis and sometimes deliberately utilized by
bombarding the surfaces with ions of electro-negative (or electro-positive) elements to
get appreciable positive (or negative) signals of the emitted species which have extremely
low ionization probabilities or are present with extremely low concentrations.
2. Quantification in S I M S

From the user's point of view, secondary ion current Ia~ of some species A in a target
matrix m can be expressed by the relation [8, 9]
1~ =/pYtot/3~f(AE)f(Af~)Tr/CA,
Pramana
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where Iai is the positive or negative, isotope-corrected, secondary ion current (i.e.
I~ = l~/ai; I~ is the measured ion current of isotope i of element A, and ai is its isotopic
abundance), Ip is the primary ion current (= JpS, where Jp is the primary ion current
density at the target and S is the bombarded or scanned area), Ytotis the total sputter-yield
of the matrix,/3a~ = positive (or negative) ionization probability or the degree of positive
(or negative) ionization for the species A (ratio of the number of positive or (negative)
ions to the number of secondary neutrals), f ( A E ) , f(Af~) are the fractions of the ionized
particles that fall into the energy and solid angle acceptance-windows, respectively, of the
mass spectrometer, T is the transmission factor of the instrument for species A, 7/is the
detector efficiency for species A, and CA is the fractional concentration of the species
A = nA/nm, where nA is the number density of A atoms in the matrix and n m : matrix
atom density; for example, nm (for silicon) = 5 x 1022/cm3). Obviously, CA = 1 for a
pure single-component matrix. Equation (2), taking only the case of positive ions, can be
written as

I+ = paCt,

(2a)

where PA(= IpYtot/3+f, with f=f(AE)f(Af~)Trl) is called the absolute sensitivity factor
(ASF) of A. Therefore, the fractional concentration CA (or the atomic cconcentration na)
of the species A can be estimated from the secondary ion current using eq. (2a), provided
PA is known. As seen from eq. (2a), the more is the absolute sensitivity factor, higher is
the secondary ion signal for a given concentration. The ASF depends on the primary
current, total sputter-yield (atoms/ion) of the matrix, ionization probability of the species
A and the instrumental factor f. Assuming f ( A E ) , f(Af~), T and r/to be invariant for all
elements in a given sample and for Ip to be constant, PA is only dependent on the
ionization probability/3~ which has to be evaluated either theoretically or experimentally.
There have been two major influences on the ionization probability of sputtered atoms.
These are the ionization potential or electron affinity of the ejected particle and the
chemical nature of the substrate surface. Although there is no consensus concerning a
universal ion emission model, a simple picture is believed to hold for the major part of the
sputtered ion flux which scales approximately as:
n + = B exp(cb - I)/K,
n- = / ¢ exp(a - ¢b)/K',

(3)

where I and A are the ionization potential and electron affinity of the ejected atom,
respectively, ~ is the surface work function and B, B t , K , K ' axe constants. The first
convincing demonstration of such scaling was given by Andersen and Hinthorne [10]
while comparing the ionization probabilities for several elements sputtered from a
common matrix.
3. Mechanisms of secondary ion emission

3.1 Local thermodynamic equilibrium (LTE) model
Under the assumption that the sputtering region of the target resembles a dense plasma, as
postulated by Andersen and Hinthorne [10], the ions, electrons and neutral atoms in the
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plasma remain in thermodynamic equilibrium and their energy distributions are governed
by the Boltzmann distribution of velocities. The ionization process in this case can be
described [11] as a dissociation reaction between neutral atoms M °, positive ions M + and
electrons e M ° <=~M + + e -

(4)

with the dissociation constant
o + =

(5)

where N +, N o and Are are the densities of ions, atoms and electrons, respectively, in the
plasma. D + has been calculated from the Saha-Eggert equation which is given by

N+Ne
+(T)) 2 (27r____)3/2
hkT
e-(E-AE)/kT
No - uuO(T

(6)

where u +, u°, 2 are the partition functions of the ions, atoms and electrons, respectively,
in the plasma. E is the ionization energy or dissociation energy. AE is the depression of E
in plasma. T is a parameter equivalent to 'temperature'. kT (dimension of energy) reflects
the average energy of an atom in the collision cascade. The only unknown parameters Ne
and T can be determined from measured ion currents of two elements with known
concentrations homogeneously distributed in the sample. Once they are calculated,
/5+(= N+/N °) of an arbitrary element in the same sample can be determined using eq.
(6) and hence CA, the concentration of this element, can be estimated from eq. (2). Now
the dissociation constant, from eqs (5) and (6), is

D + o~ e -e/kr.

(7)

Combining eqs (5) and (7), one finds

/5+(~_ N+ /N °) oc N~le -e/kr.

