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Most techniques for the analysis of trace elements are capable

of determining the concentrations in a bulk sample or solution, but

without reflecting their distribution. In a bulk analysis therefore

elements which occur in high concentration in a few precipitates

would still be considered trace elements (Fig. 1) even though their

local concentration greatly exceed the normally accepted trace element

concentration limit.

Anomalous distribution is also shown by an oxide layer, a few

hundred 8 thick, on an aluminium sample. A low oxide concentration

would be reported if it were included in the bulk analysis, which

contradicts the high surface concentration. The importance of a

knowledge of the trace element distribution is therefore demonstrated.

Distributional trace element analysis can be carried out using

the ion microprobe mass analyser (IMMA). Since the analytical technique

used in this instrument, namely secondary ion mass spectrometry (SIMS),

is not universally appreciated, the instrument and its features will be

described briefly followed by a discussion of quantitative analysis and
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the related subjects of detection limit and sample consumption. Finally,

a few examples of the use of the instrument are given.

Instrumentation .

The analysis of solid samples is achieved by use of the sputtering

process. A beam of ions is directed towards the sample surface which

is subsequently eroded. Part of the sputtered material appears as

ions which are picked up and accelerated through a mass spectrometer

where they are separated according to their mass-to-charge ratio. The

resulting spectrum (intensity related to mass number) reflects the

sample composition. Figure 2 shows the schematic diagram of the IMMA.

Ions, such as 0~, NÍ and Arí, are produced in a duoplasmatron

ion source. They are mass-filtered in a magnetic sector which allows

only one specific isotopic species to be directed towards the sample.

Before reaching the sample surface, the ion beam is focused to a

diameter of between 2 pm and 300 jam. This defines the spatial

resolution of the analysis. The observed beam current varies with the

beam diameter. For a well-focused beam 0,1 nA can be obtained increasing

to 300 nA for maximum diameter.

The sputtered material consists mainly of neutral atoms and atom '

clusters but a portion, usually a small portion, of this sputtered

material is ionised and it is these ions which are picked up electro-

statically. They are accelerated into an electric sector where they are

separated according to their energy. Those ions having a suitable

energy reach a magnetic sector where they are separated according to

their mass-to-charge ratio. The magnetic field strength defines which

ion can pass a measuring slit and reach the target of the Daly ion

detection system. Ion intensities can be recorded as counts of single
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ions or as an ion current, or they can be displayed on an oscilloscope.

Typical spectra, as obtained by varying the magnet field strength, are

shown in Fig. 3. The mass resolution M/AM of the instrument is of the

order to 400 thus allowing the separation of all elements - and even

individual isotopes of a single element. Molecular ions, however,

cannot be distinguished from the ions of an element of the same mass.

Since sputtered ions only escape from the uppermost surface layers

of the sample, information is gained about the composition of these

layers. As this method of analysis is destructive and the surface is

eroded with continuing ion bombardment deeper layers are exposed and

analysed. In this way changes in element concentration with depth of

sample are recorded; this is known as depth profiling. The changes in

the recorded spectra in Fig. 3 are clear. In the first and third

spectra at the beginning of the experiment, all surface contaminating

elements are evident, whereas later on, in the second and fourth spectra,

the bulk elements predominate.

Since some elements sputter only as positive ions (such as Na, Fe

or Cr) and others only as negative ions (S, CI or Sb) both modes of

recording are essential for a comprehensive analysis.

Of course, the change of sputtered ion intensities can be recorded

continuously for depth profiles (Fig. 4). For the investigation of

surface layers such as contamination layers or oxides, a low intensity

beam should be used to extend the variation over a longer period. For

analysis of the bulk a high intensity beam may first be used to clean

the surface and later to determine the composition with optimum sensitivity.

In depth profiling a resolution of 50 8 or 10 % of sputtered depth,

whichever is greater, can be achieved. Depth profiles can be obtained
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down to 2 to 3 p .

