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A Method of Determining the Feasibility of a Proposed Structure Analysis Process

Field of the Invention

The present invention rélates to a method of automatic optimisation of a
proposed structure analysis process in which an electron beém is used to excite x-rays
from a multi-layered structure under one or more process conditions.

Background to the Invention

One important method of analysing multiple thin iayers on a substrate involves
exposing a specimen to @ beam of electrons and measuring the emitted x-ray spectrum.
Provided the electron beam is sufficiently energetic to penetrate through the layers and
reach the substrate, then characteristic x-rays are generated from elements in both the
substrate and the various layers and these contribute to the total X-ray spectrum seen
by an x-ray detector. Figure 1 shows a typical situation where a 10keV electron beam is
incident on a layered sample with three layers of different thickness on a substrate.
Many electron trajectories are shown and x-rays may be generated at any point along
the electron trajectory as a result of ionisatién of atoms. X-rays are emitted in all
directions and if an x-ray detector is positioned above the sample, then x-rays emitted
towards the detector will provide signals representative of the elements present in the
regions excited by the electron beam. In the arrangement of Figure 1, x-rays will efnerge
from all three layers and the substrate. In Figure 2, the same sample is exposed to a
lower energy electron beam. In this case, the electrons only penetrate to the top two
layers so there will be no signal from the lowest layer and the substrate. In general, ifa
series of x-ray spectra are acquired at different inciden{‘evlectron beam energies,
typically between 2keV and 20keV, then the corresponding spectra will exhibit -
characteristic x-ray peaks that vary according to the thicknesses and the compositions
of the various layers, and indeed the substraté. Given a particular electron beam
energy, the characteristic intensity for a particular element within a rhulti-layered sample
can be expressed as a “k-ratio”.

- A'k-ratio” is the ratio of the x-ray intensity received for a particular elemént from
the structure (counts per second recorded from a characteristic x-ray emission series
such as K, L or M) to that obtained from a flat bulk specimen of pure element under the
same experimental conditions. Taking this ratio avoids having to know the x-ray detector
collection efficiency as a function of energy. By measuring a series of k-ratios, it is
sometimes possible to deduce the thicknesses and compositions of the various layers in
a multi-layer specimen.
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If NE elements in total occur in one or more of fhe Iéyers or in the substrate and
there are NL layers with thickness T4, Tz ... Ty, and léyer L contains concentration Cy;of ‘
elementjh, and the substrate contains concentration CS; of element j then the predicted
k-ratio for element i at incident electron beam energy E, can be written as:-

ki = fi ( Eo, T4, T2,... T, C11, Ci2,...Cing, Ca24, C22...C2 nE,...Cii 1, O
2,--.CNLNEs Cs1, Cs2,-..CsNE) ' , EQUATION.1

where f is a non-linear function of the layer thicknesses and the compositions of
the layers and substrate. Several' equations of this form cover the measured element
intensities at this one beam energy Eg. There may be more than one equation for a
particular element if measurements are made on more than one emission series for this
element (e.g. K or L or M emissions). Measurements may also be taken at further
values of the beam energy and in general there will be M of these non-linear equations
for k-ratios. The function in equation 1 typically involves integratiions and non-linear
functions and in general it is not possible to “invert” the set of equations and write down
a formula that expresses the thickness or compositions for any one layer in terms of a
set of measured k-ratios. Therefore, to determine a set of thicknesses and compositions
(“layer variables”) from a set of x-ray measurements, it is known to use a modelling
approach where the parameters of the model are adjusted to find a set of ki that are a
“best-fit’ to the measured k-ratios (see for example, Chapter 15 in “Numerical Recipes
in C”, Second Edition, W.H.Press et al, Cambridge University Press 1999).
| Thus, a computer program is used to make iterative guesses at the thickness
and composition of the layers to find a set that is a close fit with the k-ratios measured
from x-ray spectra (see for example, J.L.Pouchou. “X-ray microanalysis of stratified
specimené”, Analytica Chimica Acta, 283 (1993), 81-97. This procedure has been made
available commercially in the software product “Stratagem” by SAMX, France). The
computer program will make a test at each iteration to see if the guesses are not
changing significantly between iterations, in which case “convergence” is achieved.
Unfortunately in some cases, it is impossible to find a best-it set of thicknesses
and compositions because the measured k-ratios do not reveal enough differences in
intensity to resolve the source of the individual contributions to x-ray intensity. In this
case, the computer program iterations will fail to converge on a unique solution.. Such
problems can sometimes be resolved by choosing different x-ray emission series,

different beam energies or consiraining the range of possible solutions by providing
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information on some of the thicknesses or compositions where this is known
beforehand. Although there are some guidelines for the choice of beam energies and x-
ray series (see for example, J.L.Pouchou, “X-ray Microanalysis of Thin Films and
Coatings’, Microchim. Acta 138, 133-152 (2002)), in general it is difficult to prove thata
given typé of sarhple can always be analysed succeésfully by this technique except by
extensive experimentation in the hands of an expert. Existing software programs (such
as “Sfratagem”) provide diagnostic tools such as curve plots of k-ratio vs layer thickness’

or k-ratio vs beam energy in order to assist the expert in making a choice of the best

conditions for analysis. However, these tools do not provide any recommendations for
analysis, particularly for a complex multi-layered specimen, and are not suitable for a
person that does not have a good understanding of the physics involved. |

The iterative procedure of the computer program begins with a set of starting
values for the fitted parameters (that is the “unknowns”) and the choice of starting
“‘guesses” can affect whether the iteration will converge to the best solution for a given
set of input data. Thereforé, even when suitable conditions can be defined for the
measurements and some prior knowledge is available, the procédure can still fail if the
starting guesses for the fitted parameters are not suitable.

When an energy dispersive spectrometer is used to acquire an’x-ray spectrum,
the digitised spectrum effectively consists of a number of independent channels that
each record counts for a small range of energies. To obtain peak intensities, the

spectrum is processed mathematically to remove background and correct for any peak

‘overlap. Each channel count in the original spectrum is subject to Poisson counting

statistics and this will cause variation in the derived peak areas.

The' physical theory for x-ray generation in layered specimens shows that a
change in any one composition or thickness value will in general affect several of the
observed x-ray intensities. Conversely, a change in one measured elemental intensity
can influence several of the fitted parameters. In some situations, it is possible that
some random perturbation of measured intensities together with the particular set of

starting guesses for the fitted parameters will cause the program to sometimes succeed

“and sometimes fail to converge to a solution. In a quality control application where

repeat measurements are taken to ensure thicknesses and/or compositions are within
agreed tolerances, it is critical to ensure such failures are rare.