(8)

Equation (8) explains the matrix effect, i.e. why the positive ion emission probability
increases for an oxide surface since the increase of electronic work function in that case
causes the decrease in the electron density Ne, thus increasing ~+. Similarly, the decrease
of work function for cesiated surface causes an increase of N~, giving rise to the increase of
negative ion emission. Figure 5 gives a schematic model showing the increased positive
ion emission from metal oxides. The probability that an electron may surmount the
increased potential barrier in the metal oxide and neutralize a positive ion just in front of
the target is practically zero, thus giving rise to increased positive ion emission from oxide
surfaces. Although the presence of oxygen at the bombarded surface always enhances the
positive ion emission, the work function may not necessarily increase in all cases, it was
found to remain constant (for Al) or to decrease (for Mg) with increasing oxygen
concentration [12]. This is in contradiction to Andersen and Hinthorne's interpretation
of positive ion yield enhancement through LTE model.
Although the composition of various classes of samples under oxygen bombardment
was derived [10] using the LTE model, an experimentally supported basis for this model
still does not exist. There are obvious reasons why the validity of this model seems
unlikely. It can be readily argued that the thermal equilibrium cannot be established in the
P r a m a n a - J. P h y s . , Vol. 50, No. 6, June 1998
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Figure 5. Schematic model to explain the increased positive ion emission from
metal oxides.
short period (,~ 10 -13 sec) before the collision cascade begins to eject atoms or ions,
because energy transfer through the nuclear collisions induced by the primary ion impact
and electronic excitation is inefficient. Times much longer than 10 -13 s would be required
for establishing equilibrium. Furthermore, the actual secondary ion energy3 distributions
in SIMS (based on the linear collision cascade [2], n + oc E/T~(E)/(E + Eb) ,where Eb is
the surface binding energy or the sublimation energy of the solid; n:~(E) ~ 1/E 2 (for
monomers) for large values of E and is maximum for E = Eb/2) can not be fitted to
unique Boltzmann distributions, thus going against the LTE concept. As the energy
distributions differ markedly for different emitted species having different masses and as
equating the constants K, K' (in eq. (3)) with kT results in different 'temperatures' for
positive and negative ions, high and low-energy ions, atomic and molecular ions, etc., the
validity of the LTE model becomes questionable.
3.2 Bond-breaking process
Another attempt [6] makes use of a modified bond-breaking model under matrix effect in
explaining the enhanced positive ion emission. When metal oxides (MO) are bombarded,
particles in the form of ions are directly emitted due to a breaking of the chemical bonds
between metals (M) and oxygen (O). The sputtering of atoms M through breaking of the
oxide bonds creates oxygen-surrounded vacancies at the surface. This oxygen-surrounded
vacancy strongly attracts an electron at the expense of the ejected particle M, causing the
positive secondary ion-yield enhancement. The cross-section for the generation of positive
ions by this process is considered to be much higher than by other means. Analogous
arguments hold for the effect of Cs on negative ion emission. The electropositive Cssurrounded vacancies easily release electrons, thus yielding higher secondary emission of
negative metal ions.
As one can understand from the above discussions that the matrix effects give the
general observation that the secondary ion yields can be strongly influenced by the
variations in the amount of reactive species like oxygen or cesium in the sputtered
Pramana - J. P h y s . , Vol. 50, No. 6, June 1998
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Figure 6. Example of 'alloy' matrix effect due to gettering of ambient oxygen by an

active metal (A1) implanted into an inert metal (Au) (ref. [14]).
surface. These effects, however, constitute serious drawbacks on the analytical
capabilities of SIMS method, because they are, in general, not very much well-characterized and calculable.
The matrix effect, under reactive ion bombardment, can be classified into two distinct
group of phenomena: (i) alloy effects, for example, with Ni-Cr where the composition of
the surface changes, but not its physical nature, that is, the surface remains metallic (ii)
compound effects, resulting from the conversion of a metallic conductor to an insulator,
as in most oxides, halides etc. This can also be called sputtering effects, as these are
practically a manifestation of compound effects.

Alloy effects: Variation in ion yield due to differing oxygen content in an alloy, arising
from the oxygen gettering ability of the more reactive metal in that alloy, is illustrated in
figure 6 [13]. As seen in this figure, gold signal (Au +) from the Al-implanted gold sample
follows exactly the trend like AI + signal when sputtered in the presence of oxygen. The
highest gold signal is obtained from a depth at which the aluminium signal is maximum,
corresponding to the maximum concentration of AI. This is because of the fact that as the
P r a m a n a - J. P h y s . ,
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surface was sputtered, the implanted-aluminium got exposed to oxygen and depending on
its (aluminium) concentration it acted as a getter for gas-phase oxygen in a proportionate
manner, which then acted strongly to enhance the gold ion yield.