Another special characteristic of the instrument permits the

scanning of the incident ion beam across an area of up to

800 ym x 800 um. Turning the instrument to a specific element and

recording the sputtered ion intensity on an oscilloscope simultaneously

with the sweep results in an image of the distribution of the element

in the sample surface. This feature is called area profiling or elemental

imaging. Depending on the minimum beam diameter a spatial resolution of

2 ym can be achieved. This area profiling technique was used in order

to obtain Fig. 1.

To summarise, the capabilities of the IMMA are

1. analysis of
all elements
low detection limits
isotope sensitivity
chemical compounds,

2. depth profiling

resolution of 50 8 or 10 % depth,

3. elemental imaging
spatial resolution cv 2 pm.

Using normal experimental conditions the detection limit of the

ion microprobe can be calculated as follows:

At a medium beam current of 10 nA and an assumed sputtering rate of one

sputtered atom per incident ion, 5 • 10 atoms are sputtered per second

In the presence of a counting background of 3 cps, a minimum signal of
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10 cps can be detected.

Table 1. Detection limits

ísl-
beam current

sputter rate

counting background

detection limit
(registered ion intensity)

pick-up probability )

transmission )
)

counting probability )

detection limit
(sputtered ion intensity)

ion yield
(steel matrix)

detection limit
(sputtered atoms)

detection limit
(concentration)

10 nA « 5-1010

, sputtered ator
incident ion

3 counts/s

10 counts/s

IQ"3

104 ions/s

titanium

0,5

2 « 104

0,4 at. ppm

ÍM
ions/s

Us

5

2

40

* 10 1 0 atoms/s

nitrogen

. IQ"3

* 106 atom/s

at. ppm

Due to the limited pick-up probability for the sputtered ions, tht

transmission of the secondary mass spectrometer and the counting

probability of the ion detector 10 ions must bs produced for each ion

detected. This means that it is necessary to sputter 10 ions per second

to obtain the minimum required signal. Assuming an ion yield (A), defined

as the number of ions produced per sputtered atom, the minimum number of

sputtered atoms to obtain the minimum signal is given by 10 ' atoms/second.

In the cases of titanium and nitrogen in a steel matrix where A might be
A

0,5 and 0,005, respectively,- the minimum sputter rate becomes 2 * 10 atoms/
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second for titanium and 2 * 10 atoms/second for nitrogen. Compared with

the total amount of 5 * 10 1 0 sputtered atoms per second, this corresponds

to a detection limit of 0,4 ppm of titanium or 40 ppm of nitrogen.

The values given for the ion yields are typical for incident oxygen

ions and in this case similar yields are obtained for all elements. Other

bombarding species usually reduce the ion yield drastically thus resulting

in poorer detection limits. On the other hand an increase in beam current

results in an improvement in the detection limit sample consumption.

These calculations are summarised in Table 1.

The amount of sample material consumed in order to achieve a

measurable signal depends on the concentration and the ion yield of the

element to be analysed. If the count rate is to be determined within

error limits of _+3 %, then a total count, defined by counting statistics,

of 1000 counts must be accumulated.

To achieve this 10 ions have to be sputtered. This corresponds

to 2 * 10 or 2 * 10 sputtered atoms of analysed element if the ion

yield is 0,5 or 5 * 10 sputtered ions per sputtered atom, respectively.,

Therefore, if this element is present at a concentration of 10 ppm the

total amount of sputtered material is 2 * 10 or 2 » 10 atoms for

the different ion yields. If the element under consideration is present
o jn

at a concentration level of 1 % in the sample, 2 * 10 or 2 * 10 atoms

of the sample material will have to be sputtered to accumulate the

necessary 1000 counts. These calculations are summarised in Table 2.

For these calculations it is of no importance if the sputtered area

is small to obtain a good spatial resolution or large to achieve good

depth resolution.
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determine countrate
within 3 %

pick-up probability

transmission

counting probability

sputtered ions

ion yield

sputtered atoms
of analysed element

consumed material
(measured element 10 ppm)

consumed material
(measured element 1 %)

•+ 1000 counts

10"3

106

0,5

2 * 106

2 * 1011

2 * 108

necessary

5 * 10"3 sPuttered ions
sputtered atoms

2 * 108 atoms

2 * 1013 atoms

2 * 10 1 0 atoms

Quantitative analysis is difficult because the measured sputtered

ion intensities must be used to calculate the amount of sputtered

material (neutrals and ions), requiring knowledge of the numerical

value of the ion yield. As is shown in Fig. 5 the ion yield varies

by orders of magnitude for different elements. Furthermore, it varies

with the bombarding ion species, it depends on the sample composition,

and is even strongly influenced by the composition of the residual gas

and its pressure. For this reason relative measurements are preferred

where samples of similar composition are compared under the same

experimental conditions.