Even if convergence is always achieved, because of statistical variation each
new set of measurements on the same specimen will give rise to a different set of
results for thicknesses and composition. Using longer x-ray measurement times will in
general reduce the fluctuation in measured k-ratios and this will in turn reduce the
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variation in thickness and composition estimatesobtain.ed by iteration. However,
because of the complicated and mathematically non-linear nature of the problem, itis
not possible to formulate equations to predict what preéision can be achieved in the
measured thicknesses or compositions.

A standard method to obtain estimates of febi'oducibility for such non-linear
problems is to use Monte Carlo simulation (see “Numerical Recipes in C”, Second
Edition, W.H.Press et al, Cambridge University Press 1999, p689). In this method, a set
of results is first obtained from a set of input data. A set of random numbers
representing the appropriate statistical distribution is added as a perturbation to the
input data and the results found by iterative solution. These results will be slightly
different from the results without the pérturbations and the differences are recorded.
This process is repeatéd many times with new sets of random numbers and the
changing output resuits can be used to calculéte the standard deviation for each result
value as a consequence of counting statistics affecting the input data. For example, this
sensitivity analysis approach has been used in the specialised field of x-ray
fluorescence analysis where x-rays from an x-ray tube are used to excite an x-ray
spectrum from the specimen (US 6118844). In US 6118844 individual channel counts
in the uncorrected x-ray data are subjected to counting statistic perturbations to predict

the effect, after corrections for peak overlap, on the uncertainty in calculated layer

thlckness by the fluorescence method. _

Inthe practical situation of a materials analyst being presented with a new type
of thin film sample to be studied, experimental spectra usually have to be acquired from
a similar but known sample to flnd the observed x-ray intensities from the various

elements. Further expenments are usually then reqwred to decide on the best set of
measurement conditions, the element series to be measured, the fixed and variable
parameters and the starting values. Thus it will be appreciated that the procedure to
establish the feasibility of the electron beam analysis approach can be extremely time
consuming and expénsive. Furthermore, it requires considerable knowledge on the part
of the operator There is therefore a desire to improve upon these known methods of

determining the feasibility of performing electron beam x-ray analysis.

Summary of the Invention

In accordance with the invention we provide a method of determining the
feasibility of a proposed structure analysis process, said process comprising electron
beam excitation of x-rays from a multi-layered structure, the method comprising:-
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i) generating predicted x-ray data representing the x-ray excitation response of
the multi-layered structure according to one or more sets of process conditions, using
structure data defining the structure and composition of the layers; A

ii) analysing the effect upon the x-ray data of changes to the structure data in
accordanée with one or more predetermined feasibility critefia, $0 as fo determine the
feasibility of performing the 'proposed structure analysis process upon the multi-layered
structure. ' . ' '

The invention can therefore be thought of as providing a simulatidn tool for
determining whether a given multi-layer structure is “soluble” (for example in terms of-
determining the composition and/or thickness of each layer) by using an analysis
technique based upon electron beam excitation of x-rays and to find the best conditions
for that analysis. Typically such a multi-layered structure comprises at least one thin
layer located upon a substrate. In principle a'substrate is not required although normaily
this will be present. The invention may therefore be utilised in optimising the conditions
for performing the analysis process and/or for determining the attainable precision or
reproducibility in the “fitted” parameters estimated by this method.

Some layer variables will be known and fixed whereas some will be unknown
and to be determined. In general it is impossible to guarantee that the iterative solution
of equation 1 is possible for any specimen and for any selection of starting values for
the unknown variables. However, if typical values are provided for the unknowns, then
this provides enough information to define a‘hypoth‘e'tical specimen structure that is

'typical of what is to be analysed. It is then possible to determine if the problem can be

solved reliably with good starting guesses for the unknown variables. If the problem
cannot be solved even with good starting guesses, then it cannot be solved in general
and new set of process conditions needs to be selected.

Typically the x-ray data are generated using a predictor model as a function of
the elemental composition and layer thickness of each layer in the multi-layered
structure. Thus the predictor model may be used to generate x-ray data representing the
characteristic x-ray intensity response for a particular element within the multi-layered
structure. X-ray data for the structure as a whole can therefore be built up in this way by
calculating the characteristic x-ray intensity response for each element. Thus, the
predictor mode! (“thin film model”) can always predict k-ratios in the 'fonNard’ direction
as shown by equation 1 provided thicknesses and concentrations (“layer variables”) are
defined for all layers. ‘

In one method, in step (i) the structure data is defined as nominal structure data

in terms of compositions and layer thicknesses for each layer, the nominal structure
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data producing corresponding nominal x-ray data and whefein, in step (ji), the x-ray data
is modified and input, together with the nominal structure data, into a structure solver
adapted to iteratively change the composition and thickness of each layer of the multi-

layer structure to see the effect on the predicted x-ray data and find values that match

the input x-ray data énd thus produce output structure data that is consistent with the
input x-ray‘data. As will be appreciated, in each of the methods described herein, the
structure solver preferably applies equation 1 in search of a solution.

Preferably the effects of modifications to the x-ray data are then analysed by
comparing the output structure data with the nominal structure data in accordance with

a feasibility criterion. For example, the feasibility criterion is met if, for every modification

- to the input x-ray data, the structure solver produées a unique set of output structure

data having corresponding x-ray data that is substantially identical to the nominal x-ray
data. By way of further explanaiion of this method, if x-ray data as k-ratios are provided
as inputs to the iterative procedure and the starting values for the unknowns are set to
the values corresponding to the hypotheticél specimen, then equation 1 will predict k-
ratios identical to the starting values and the iteration will converge immediately. If just
one of the k-ratios, K;, is incremented by a smalil amount (say 1% ) and the other k-

ratios are unchanged, then when the iterative solution is attempted, the k-ratios will

agree with equation 1 except for K;. Provided the change in K| is sufficiently large, then

the test for convergence will fail and the iterative procedure will have to perform an .
iteration and make an adjustment to the unknown values. This will change the prediction
of k-ratios and may lead to further iterations. If the iterations fail to converge, then the
problem is clearly unstable. However, if they do converge to a solution, then the change -
delta-T; from the ideal starting value for each unknown layer variable T; for a known
change delta-K; in the jth k-ratio is recorded as dT/dK;. This procedure is repeated for
different K;. If convergence is achieved for all K; then this suggests that the computer
program embodying the method can deal with this problem.