Sputtering effects: When a surface is sputtered by bombardment with reactive species,
such as oxygen, it can be shown that the maximum implanted oxygen concentration that
can be built-up in the sample surface will be determined primarily by the substrate
sputter-yield. The preferential sputtering can be ignored here since quantitative SIMS
analysis is relatively immune to it. Furthermore, if the back-scattering of the primary
species is ignored, the composition of the sputtered flux must be the same as that of the
surface. That is,

(hi/n2)spu t = (nl/n2)surf,

(9)

where nl and n2 are the flux of atoms referring to the primary and substrate species,
respectively, and subscripts 'sput' and 'surf' refer to the sputtered flux and the surface,
respectively. If we assume that every atom that strikes the surface gets sputtered, flux of
the primary species in the primary beam must then be equal to that in sputtered beam,
i.e.

(nl)sput = (hi)beam"

Again, by definition of sputter-yield Y,
(n2)sput = Y(nl)beamFrom the above two relations,

(nl/g/2)sput =

1/r.

(9a)

Therefore, from eqs (9) and (9a),
(n /n2h e :

1/r.

(it)

Since the concentration n2 of the substrate species is fixed, eq. (10) gives a measure of the
upper-limit in the concentration nt of the primary species that may build up in a surface
during irradiation. Figure 7 shows the sputtering effects in a SIMS depth profile of a
platinum silicide (Pt2Si) layer on a silicon substrate [14]. Since the sputter-yield Y of
Pt2Si is greater than that of Si, the maximum concentration of Cs build-up in the layersurface under Cs + bombardment is less than that in the Si substrate surface, causing Si
signal to increase by three orders of magnitude as the sputtering front moves from the
Pt2Si layer to Si substrate. Again since ion yields vary roughly as the third power of the
surface-oxygen or -cesium concentration [15], the variation in negative ion yield gives a
relative estimation of surface Cs concentration. The extended exponential tail of the Pt
profile beyond the interface (as seen in figure 7) is due to ion beam mixing which causes
some of the Pt atoms of Pt2Si layer to get mixed in the Si substrate.
3.3 Electron tunneling model
This model of secondary ion emission [16] considers the tunneling of electrons between
the emitted particles and the surface when the separation between them is considerably
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Figure 7. Example of 'sputtering' matrix effect and ion beam mixing effect in a
Cs+-bombarded platinum silicide layer on a silicon substrate (ref. [14]).
small (,-~ 1 nm). Excitation of the departing atom is assumed to result from the
perturbation caused by the rapid decoupling of the atom from the surface electron sea.
The atom can then de-excite radiatively or non-radiatively. The first process, i.e. radiative
de-excitation is more probable when the velocity of the ejected particle is high, causing
greater separation between the particle and the surface. The second process, i.e. nonradiative de-excitation is more probable when the velocity of the ejected particle is low
and gives rise to (i) resonance ionization of the highly excited emitted particle through the
tunneling of an electron from the excited (metastable) state into an iso-energetic empty
state of the metal or (ii) Auger ionization where an electron, emitting from a bound state
of the metal, tunnels into the empty ground-state of the excited atom (in which the
ground-state electron has already been excited to higher state). The energy released by
this process is utilized to eject an electron from an excited state into the vacuum. Both
these processes can occur when the emitted atom is in the close proximity of the surface
and is in the highly excited state. The resulting ion-yield expression has the form
n + cx e x p ( ¢ - l)/v,

(11)

where v is the separation velocity of the atom. Yu [17] has provided a proof of the validity
of this expression over a limited range of v. If the emitted particle is already ionized and
at the surface, neutralization of the ion ~an take place by two processes (i) tunneling
neutralization: an electron of the target tunnels from a bound state of the metal to an
empty ground state of the ion. Energy released by this process is used to promote an
electron to an unoccupied higher energy state in the ion (ii) resonance neutralization: an
electron from the metal tunnels into an empty iso-energetic level in the ion.
The above concept was, however, criticized by Sroubek [18] and Williams [19] who
considered the role of electronic excitation in the sputtering site of the surface during the
time the sputtered atoms depart. Sroubek [ 18] derived the exponential ion yield expression
by solving the Schrtdinger equation for a small cluster of surface atoms as they move
Vol. 50, No. 6, June 1998
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along trajectories dictated by classical dynamics of a computed sputtering event. Excitation of the surface atoms was considered in his calculation. Williams [19] considered that
if time scale of electronic relaxation of the surface atoms is much faster than for atomic
motions, energy must be rapidly equilibrated among the excited atoms in the sputtering
site. Using of Fermi-Dirac statistics to describe the excitation probability then gives an
ion-yield expression similar to eq. (11).