There are two possibilities for quantitative analysis: either

using reference materials or an algorithm based on physical principles.
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The use of reference materials needs no explanation except that

standards have to be. very well matched.

Calculating the ion yield from first principles originates from

the assumption that local thermal equilibrium exists in the sputtered

region and Saha Eggert equations can thus be applied.

log log —^ISLl + 1,5 log T
o

- logN e.

The ratio of sputtered ions N. to sputtered neutrals N can be

calculated from the partition functions for the ions B. and neutrals

B and the ionisation energy I and its depression AE due to coulomb

interaction if the temperature T and electron density N in the sputtered

area are known.

These parameters, T and N , give rise to the changes in ion

yield. In order to obtain these parameters a least-squares fit can be

made for two known concentrations in the sample which have to be obtained

from external measurements, which can then be applied to all the other

elements to calculate the ion yield and obtain the concentrations.

This method yields a first order approximation and one must expect

the results to be in error by a factor of two or even more! Nevertheless,

a comparison of concentrations obtained by an IMMA with results from

other techniques (Fig. 6) shows that reasonable results can be obtained.

Because of these difficulties in quantitative analysis the method

of using reference materials is usually preferred.



- 9 -

Examples _of„analesis

Trace elements as detected by the IMMA are shown in Table 3.

The concentrations listed are the lowest values certified in different

standards thus defining an upper limit for the detectable concentrations.

The actual detection limit might be lower but the samples measured con-

tained concentrations of these elements only at or above the levels given.

The table indicates the capabilities of the instrument for trace element

analysis.

Table 3. Trace element concentrations in a steel matrix as detected

Boron

Carbon

Aluminium

Silicon

Phosphorus

Sulphur

Titanium

Vanadium

Chromium

Manganese

Nickel

Cobalt .,

25

400

14

1000

40

100

8

6

75

60

400

55

Copper

Arsenic

Zirconium

Niobium

Molybdenum

Tin

Antimony

Lanthanum

Tantalum

Tungsten

Lead

50

40

50

120

150

50

10

5

60

150

5

Figure 7 gives an example of the analysis of precipitates in a

steel matrix. It can be seen which elements are present in small grains.

Also line scans across a single grain are included showing the changes in

concentration of Ti and Cr from the precipitate into the matrix.
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The distributions of a few elements in nodular cast iron are

given in Fig. 8. The nodules are formed by carbon in the iron matrix.

Magnesium and nickel are used to precipitate the nodules. Boron can

be seen to be located in a rim around the nodules. Although the

highest boron concentration in the area under investigation was only

1000 at. ppm, an image of the distribution of this element could be

obtained.

Conclusion

From the discussions and examples cited, it is clear that the ion

microprobe mass analyser is an analytical instrument capable of trace

element analysis. Its special features of area and depth concentration

profiling combined with excellent detection power and good spatial

resolution make it an unique instrument giving information not only on

the concentration of an element in a matrix but also defining its

position and distribution and will prove a powerful supplement in any

analytical laboratory.



Fig. 1: Distribution of titanium in an area of 2OO yaa x 200 \im

in a steel matrix. Ti bulk concentration too at. ppm

in the precipitate 2 at. %.
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Fig. 2: schematic diagram of the ion microprobe mass analyser (IMMA).
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Fig. 3: Typical spectra of sputtered ion intensities against their mass-
to-charge ratio. All four spectra viere obtained from the same
steel sample under exactly the same primary conditions. They
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beam and for positively and negatively sputtered ions.
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Fig. 7: Precipitates in a steel matrix. Linescanes and elemental

imaging in different scales.



Fig. 8: Element distributions

in nodular cast iron

in a linear and

logarithmic scale of

intensities.
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