If an estimate of the standard deviation, o;, in the méasured K;is available, and
the statistical fluctuations in all K; are independent, then the variance, V;, in the
calculated layer variable T; can be estimated as
the sum df ( (dTi/dKj)z. 012) for all j. Furthermore, systematic errors can occur in
measured K;. For example, if the beam current increases during the acquisition of ah X-
ray spectrum, then all K; derived from this spectrum will be increased in the same
proportion. If an estimate of the systematic error, e;, in the measure K| is available, then
the error in the calculated variable T; can be estimated

as the sum of ((dTi/dK)). ) for all j. A figure of merit can be computed for each source
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of error. For example, in the case of statistical errors, the maximum relative standard
deviation in T;, that is square root of (V;/ T{?), gives the "worst case” relative error and

alow value for this figure of merit would be desirable. Alternatively, the average relative -

error for a‘II T; or the relative error for a specific layer variable can be chosen for the
figure of merit. Similér figures of merit can be computed for_ errors due to systematic
causes such as beam current variation.

Thus, if a typical specimen structure can be defined, then for. one set of
experimental conditions, in particular the beam energy, the possibility of sélving the
problem can be tested and one or more figures of merit can be computed to measure -
the effect of various potential sources of error on the results. If this procedure is
repeated at several candidate experimental conditons, then the best set of conditions
can be found that minimises the effect of one or more sources of errbr. If one source of
error is likely to dominate, then the conditions that minimise the figure of merit for that
error source is appropriate. Alternatively, if realistic values for, o and e; are available,
then some combination. of the related figures of merit can be used, such as the.
maximum of both figures of merit, to find the experimental conditions that are optimal.

In an alternative approach, modifications of the structure data which are input
into the structure solver can be made to determine the feasibility. In this case, in step (i)
the structure data is defined as nominal structure data comprising compositions and
layer thicknesses for each layer, the nominal structure data producing corresponding
nominal x-ray data and wherein, in step (ii), thé structure data is modified and input as

, >starting guesses, together with the nominal x-ray data, into a structure solver adapted to

iteratively calculate the composition and thickness of each layer of the multi-layer
structure as output structure data using these starting guesses. The structure solver

‘may therefore calculate x-ray data for the modified structure data and compare the -

modified x-ray data with the nominal x-ray data. Preferably the effects of the
modification to the structure data are analysed by comparing thé x-ray data generated
for the modifications in the structure data with the nominal x-ray data and comparing the
results of the tcomparison with a feasibility criterion. The feasibility criterion may be
deemed met if a unique set of output structure data is found which produces
corresponding predicted x-ray data that is substantially identical to the nominal x-ray
data and is substantially independent of the modifications applied to the structure data.

_In another alternative method, a Monte Carlo method is used wherein changes
to nominal x-ray data generated from nominal structure data are produced by applying
statistical distributions to the nominal x-ray data so as to produce a plurality of sets of x-

ray data having a collective statistical distribution equivalent to that expected from
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performing the x-ray excitation experimentally. Thus in step (i), each set of x-ray data
may be entered, together with the nominal structure data into an iterative structure
solver for generating output structure data. In this case the process may be deemed
feasible if, for every modification to the x-ray data the structure solver produces a unique
set of output structure data having corresponding i—ray data that is substantially
identical to the nominal x-ray data. Therefore, rather than consider the effect of small
changes in each K| individually, itis possible to use a “Monte Carlo” approach where the
expected standard deviations o; are used to generate a randomised set of K that are t
then used as input to the iterative procedure. If the iterative procedure converges on a
solution, it will find values for the unknown layer variables that will be slightly different

- from the typical values used in equation 1. By repeating this procedure many times with

fresh sets of random numbers, the iterative procedure will be tested many times and the -
standard deviation in the determined layer variables can be calculated from the many
sets of results that effectively simulate many real experiments.

In this procedure, it is not necessary to calculate dTi/dK; but does require much
more computation to obtain estimates of the variations in determined layer variables.
Sources of variation such as beam current can be incorporated by using another
random number to calculate the scale factor to apply to all k-ratios obtained from a
particular spectrum. If at any time, the iterative procedure fails to converge, then this
particular set of conditions (e.g. beam energy) is clearly unsuitable for analysis and a
new set of conditions should be investigated immediately. ‘

Another alternative method of performing the invention comprises in step (i)
generatmg one or more sets of predicted spectral data each set representing the x-ray
excitation response of the structure according to a respectlve one of the said process
conditions and x-ray data are derived from the predicted spectral data wherein step (ii)
comprises calculating output structure data for each set of process conditions, using x-
ray data derived from each generated set of spectral data and nominal structure data.
This method preferably uses a predictor model to generate numerous sets of spectral
data for analysis by a structure solver. |

In practice, the standard deviation in measured k-ratios will depend on the
process conditions and can be calculated from physical theory for the typical specimen
structure under consideration. Where k-ratios are determined from spectral data, the
spectral data can be predicted according to a set of process conditions. Besides
electron beam energy, such process conditions may include data concerning the type of
physical apparatus used and the experimental conditions used, such as for example the
acquisition time used for obtaining the spectral data. Examples of information used to
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predict the spectral data include the incident beam keV, the beam current, the solid
angle for collection of x-rays, the take-off-angle for the erhergent x-rays, the tilt of the
specimen surface and spectrometer adjustable parameters (such as resolution and -
acquisition time). ltis also neces'sary in this case to specify the particular elements and
line series for which the speétral data are to be generated. ‘

The form that the sbectral data takes is also dependent upon the technique used
to génerate the spectral data.. Typically it will depend upon the format required as an
input for the calculations. The spectrai data may therefore comprise bredictéd X-ray
intensity data for example in the form of k-ratios as described earlier. In order to
generate such k-ratios the method preferably further comprises generating elemental
spectral data for pure elements and using the elemental spectral data in the generation
of the x-ray data. Typically this involves dividing the “structure” x-ray data values by the
elemental x-ray data values. = '

The “feasibility” of the structure analysis process is not limited to mean whether
or not it is possible for the ahalysis process to arrive at the fitted parameters at all, but
also in the sense of whether the fitted parameters arrived at have a éufﬁcient level of
reproducibility or accuracy. In making a feasibility determination it is therefore important
to model the x-ray emission from the multi-layered structure to a sufficient level of
accuracy. Real life x-ray excitation involves the probabilistic effects of counting
statistics. Preferably therefore, for each data set (according to the conditions selected),
the method further comprises running‘ the itérative solution procedure a number of

times, so as to simulate the effects of Poisson counting statistics within each data set by A

adding random numbers to the spectral data. This effectively simulates the effect of
performing a practical analysis experiment a number of times.