4. I n s t r u m e n t a t i o n

The driving force behind the extensive on-going investigation of the ion emission phenomenon is that it is of importance both from a fundamental and in particular, nowadays
from a practical point of view. It provides basic information on the interaction of ions
with matter and also it finds applications as a tool in surface and in-depth profiling for
thin film analysis. SIMS is a surface analytical technique having all the advantages of
mass spectrometry. Progress in SIMS over the last three decades has strongly been
influenced by instrumental developments, for example, by the introduction of single-ion
counting techniques [20], the dynamic mass spectrometers like quadrupole and time-offlight (TOF) mass spectrometer, etc. or the use of highly focused ion beams for surface
imaging.
Various kinds of SIMS instruments are existing which differ greatly in their complexity, performance and the ways in which they produce and detect secondary ions, but all
contain these basic components: (1) a device to produce energetic primary ions and to
direct a focused ion beam at the sample, (2) a chamber to mount the sample to be analysed,
(3) a secondary ion energy analyser, (4) a mass spectrometer to separate the secondary
ions according to their mass-to-charge ratio and (5) a detector. The ion source used most
frequently for the generation of O~-, O - , Ar + or Xe + is a duoplasmatron. A surface
ionization design is normally used for Cs + ions and a liquid metal ion source (LMIS) for
Ga + ions; the latter being used for improved lateral resolution. The ion optics used to
transport the beam to the sampl e may be able to focus the beam to a diameter as small as
I00 nm in some cases, but primary ion beam diameters of 10 to 1001xm are more
commonly used.
Mass analysers for SIMS instruments are one of the three types, namely magnetic
sector, quadrupole or time-of-flight (TOF). Magnetic sector analysers have the advantage
of being able to achieve high transmission and high mass resolution. The latter capability
is useful to resolve molecular ion mass interferences. RF quadrupole mass analysers are
compact and easy to use. Moreover, these analysers do not employ magnets and so peakswitching for selected ion monitoring can be done more quickly without hysteresis
effects. TOF analysers are used with secondary ion beams that are generated in short
pulses. These analysers generally have high transmission and a high mass range that can
extend up to few thousands of amu. This particular advantage is obviously useful for the
analysis of organic samples where secondary ions of heavier hydrocarbon molecular
complexes are detected. All of these three types of mass analyser are nowadays found to
have been successfully employed in various commercial SIMS machines. Each of these
instrumental configurations have their unique applications in SIMS analysis and the
choice of the instrument-type depends on factors such as mass resolution and mass range,
Pramana
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detection sensitivity, sample throughput, image resolution, ease of operation, and instrument cost. General features of these three mass spectrometer configurations for SIMS
applications are listed in a review paper [21].
Analogous to scanning electron microscopy (SEM), SIMS can also be used in a mode
of data collection where the image is formed by the secondary ions emitted from the
surface, thereby providing element-specific images or surface maps. Continuous
recording of ion images in an image-depth profile mode provides a three-dimensional
picture of the elemental distribution in the matrix. This technique will not be discussed in
the present article.
5. Modes of analysis