Another technique that can be used to take the counting statistics into account is
to perform calculations so as to predict the statistical distribution of x-ray peak areas
due to Poisson counting statistics and then to épply the statistical distribution to the
spectral data. For example, the effective o; for each k-ratio can be calculated and used
in the Monte Carlo approach described above, rather than simulating many spectra with
counting statistics and processing each one to obtain a peak area.

Since there are often fluctuations in the electron beam intensity generated by
practical electron beam generation apparatus, this can be taken into account by
performing the method with different sets of processing conditions representing the
electron beam intensity fluctuations. This can be effected for example by applying a
probabilistic distribution to a nominal electron beam intensity for each simulated
spectrum. This can also be achieved by adding the relative variance due to beam
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current fluctuations in quadrature with the relative variance due to counting statistics (as
described later). ' ‘

In some cases it may also be recognised that there are systematic errors within
the proceséing of spectral data obtained from practical apparatus. The present
invention can also be used to monitor the effects of such errors by modelling such
systematiclerrors into the spectral data. ~ The iterative solution procedure may be
repeated a number of times in investigating the effects of these systematic errors in the
spectrum processing upon the fitted parameters. This can.also be achieved by adding
the potential relative variance due to spectrum pfocessing errors in quadrature with the
relative variance due to counting statistics.

The results of of the iterative solution procedure are typically a value for each
fitted parameter. Such a value is normally a numerical value althoughiit could also be a
selection of particular data from a group of data. For example such data might
represent further information about the type of multi-layered structure. Typically each
fitted parameter is a composition (such as the amount of a particular element) or a layer
thickness. When multiple fitted parameters are to be determined for a specimen, they
may comprise different ‘types” of parameters, such as a mixture of composition and
thickness parameters.

Whilst various parameters may be modified in the generation of the spectral data

‘such as the process conditions, electron beam energies and so on, it will be appreciated

that the program that drives the iterative solution procedure typically also includes a
number of parameters which may be selected and‘ thereby influence the feasibility of
performing the analysis process. For example the “fitted” parameters which are to be
deférna-ined may begin as undefined values in some calculation models. However, in
certain types of model, such as iterative models as an example, typically starting values
are provided for the “fitted” parameters and these are modified as the calculation
proceeds so as to converge upon a single solution for each fitted parameter. The
structure parameters used may likewise be modified. Typically the structure parameters
define certain aspects of the multilayered structure, including information that is known-
about certain layers, for example the number of layers, the thickness of particular layers,
the partial or total composition of particular layers and so on: The iterative solution
procedure may therefore be repeated a number of times for each set whilst varying the
structure parameters used in the calculation.

The analysis typically fuﬁher comprises calculating a statistical distribution of the
output fitted parameters. This analysis may be performed for the data within each set

(for example where numerous spectra are produced due to counting statistics), for
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results due to the different starting parameters or for sets (due to the different
experimental conditions selected for each set), or indeed a combination of ohe or more
of these. ’ A

Typically the method further comprises calculating a standard deviation for each
estimated fitted parameter as a measure of achievable precision for the analysis
process. This is advantageous since one goal of the method in a practical
implementation is to achieve a predetermined level of precision for a predetermined
total measurement time. -

Whilst the invention is limited to x-ray excitation using electron beams, the
invention does include proposed structure analysis processes in terms of energy
dispersive apparatus (EDS) and wavelength dispersive apparatus (WDS). Each of these
may be ¢considered as spectral data. .

‘Since the purpose of the invention is ‘to determine the feasibility of a proposed
analysis process, the proposed process will not be feasible to use if the calculations are
unable to produce meaningful results for the fitted parameters. This will be the case if
the method is unable to produce single solutions for the fitted parameters. The data
(such as parameters and conditions data) which cause such failures are typically
recorded for later analysis. Where there is a failure to produce single solutions, the
method preferably further comprises selecting new conditions and repeating the method
using spectral data generated according to the new conditions. The method therefore :
explores other conditions which may produce meaningful resplts for the fitted
parameters. ‘

The invention therefore allows the feasibility of a proposed structure analysis
process to ‘be investigated without the need for expensive and lengthy practical
investigations. This is extremely useful in commercial structure analysis processes, for
example where products are produced containing multi-layered structures and
automatic electron beam x-ray excitation analysis apparatus is provided for quality
control purposes. The invention therefore allows the feasibilify of a particular process to

be investigated, this process having certain associated conditions and parameters, for

- all likely variations in the products (multi-layered structures) to be analysed. If a certain

proposed analysis process having an associated set of conditions and parameters is
deemed unable to converge upon a solution, then the modification of the conditions
and/or parameters according to the method can allow a different proposed analysis
process to be selected. If the desired precision cannot be achieved under any
conditions, this will save wasted time and allow alternative characterisation methods to
be sought. ‘
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We have further realised that it is possible to perform the method of the
invention by considering whether it is mathematically possible to find unique values of
the unknown parameters. Even ifitis possibié in theory, the particular iterative solution
procedure used to implement the method may not succeed although this does provide
an incentive to impfove the iterative solution procedure.

As mentioned earlier, step (ii) may comprise analysing the response of the
predictor model to small changes in the layer thickness and/or composition within the
structure data. The behaviour of the predictor model may be analysed as an
approximated series expansion for changes from the nominal values. For example the
behaviour of the predictor model may be represented as a matrix equation, wherein x-
ray data output from the predictor are represented as a vector of M values, wherein
unknown layer thicknesses and/or compositions are represented as a vector of N -
variables, and wherein the partial derivatives relating the outputs to.the layer
thicknesses or compositions are represented asan M by N dimensidn Jacobian matrix.
An analysis may therefore be performed to find if there is always a unique combination
of small changes to unknown layer thicknesses and concentrations that can produce an
arbitrary set of changes to the nominal x-ray data. One particular approach is that of
singular value decomposition ( SVD). Using such a technique the method may further
comprise calculating the condition number representing the degree of solubility of the
matrix equation for the layer thicknesses or compoéitions. This condition number may.
be compared with a threshold so as to comprise a feasibility criterion.

By way of further explanation, there are many methods of finding solutions to
sets of non-linear equations and many variants of iterative solution procedures. Some -
algorithms may converge successfully whereas other algorithms may fail, even though
identical equations are used like equation 1 to predict x-ray intensities Out of all these
algorithms, the best possible algorithm will only be able to find a unique solution if there
is an appropriate relationship between the measured k-ratios and the layer variables to
be determined. If the best possible iterative algorithm is used and equation 1 gives
accurate intensities with the correct specimen description, then ifthe iterative solution is
ever going to be successful the iterative procedure must still be effective when the
current estimates of unknown layer variables T; are very close to the true values TO:. In
this neighbourhood equation 1 can be linearized by considering small differences; that
is, using a first order Taylor series expansion, the diffefences (ki - kO; ) are linear
combinations of the small differences (T: - TO; ) where kOi are the measured k-ratios
corresponding to the correct layer variables T0; and k; are the predicted k-ratios for T;

from equation 1. Thus, the iterative procedure has to work out what combination of



WO 2007/132243 PCT/GB2007/001803

10

16

20

25

30

35

13

changes in T; are necessary to produce the change fromkjto the give the measured KO;
. The effect of small changes can be determined by repetifive forward calculations using
equation 1. If all the layer variables are initially set to their correct values, then the k0.
can be computed. If one of the Iéyer variables is altered by a small amount then running
the forward calculation ag_ain will show what small chang‘es(, delta-k;. , are produced in A
each of the calculated k-ratios (i.e. delta-k; = k; — k0, ), If none of the k-ratios change
substantially, then there is clearly no oppbrtunity for determining the particular layer .
variable by it's effect on k-ratios. If at least some of the k-ratios ch‘ange, then the
change in the layer variable produces a “fingerprint” of changes delta-k; for each k-ratio.
If this fingerprint happens to coincide with the fingerprint for one of the other layer

“variables then the changes in k-ratios produced by a positive change in one variable

could be cancelled out by a suitable negative change in the other variable. In that case, -
there are an infinite number of combinations of values for these two variables that could
explain the observed k-ratios and therefore there would be no way of deciding the
correct values for these vafiables. The case where two “fingerprints” are similar is a
simple example. In general, if it is possible to add up two or more linear combinations of
fingerprints to produce a zero result. then the corresponding layer variable values
cannot be uniquely determined. Thus, by using the forward calculation to explorethe
small neighbourhood of the ideal solution, it is possible to determine if there is no
possibility of solution of the inverse problem.

In the case where the problem is soluble, then in the neighbourhood of the

" correct solution it is possible to find a combination of fingerprints for each layer variable ‘

that matches the observed delta-ki. For example, this could be achieved by least
squares fitting in which case the necessary changes in layer variables to take them to
the correct values can be calculated as a linear sums of delta-k; . In a real experiment,
the measured k; will be subject to a number of measurement errors and these linear
sums can be used to determine the effect of these errors on the determined layer
variables. For example, if there are random errors ink;, such as statistical fluctuations,
the quadrature sum used in standard “propagation of errors” can be used whereas if
there are systematic changes such as that produced by a change in beam current for
example, the straightforward linear combination can be used to predict the effect on
determined Iayér variables.

If this type of analysis is repeated for many analytical conditions, such as beam
voltage, it is possible to discover all conditions where the problem is insoluble and for

those conditions where it is soluble, establish to what extent errors in the measured k-
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ratios influence the accuracy and reproducibility of determined values for unknown layer
variables. o ‘
If no conditions are found where the problem is “mathematically” soluble, then

.any iterative solution procedure will not be able to find a unique solution. When

mathematical solution is found to be feasible and a set of optimum conditions are found,
then the real iterative procedure can be tested for these optimum conditions by first
simulating k-ratios from equation 1 for the correct speci‘men structure and then checking
that, with these k-ratios as input, the procedure converges to the correct values TG '
using starting guesses that are all different from T0; . If convergence is not achieved,
then this shows that there is room to improve the iteration solution procedure so that it

- can address the current analytical problem eﬁ"ectively. :

There are therefore a number of different techniques that can be used to assess
the feasibility of a proposed structure analysie process and it will also be appreciated
that the use of mathematical techniques such as those described in relation to the
series expansion for example may be used as an initial feasibility check after which a
more detailed explanation procedure according to one of the other techniques may be
used. t

In most cases it is envisaged that the steps of the method (using appropriate
models) will be performed upon a computer by the method being embodied within

‘computer software (“computer-implemented”). Some such models will require powerful

computers, particularly Monte Carlo techniques, in order to produce results with
sufficient speed. Whilst the method may be performed upon a single computer such as
that of an x-ray analysis system, i;( will be appreciated that different parts of the method
could be performed upon different computere either independent of one another or,

- more preferably, linked over a network such as the lnternet.

Brief Description of the Drawings

Some examples of methods according to the invention are now described, with
reference to the accompanying drawings, in which:-

Figure 1 shows the penetration ‘of an electron beam into a multilayered sample;

Figure 2 shows the penetration of an electron beam having a lower beam energy
than in Figure 1; - ‘

Figure 3 is a schematie illustration of apparatus for performing a proposed
structure analysis process;

Figure 4 is a flow diagram illustrating a first example method according to the
invention; and, ‘ '
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Figure 5 is a flow diagram illustrating a second example method according to the
invention. ‘

Descriptibn of Embodinﬁents

A general overview is firstly provided according to one embodiment in terms of
how the invention can advantageously provide a simulated experimental environment
for exploring the capabilities of thin film software to solve a particular analysis problem. .

A software model is used to generate x-ray spectral data for a proposed sample and the

data are analysed by “thin film analysis” software in order to determine whether the:

software is capable of deducing the structure of the sample by fitting certain “unknown”
parameters.

Firstly a proposed sample is defined, this having the multi-layered structure in
the form of a thin film deposited upon a substrate. The specification for the sample is
provided in terms of the approximate elemental composition, namely a composition
typical of the sample to be analysed. This will in general be approximately the same as.
one of the unknowns that may be eventually analyééd forreal. The propoéed sampleis -
also defined in terms of the substrate and layers and the thicknesses of these layers. A
first set of conditions is chosen, such as an electron beam energy, together with a beam
current, x-ray detector parameters and an acquisition time. A typical x-ray spectrum that
would be obtained from such a sample is then calculated from theory taking account of
the characteristics of the x-ray detector and includihg suitable random number additions
to simulate the effect of x-ray counting statistics. Further x-ray specfra are synthesised
for other conditions, namely each incident beam voltage and measurement condition

that is expebted to be necessary. The synthesised x-ray spectra are then processed

mathematically using the same algorithms that would be used on real spectra. These
algorithms are typically used to subtract bremsstrahlung background and deal with the
effects of spectral peak overlap to obtain a set of peak areas in counts and hence the
peak intensities in counts per second. In addition the expécted statistical standard
deviation for each peak intensity may be calculated. The peak intensities are then
converted into data suitable for input to the thin film analysis software progrém. This
typically involves dividing the intensity by the value that would be obtained from a semi-
infinite flat sample of pure element under the same excitation conditions. The pure
element intensity is also determined by spectrum synthesis and the ratio is typically
termed the “k-ratio” for that elemental line. Thus the “spectral data” are generated

which represent that which would be generated by a sample in a real experiment.
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The thin film analysis software for performinglthe calculation is then configured

by selecting which elemental lines are to be used, which parameters of the real prob|en;|

are unknown (that is thicknesses and/or‘compositioh Values), which parameters are

“known andAtypical starting “guesses” are used for the unknown parameters to be fitted.