5.1 Static SIMS
Here the composition of the uppermost atomic (monolayer) layer of the surface is
investigated. An extremely low primary ion current (,-~ pA) is used to bombard the
surface, so that during recording a complete SIMS spectrum no significant sputtering of
this monolayer occurs. This is the concept of 'static SIMS' which means, that the total
flux of primary particles is so low, that within the time of an experiment only a negligible
probability exists for a sputtered zone to be excited for a second time by a primary
particle. Typical sputter-rates are 1 monolayer/h, resulting in an increase of the lifetime
of the uppermost monolayer from fractions of one second to several hours. With these
sputter-rates the secondary ion count goes down by few orders of magnitude and so, much
higher efficiency of secondary ion collection is necessary here. For this purpose a highmass range and high-transmission TOF instrument was introduced to allow a maximum
use of all secondary ions produced from a surface by a quasi-simultaneous detection of all
masses [22]. Since the sample surface is sputtered very lightly, removing less than 1% of
the uppermost monolayer of atoms while the mass spectrometer is scanned, the spectrum
will provide information as to which elements are present on the sample surface and will
contain peaks that are indicative of higher-mass molecular species present on the sample
surface. The first static SIMS was realised [20] by single ion detection with an open
multiplier in a single focusing magnetic sector field instrument and with this set-up the
oxidation of clean metal surfaces during O2-exposure was investigated extensively [23].
Since then the technique has developed considerably and has been successfully applied in
surface science-related many disciplines, e.g. detection, identification and structural
analysis of extremely small amounts of thermally labile organic molecules present on
surfaces, complex surface reactions occuring in heterogeneous catalysis, analysis of
surface structures from simple surfaces - single crystals covered by small molecules - to
more complex types, such as biologically important specimens, like enzymes, proteins,
biomembranes, tissues, etc.
5.2 Dynamic SIMS
The other mode of SIMS is the dynamic mode in which the mass spectrometer, instead of
scanning, is tuned to a selected one or more masses and the secondary ion currents
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monitored sequentially by switching rapidly among those masses are recorded continuously as a function of bombardment time. Under constant primary ion current (current
density ~ 100 ~tA/cm2), the sample is continuously sputtered away and hence layers
originally deeper in the target become the new momentary surface of which the sputtering
does occur. The secondary ion current la of some species as a function of time
(proportional to depth) gives a measure for the concentration of that species Ca in a
matrix as a function of depth (as estimated from eq. (2a)).
Sputtered areas are defined by rastering the primary beam over a specific square or
rectangular region. Continued sputtering over a rastered area produces a well defined crater.
The detected area is usually the central portion of the rastered area obtained by the use of an
aperture or by electronic gating. Conversion from time to depth is done by measuring the
crater-depth with a profilometer and the erosion rate (crater depth/duration of sputtering).
Accurate depth profiling requires uniform bombardment of the analysis area without any
contribution of ions emitted from the crater walls, adjacent sample surfaces or near-by
instrument surfaces. Figure 8 shows a schematic representation of the dependence of depth
profile on the detected area, i.e. the portion of the sputtered zone from which the secondary
ions are detected [24]. As seen, the shape of the profile of the species monitored depends
significantly on the size of the detected area. The smaller is the detected area or larger is
the raster-area, higher is the depth-resolution. The detection sensitivity is a measure of the
ability to detect a species in a given matrix. The lowest concentration that can be measured
is known as the detection limit. Therefore, lower is the detection limit, higher is the
detection sensitivity of the SIMS.
Figure 9 shows the relationship between detection sensitivity and the sputter-rate (atomic
layer removed per second) in a dynamic SIMS [25]. As indicated, detection sensitivity
increases with the increase of the sputter-rate which is directly proportional to the target
current density. That means, elemental detection sensitivity is directly proportional to the
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sputter, rate and SIMS detection sensitivity (ref. [21]).
number of atoms or molecules sampled or the volume of the material consumed during an
analysis. Therefore, as obvious, the detection sensitivity in dynamic SIMS is much
greater than that in static SIMS. An example can be given to demonstrate this effect.
SIMS analysis for Na contamination in silicon wafers used in the microelectronics
industry is of the order of 10 ppb in an analysis volume of 20,000 Ixm3, corresponding to
an analysis area of 1501.tm diameter and 1 Izm depth [26]. This analysis consumes
2 x 1014 atoms of total sample, giving the Na detection-limit approximately 0.1 fg
(1 fg = 10 -15 gm). On the contrary, static SIMS analysis consumes less than 1 monolayer
of the surface (,-, 4 ,~ thick) over the same area of 150 ~tm diameter which corresponds to
1011 atoms of the sample. Thus, if one performs a sodium analysis in the top monolayer
of the sample as described, the static SIMS detection limit would be 2000 times higher
(i.e. 2000 times less sensitive) than that in a dynamic SIMS analysis.
6. L o w e s t detectable concentration in a m a t r i x or the detection-limit

From eq. (2a), we have the fractional concentration CA of an element as
CA :

I+ /pA,

where PA (absolute sensitivity factor of A)

:

IpYtotfl+f or

12

(12)

CA -- lprfl+ f .
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So,

(Ca)rain

(12a)

_ (l+)min

ipr~+ f ,

where (l+)min is the minimum detectable ion current of the species A for a given detection
system. It is obvious from eq. (11) that the limit of detection can be decreased by the
increase of the primary ion current lp, as is the case in dynamic SIMS. Following eq. (12),
we can write Cm (for matrix m) as

Cm

-

(12b)

I+

ipY¢+ f .

In order to eliminate the fluctuations in I+, fl±, Y, f etc. and to correct for the matrix
effect, secondary ion current is normalized with a reference or matrix current I +. Thus,
from eqs (12a) and (12b),

(Ca),~inlCm = ((/A)~n~/ (~-~
\-77-.) I t,n+)

(13)

or
+

+

(since Cm = nm/nm = 1).