The theoretical k-ratios for one set of conditions are then supplied as input data to the
thin film analysis software which is then run in an attempt to find a solution by iteration
that is consistent with the input k-ratios. If convergence is not achieved, different sets of
conditions are tried and corresponding spectra synthesised to find a configuration that
works. When convergence is achieved, the results for each estimated thickness and
composition value are recorded. ’

A new set of theoretical k-ratios are then obtained. This can be achieved by
repeating the whole spectrum synthesns procedure for each condition using a different
set of random numbers to provide the effects of x-ray counting statlstlcs Alternatlvely,
the calculated standard deviations for derived peak intensities can be used to generate
suitable Gaussian-distributed random numbers that are used to perturb each k-ratio by
a random amount consistent with the expected standard deviation of the corresponding
peak intensity. Again, the set of k-ratios are used as input data to the thin film analysis
software and the results for each estimated thickness and composition are recorded.
This process effectively mimics a second experiment'on the sample and the results will

"in general be different from the first experiment. By repeating the process many times

(typically more than 100 times) the recorded results for each experiment show the
variation in results that would be expected in practice when similar conditions are used.
The mean and standard deviation for the results for the same parameter can then be -
calculated and provide an estimate of the precision that can be attained using a
particular set of beam voltages and acquisition condltlons

By running many simulations, it is possible to check whether a quality control
procedure could fail occasionally. If so, the configuration is modified until convergence
is assured. With a fast computer, trial and error modification of the configuration is
achieved more simply and faster than by doing live experiments on an instrument.
Furthermore, the conditions can be optimised to find that set which gives the best t
precision on the results that can be achieved for a given total analysis time.

Potential measurement inaccuracy can also be taken into account in the
simulation. For example, besides the variation due to x-ray counting statistics, the peak
intensities may fluctuate from eiperiment to experiment because of variations in incident

electron beam current. The likely percentage fluctuation in beam current can be added
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in quadrature to the fluctuation due to counting statistics to realistically represent these
random excursions.

Systematic inaccuracies may be expected from spectrum processing (seefor -
example, “_imitations to accuracy in extracting characteristic line intensities from x-ray
spectra”, P.J.Statham, J. Res. Natl. Inst. Stand. Technol. 107, 531-546 (2002) ). X-ray
spectrometers can often be calibrated to minimise these inaccuracies and for a given
spectfometer and analysis problem it is often possible to estimate the worst case |
systematic error that could occur on a given peak area estimated by ‘spectrum
processing. If this error value is used in place of the estimated statistical standard
deviation in the above procedure to randomly perturb the input k-ratio, the spread in
results gives an estimate of the inaccuracies in determined thicknesses and
concentrations that could result from errors in spectrum processing.

The invention thus provides a test bed for exploration to find a feasible set of
conditions to use for real samples and gives a method for estimating the precision or
reproducibiltiy of results caused by counting statistics and likely causes of fluctuation
such as beam current. Furthermore, the test bed provides a method fdr estimating the
likely consequences of inaccuracies involved in spectrum processing. Inaccuracies in
the theoretical calculations within the thin film analysis software may still give systematic
errors in the estimated thicknesses and concentrations. These systematic errors can
usually be minimised by performing relative measurements using standards with known
parameters.

An overview of a physical system 1 for performing a priof ari structure analysis
process of multi-layer samples (such as thin films) is shown in Figure 3. The system

" comprises a scanning electron microscope (SEM) 2 having an x-ray analysis system 3,

this being an INCA Energy x-ray analysis system (manufactured by Oxford Instruments

"Analytical Limited). The SEM has a chamber 4 containing a specimen holder 5 which

can be tilted. An incident beam of electrons is emitted by an electron gun 6, this being
focused upon a specimen 10 held within the specimen holder. Characteristic x-rays that
are emitted as a result of the electron beam are detected by a detector 11 forming part
of the x-ray analysis system 3. The SEM 2 includes a control computer 15 updn which
software is executed to control the operation of the system 1. This computer can control
the kV used to accelerate electrons from the electron gun 6 and thus alter the energy for
the focused electron beam striking the specimen. To analyse the specimen 10, an
electron beam energy and beam current is selected and an x-ray spectrum is acquired
for a chosen acquisition time. Element peak intensities are obtained from the spectrum

using a suitable method (for example "Deconvolution and background subtraction by
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least squareé fitting with prefiltering of spectra”, P J Statham, Anal. Chem. 49, 2149-
2154, 1977 incorporated herein by reference). While the experimental conditions are
stable, a known standard is moved under the beam into the same position occupied by

the specimén 10 and a reference x-ray spectrum is obtained from the standard. The

spectrum from the standard measurement is used to obtain the peak intensities that
would be obtained from a flat sample of bulk pure element for eéch of the elements in
the specimen to be analysed. Either a series of pure element or compound standards
can be used, or a single standard can be used and the corresponding intensities worked
out by applying calculated scaling factors to the appropriate standard measurement
(see for example the operating manual for the thin film program "Stratagem" sold by
SAMX, France). If necessary, the specimen and standard measurements are repeated
at more incident beam energies.

A thin film analysis program (for example, “Stratagem” sold by‘SAMx, France)is
then used to calculate the thicknesses and compositions of the various layers. To do
this, the number of layers must be defined and any available information on substrate
composition and composition of fhe various layers is supplied. Any unknown
thicknesses and compositions will be determined by the program using the measured k-
ratios for the elements involved at one or more beam energies. The k-ratio for each
measured element is calculated and supplied as input to the thin film program which

‘then attempts to find best fit parameters to the model by iteration. If the thin film program

fails to converge, an error warning is given. Otherwise, the program gives a set of
estimates for thicknesses and compositions for all the unknowns in the sample.