(CA)mi n __ (l~)rain/~A
Im
+

(14)

+

Since lmatdx is related to the material consumption and is expressed as (kb..S)~tfix, the
detection-limit or the minimum detectable fractional concentration (CA)rain, as obtained
from eq. (14), can be expressed as
+

(CA)rain=

(l~)min

+

//3~-

(14a)

/ n.,+'

where ~ is the sputter-rate, i.e. layer-thickness sputtered per second, S is the target area hit
by the primary beam and k is a constant depending on the sample and the ion-optics of the
mass spectrometer. From eq. (14), the lowest atomic concentration of A is

(",,)mi°

_ (IA)+min

/n~-

--l+mllm~+m/

_ (/~-)min

l+m

(RSF) A,

(15)

where (RSF)a = nm(~+/~t+) and is known as relative sensitivity factor [24] for the species
A in a given matrix m. Using eq. (15), expression for any atomic concentration na can be
written as
I+
nA (atoms/cc) -- __A(RSF)A"

(16)

Therefore, RSF is also a conversion factor which is used for converting secondary ion
current to concentration. However, this has a consequence that Ia is inversely proportional
to (RSF)A (as seen from eq. (16)). That means, the secondary signal of species A is
smaller, larger is the (RSF)A for a given concentration. This is opposite to our general
concept of sensitivity. However, this is just the definition used by Wilson et al [24] and
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does not affect the result. From eq. (16), we see that RSF is a quantity having the
dimension of atoms/cc. Use of RSFs compensate matrix effects because RSFs express
the differences in sputter-rate and are a relative measure of the ionization probability for a
given element in a given matrix. Wilson et al [24] have given RSFs for the analysis of
many elements in metals, semiconductors, insulators, etc. making use of the implantation
standard method [27], which will be discussed later.
Equation (16) gives the quantitative estimate of the atomic concentration of any species
A in a given matrix m for which atomic concentration nm is known. The matrix effect can
be assumed to be cancelled here as long as the product (~fl+) for element A and the
matrix M change by the same amount. The matrix effect in la is determined by the product
~fl~- where ~ is the sputter-rate (dz/dt). This can be shown as follows: From eq. (2),

I+ = Iprtotfl~AfCn
= (Ip/S)YtotS~-~fCA
~--- (Jp. gtot)Sfl+ fCa
= K~na
(where K is a constant since ~ ~jpYtot).

(17)

Therefore, a change in I+ is caused only by a change in the product (~fl+) arising out of a
change in sputter-rate ~ or/and a change in ~A which of course depends on the matrix.
A knowledge of the concentration CA can be obtained, not withstanding the matrix
effect, by means of a calibration curve [28]. This is constructed by plotting the las from
standards containing the species A with various known concentrations, as a function of
Cas. The sample to be measured must have a composition close to one o f the standards
used. The slope of such a curve gives the absolute sensitivity factor Pa for the species A, as
clearly evident from eq. (2a). Using that value of pa in eq. (2a) one gets any unknown
concentration CA in the matrix. This is, however, a simplistic procedure which is greatly
affected by the use of unreliable standards. A much more accurate method of estimating
the sensitivity factor pa is the 'implantation standard method' [27] which utilizes the
known dose Fa (atoms/cm 2) of the implanted species A in an unknown sample to calibrate
the SIMS signals. From eq. (2a), the ion current la(t) of implant A at any time t is

1A(t) = pnCa(t)

or

In(l) = p'nn(t),

(18)

where nn (t) is the atom concentration of A in the sample at a depth z corresponding to a
sputtering time t. p' is the calibration constant. Therefore,

~0Tln(t)dt=p'[/Znn(z)dz] L~.
since ~ = dz/dt, d t = dz/L pl can be written as

p, _ f f In (t)dt Z
Fn
T'

(19)

where Fn (total dose of the implanting atoms) = f z nA (z)dz, Z is the depth of the crater
measured after a bombardment time T, assuming a constant sputter-rate. Equation (19)
gives the value of if, thus determined from the measured SIMS profile (signal versus
time) f f I n ( t ) d t , Z and T and FA, and can be used to estimate the concentration of the
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species na at any depth using eq. (18), i.e. nA = IAlff. Again using eqs (18) and (19) for
p', we can write
FAT
la
FATIm
nA (Z) = la (t) Z f ~ a ( t ) d t -- Im Z f £ Ia (t)d/

(20)

Now, from eq. (16), we have

/A (RSF)A"
nA =-i'mm
Comparing this with eq. (20), (RSF)A can be written as
(RSF)A

-

F A Tim
Z f £ IA (t)d/'

(21)

Equation (21) gives exactly the same expression for RSF as what Wilson et al [24]
obtained by the implantation standard method. (RSF)A, thUS obtained, can be used to
measure any unknown atomic concentration na of some species at any depth in a given
matrix, using eq. (16). This procedure certainly has the advantage in the sense that matrix
effect is compensated in this treatment.
The problem of matrix effect in SIMS is always considered to be a serious artifact and
proper care has to be taken to overcome this. As already discussed, use of RSFs could
compensate the matrix effect or by using standards having identical stoichiometry to the
samples to be analysed, this effect can be avoided. It was found [29] that only the intensity
of high energy secondary ions is not affected by the matrix effect "as the high survival
velocity of the emitted species causes its larger separation from the surface. However, the
weak intensity of the high-energy secondary ions (eq. (11)) makes the detection of these
ions extremely difficult.
Recently, 'Cs +-attachment SIMS' studies have been reported [30, 31 ] where the effects
of the changing matrix on secondary ion-yields have been found to be minimal. In this
particular mode of SIMS, the sample is sputtered with Cs + primary ions and detection of
the element M of interest is made in the form of molecular secondary ions (MCs) +.
Figure 10 shows a typical example of 'Cs+-attachment SIMS' of a layered sample
consisting of two different stoichiometries of InGaAsP on InGaAs [30]. It was found that
the secondary signals for the major elements like In, Ga, As, etc. represented their actual
densities in the layers. This particular mode of analysis has recently been followed in the
investigation of nickel-phosphorous alloy coatings [32], to be discussed later.
Whereas, the ion emission of some species is strongly influenced by the matrix effect,
the secondary neutrals of the same species have been found to remain totally unaffected
by such effect, since sputtered neutrals vary proportionally only to variations of the partial
sputter-yield. Therefore, the secondary neutral mass spectrometry (SNMS), a recently
developed method for materials analysis, could be more suitable in the quantification
aspect [33]. However, this technique involves post-ionization of the sputtered neutrals and
has not yet been so widely accepted like SIMS.
An important aspect to consider in the SIMS analysis of multi-element targets is the
'preferential sputtering' which leads to the non-stoichiometric removal of surface atoms
leading to the changes in surface composition. However, after a prolonged bombardment,
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a steady state is reached and partial sputter-yields of the various species in the matrix then
become equal. For example, in a binary alloy containing elements A and B with atomfractions na and nB, respectively, the partial sputter yields of A and B in the steady state
follows.
YAn,~ --- YBna,

(22)

where YA and YB are the elemental sputter-yields of A and B, respectively. Therefore,
sampling the sputtered flux should give an accurate measure of the bulk composition once
steady state is attained. Thus, SIMS being a technique which samples the sputtered flux,
samples the bulk composition and is thus immune to preferential sputtering artifacts [14].
7. Depth resolution in SIMS

Knowledge of the depth distribution of the concentration of some species in a matrix is
extremely important from practical point of view. SIMS technique has by far the greatest
utility in depth profile analysis of semiconductors where the concentration of impurities
or dopants (e.g. in case of ion-implanted samples) are routinely measured. Since the
targets are usually single crystals that sputter very uniformly, the sputtered depth can be
assumed to be proportional to sputtering time and so, time scales can be accurately
calibrated in terms of depth scales.
In a depth profile measurement the most important factor that governs is the depth
resolution. Depth resolution can be characterized by interface-width which is most commonly defined as the depth interval over which the intensity drops from 84% to 16% of
the maximum. Figure 11 illustrates an InGaAs/GaAs interface and an interface-width
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calculation [24]. The above definition corresponds to a 6 nm width at a depth of 0.135 # m
into the sample. Ideally, the profile around the interfacial region should follow a step
function. This step function response is only dependent on the instrument. If the crater
depth after a given time of bombardment (t) be denoted by z, then

(23)

z ,,~jpY. t.
Therefore, the difference in z can be obtained as
Az,,~ A ( j p y . t)

or

AZ,~ A(jp. Y)t.

(24)