It will be appréciated that the above analysis process involves considerable
experimental procedures which are costly particularly in terms of the time spent in
detérmining whether a particular set of process conditions and parameters are feasible
to use under all expected circumstances. t

An example method of the invention is now described. In the invention, the SEM
is not required and the method is used to discover and validate a preferred proposed
method for analysis that can be used afterwards on the SEM with a real specimen.

Referring now to Figure 4, the method begins at step 100 in which the structure '
of the multi-layered sample is defined in terms of parametefs for use in the x-ray
excitation model. Typical parameters include the number of layers, the thickness and
density of each layer, the concentrations of each element in each layer and the
concentrations in the substrate.‘

Then further details for each x-ray spebtrum acquisition are defined at step 105,

these relating to the experimental conditions. For example these include the incident
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beam energy for electrons (SEM kV), beam current, geometry of the sample (particularly
take-off-angle for detected x-rays), total acquisition-time and detector solid angle for
collection of x-rays. One or more of different conditions are specified up to atotal of NC, -
using these parameters. ' .

Next a thin film program (the model for caléulating the unknown fitted
parameters), this being “Stratagem” in this example, is initialised according to the prior
knoWledge available (step 110). For each element present, a choice is made of which
emission series to use for measurement (K, L or M). Where element 'cohcentrations or
thicknesses and densities are known, these can be fixed so they do not change in the
iterative solution process. Some elements may be combined in fixed proportions with
others and these relationships can be used to enforce conditions that help the program
fo find a solution. For each condition where x-rays are recorded, a choice is made of
which element series to measure to find k-ratios. Finally, “guesses” are assigned as
starting parameters for the unknown thicknesses and concentrations that are to be
estimated (fitted). To be a realistic test of what would happen with a real specirﬁen,
these starting parameters should be generic choices rather than exactly the same as for
the typical specimen being simulated.

Note that the choice of a suitable set of conditions and the initialisation of the
thin film program may be left to the skill of the operator. Alternatively, a computer
algorithm could be used to make a suitable choice taking into account the physics of

electron beam scattering and x-ray generation, the structure of the sample and the

A ‘number of unknowns to be determined.

In step 115 a suitable prediction model is used to calculate the predicted x-ray

spectrum data that would be obtained from flat homogeneous bulk samples of pure
elements for the NC specified conditions. For electron beam excitation of a

homogeneous bulk sample an accurate theoretical model has been achieved (see

"Improved X-ray Spectrum Simulation for Electron Microp'robe Analysis", Peter
Duncumb, lan R. Barkshire, Peter J. Statham, Microsc. Microanal. 7, 341-355, 2001).
The method described in the abovementioned paper (which is incorporated herein by
reference) is applied in this example. This model calculates the emitted spectral
intensity and takes account of the efficiency of the detection sys’tem used to record the
spectrum. Thus, the intensities for the selected emission series for pure bulk elements
at the specified conditions are determined. In practice, the pure element intensities will
be greater than those for the same elements in the multilayer specimen and longer

acquisition times can be used for the reference pure element data so any statistical
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effects on the pure element measurements can be made négligible relative to those that
effect the measurements of the specimen. ‘ '

At step 120 a model is used to calculated the predicted x-ray spectrum data that
would be obtained from the multilayer specimen for the NC specified conditions. The
model used for prediction of bulk samples can be combined with existing models to
predict intensity for multilayers on substrates (for example "Quantitative analysis of
hbmogeneous or stratified microvolumes applying the model “PAP”.", Pouchou, J.L. &
Pichoir, F. (1991) In: Electron Probe Quantitation, Heinrich, K.F.J. & Newbury, D.E.
(eds), Plenum Press, New York, 31 - 75 incorpbrafed herein by reference).

In the present example, a hypothetical bulk safnple‘ spectrum is synthesised
using the above theoretical model for bulk samples (ifnplemented in the "INCA Energy"
product, Oxford Instruments Analytical Limited). The element concentrations and beam
current for this hypothetical spectrum are adjusted iteratively until the peak areas inthe
synthesised spectrum give the same k-ratios that are predicted by the thin film program
"Stratagem" relative to pure element spectrak taken at the specified beam current. Since,
fora particular element both bremsstrahlung background intensity and peak intensity is-
approximately proportional to elemental concentration and film thickness, a simulated
bulk spectrum with the same peak areas as a real spectrum will also exhibit a
bremsstrahlung background that is similar to that which would be achieved in the real
spectrum froma multi—layerrspecimen. This similarity ensures that statistical counting
effects on the precision of background subtraction will be adequately modelled. Spectra
are synthesised in this way for all NC conditions at step 120.

Each channel count in a real x-ray spectrum is subject to Poisson counting
siét_isticsi In the present example such Poisson counting statistics are modelled by the
use of computer generated random numbers.. An uncorrelated sequence of numbers is
thereby generated and added to all the channels in each of the NC spectra (step 125).

Each spectrum is then processed at step 130 to remove background and correct
for peak overlaps (a suitable technique is described in "Deconvolution and background
subtraction by least squares fitting with prefiltering of spectra”, P J Statham, Anal.
Chem. 49, 2149-2154, 1977, incorporated herein by reference) to find the peak areas ‘
for the required element line series.

K-ratios are required for input to the "Stratagem” thin film program. The k-ratios
are calculated by ratioing the calculated intensities with respect to those for the pure
elements (step 135). |

The thin film program is then executed using the input k-ratios to see if it can find

a solution by iteration for all the unknown parameters (step 140) for each of the NC
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conditions. [f it fails to converge, then a warning is given and the operator can select a
new set of conditions and initialisation for the thin film (return to step105).

_ If the iterations do converge, the results are saved (step 145) and a riew
"instance"' is created by adding a new set of random numbers to give a new set of input
data for each of the NC conditions. This "instance" represents another real experiment
and when enough instancés have been simulated, the overall standard deviation on the
calculéted results for all the instances can be determined in the analysis step 150.