From eqs (23) and (24), it follows that the ratio (Az/z) is constant, i.e. independent of the
crater depth. This ratio gives a measure of the depth resolution R. Actual depth profile
deviates from the ideal step-like nature owing to the contributions from the instrument.
Depth resolution improves as the erosion rate decreases and as the penetration of the
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primary beam decreases. This penetration increases with primary ion energy and
decreases with primary ion mass. That means, heavier primary ions will provide better
depth resolution or sharper interface measurements than lighter ions of same energy.
The SIMS depth profile provides an information of the film and the interface qualitatively and quantitatively. Interface width gives a measure of the sharpness of the interface.
Interface broadening occurs due to intermixing of two layers through their interface.
Mixing can occur either during the growth of the films or by ion beam mixing. The latter
process involves high energy ions whose penetration depth in the film exceeds the depth
at which the interface is located, thereby mixing over the entire stack. However, ion beam
mixing, for being an obvious consequence of the sputtering process, appears to have an
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utility in stabilizing the ion emission variations [14] arising from surface oxides and
primary beam implantation, thus enabling the SIMS measurements to remain unaffected
by the matrix effect. The interface broadening arising out of the growth processes is
mainly caused due to the processes like interdiffusion, segregation, etc. across the
interface. Figure 12a, b shows the SIMS depth profiles of two nickel-phosphorous alloy
coatings, electrodeposited on mild-steel substrates at two different deposition current
densities [32]. As seen in the figures, the interface in case of the coating deposited at
higher current density is comparatively sharper (figure 12a) than that in the other case in
which the interface gets broadened (figure 12b) extending over a region of 1.4 I~m and
this broadening is attributed to the porosity in this coating, causing more interdiffusion to
occur across the interface in this case.
Interdiffusion causes roughening of the interfaces. This has been demonstrated by our
recent experiments on a AIAs/GaAIAs/A1As superlattice [34]. Figure 13 shows the SIMS
depth profile of a 16-period AIAs/AIGaAs/AIAs supedattice grown by MOVPE (Metal
Organic Vapour Phase Epitaxy) supedattice. The obtained full-widths at half maxima
(FWHM's) from the profile correspond well with the nominal thicknesses of A1GaAs
(465 ,~) and AlAs (470 ,~) layers and also with those obtained from our GIXS (Grazing
Incidence X-ray Scattering) measurements. It has been found that AIGaAs on AlAs
interfaces are sharp, whereas, AlAs on A1GaAs interfaces are broadened. The interface
broadening in this case, estimated from the leading and trailing parts of Al signal, is found
to be almost twice that in the case of A1GaAs grown on AlAs. The asymmetric intermixing of the interfaces has been coroborated by the asymmetry in interface-roughness,
measured by x-ray reflectivity. The broadened AlAs on A1GaAs interface shows a larger
roughness ( ~ 170,~), whereas the sharper AlGaAs on AlAs interface shows a roughness
of ,-~ 3.0,~ which is more or less the same as that of the air/film interface.
It has been found that in favourable cases, the depth resolution can be improved
significantly by the incorporation of primary reactive ions (matrix dilution) which may
Pramana - J. Phys., Vol. 50, No. 6, June 1998
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have the beneficial effect of amorphization over a depth commensurate with the ion range
[35]. Owing to amorphization, channeling effects are suppressed and even polycrystalline
samples can retain a smooth surface during sputtering, thus causing the depth resolution
to improve considerably. Unfortunately, attempts to amorphize polycrystalline samples
by implantation are not always successful. The angle of beam incidence has been found
to be an important parameter to accomplish amorphization. The interface width in a film
of AI on TiN was found to be very small for incident angles below 30 ° where A1 was
shown to be fully oxidized [35].
Recently, a systematic study of the diffusion behaviour through SIMS has been made
[36-39] in view of the optimization of LiNbO3 optical waveguides. Anisotropy in the
diffusion rate has been observed for different crystal-cut directions. Such investigations
have proved to be quite effective in the optimization of refractive index parameters in
rare-earth (Er)-doped Ti-diffused LiNbO3 systems [40] in which Er-doping has found to
develop optical amplification and lasing actions.

8. Conclusions

After having discussed much of this technique, we can now summarize by listing the
features of SIMS. These are as follows:
1. SIMS is essentially a consumptive microanalytical technique as it is based on the
sputtering of material. The random errors are negligible here as sufficiently large
count-rates are involved in measurements.
2. All elements, including isotopes, are detectable. Elements and chemical compounds
can be identified and quantified. An advantage of SIMS is that the secondary ion
intensities can be measured over a high dynamic range, as broad as 9 orders of magnitude, compared to a factor of 100 as for AES and XPS.
3. Organic samples can be analysed. Detection of masses up to 10,000 amu with adequate
mass resolution is possible with TOF-SIMS.
There are enormous examples of materials analyses where SIMS has been applied
quite successfully. However, in view of the fact that reliable standards or calibration
techniques are essential for any precise SIMS analysis, other complimentary analytical
methods like RBS (Rutherford Backscattering Spectrometry), XPS (X-ray Photoelectron
Spectroscopy), AES (Auger Electron Spectroscopy), ISS (Ion Scattering Spectroscopy),
etc. are often needed for precise quantitative characterization of surfaces and interfaces. Therefore, just as any other method, the use of SIMS could be restricted to
problems for which it has a distinct advantage over the other analytical techniques. For
example, quantification through SIMS is recommended only in cases where extremely
small detection-limit (--~ppb) or extremely high depth-resolution (,-~ 10A or less) is
required.
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