An alternative approach for simulating statistical variations, accofding to a
second example method, is shown in Figure 5. Primed reference numerals show steps
analogous with Figure 4. This involves mostly identical steps to those-in Figure 4 but
there are two major differences. Firstly, in step 125, the method described in
"Deconvolution and background subtraction by least squares fitting with prefiltering of
spectra”, P J Statham, Anal. Chem. 49, 21 49-2154, 1977 (incorporated herein by
reference), is used to predict the standard deviations for the peak areas determined by
spectrum processing. Secondly, these standard deviations are used to modu|afe a
random number generator to produce Gaussian distributed values for the k-ratios with
the expected relative standard deviation (step 135). The approach in Figure 5 reduces
the overall amount of computation and speeds up the calculation over many instances
but does require one set of complicated calculations to predict the effect of spectrum
processing on derived peak areas. The likely fractional fluctuationin beam current can
be added. in quadrature to the fluctuation in k-ratios due to counting statistics to

represent this source of systematic error. Furthermore, systematic inaccuracies

expected from spectrum processing can be estimated (see for example, “Limitations to
accuracy in extracting characteristic line intensities from x-ray spectra”, P.J.Statham, J.
Res. Natl. Inst. Stand. Technol. 107, 531-546 (2002) incorporated herein by reference).

‘These can be added as a random perturbation to the k-ratios to explore the effects of

spectrum processing errors on the results obtained by the thin film analysis program.

In the methods of either of Figures 4 or 5, if the iterations do not converge, this
means that the problem cannot be solved by “inverting” the prediction of k-ratios from
structure. It is possible that with a different set of measurements and conditions the
problem could be solved and an operator with some experience can try modifying the
configuration to see if another set of instances will be successful. It is important that the
speed of calculation is sufficiently fast to enable this “trial and error” approach to make
it interactive. Alternatively, a computer algorithm could be used to make successive

changes automatically and discover what sets of conditions assure convergence.
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Once the feasibility of solving the 'problem has been demonstrated, the
conditions, number of measurements, acquisition times for x-ray spectra and

initialisation of the thin film program can be adjusted to optimise the achievable

~ precision for a given total measurement time.

Although the implementation of the invention has been described using x-ray
spectra obtained with an energy-dispersive detection (EDS) system, this could equally
well be achieved for measurements obtained with a wavelength-dispersive detection
(WDS) system where a Bragg crystal monochromator and proportional counter detector
is used to measure intensity froma specific element emission line. The key requirement |
is a method to simulate what would be achieved under real experimental conditions
from a bulk specimen and this has already been demonstrated for WDS (for example,
“X Ray Spectra simulation for WDS : Application to Electron Microprobe automation”, C.
FOURNIER, P. F. STAUB, C. ME’RLET, O. DUGNE, Microsc.Microanal. 7 (Suppl.2),
p674 (2001 ) incorporated herein by reference). If the WDS intensity can be predicted
for a particular element emission line on a bulk specimen, then the same technique as
used for the EDS can be used to establish a hypothetical composition and a beam
current value for a bulk specimen that would give the intensities and corresponding k-
ratios that are predicted by the thin film program. In the case of WDS, the statistical
calculations are considerably simpler because the higher energy resolution lessens the

* chance of peak overlap and background corrections are often negligible. Therefore, the '

relative standard deviation on measured k-ratios can be used in an approach similar to
Figure 5. '

The thin film | program “Stratagem” uses an approximation for the depth
distribution of x-ray generation to enable a fast calculation of emitted intensities from the
vaﬁous layers. As the speed of computers is increasing, it is becoming possible to use
more explicit models for x-ray generation such as a Monte Carlo simulation of electron
scattering and ionisation (see' for example, “The use of tracer experiments and Monte
Carlo calculations in the phi(rho-z) determination fo electron probe microanalysis”,
P.Karduck and W.Rehbach, (1 991) In: Electron Probe Quantitation, Heinrich, K.F.J. &

Newbury, D.E. (eds), Plenum Press, New York, 191-217 incorporated herein by

reference). With such an explicit calculation method, the intensity can be predicted
directly for a multi-layered specimen by using suitable cross sections for characteristic
and bremsstrahlung radiation (for example see R. Gauvin and E. Lifshin (2002), "On
the Simulation of True EDS X-Ray Spectra", Microscopy & Microanalysis, Vol. 8, Supp.
2, pp. 430 — 431, 2002, incorporated herein by reference). In this case, the
spectrometer efficiency for either EDS or WDS is used to convert the calculated
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emission for a given beam current into a measured x-ray intensity. In the first instance,
the Monte Carlo simulation is run to calculate intensities for the typical sample to ﬁnd the
k-ratios. After the addition of suitable perturbations representing statistical variation, an
attempt is made to find a set of thicknesses and concentrations for the unknowns that is
consistent with the input k-ratios. Although the Monte Carlo simulation process is quite
different to the analytical dépth distribution modelling used in “Stratagem”, the method of
iteratively modifying the “guesses” for unknowns can be identical to that used in
“Stratagem”. With each new guess, the Monte Carlo simulation is run to predict the
intensities to see if they converge on a good fit to the input k-ratios.

In the above embodiments we have described a technique in which x-ray

_spectral data is generated using a model and the generated data are then inserted into

a structure solver. As we have demonstrated, if the measured k-ratios are perturbed by '
small random amounts and a solution attempted by iteration, then both the capability of
converging to a solution and the standard deviation on the determined resuit can be
established by repeated simulations. This approach requires the capability to simulate
spectra and multiple applications of the simulation in order to determine precision.

An alternative approach can be used that avoids the need to simulate spectra
and reduces the need to perform large numbers of simulations in order to test the
feasibility of the structure solver to converge for a given set of conditions. The thin film
model can aiways predict k-ratios in the 'forward' direction as shown by equation 1
provided thicknesses and concentrations (“layer variables”) are defined for all layers. If

“these k-ratios are provided as inputs to the structure solver and the starting values for

the unknowns are set to the values corresponding to the hypothetical specimen, then
equation 1 will predict k-ratios 1aentical to the starting values and the iteration will
converge immediately. If just one of the k-ratios, K, is incremented by a small amount
(say 1% ) and the other k-ratios are unchanged, then when the iterative solution is
attempted, the k-ratios will agree with equation 1 except for Kj. Provided the change in
K; is sufficiently large, then the test for convergence will fail and the iterative procedure
will have to perform an iteration and make an adjustment to the unknown values. This

" will change the prediction of k-ratios and may lead to further iterations. If the iterations

fail to converge, then the problem is clearly unstable. However, if they do converge to a
solution, then the change delta-T; from the ideal starting value for each unknown layer
variable T; for a known change delta-K; in the jth k-ratio is recorded as dTy/dK;. This
procedure is repeated for different K; . If convergence is achieved for all K; then this
suggests that the computer prdgram can deal with this problem. If an estimate of the

standard deviation, o;, in the measured K; is available, and the statistical ﬂuctuations in
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all K are indépendent, then the variance, V,, inthe calculated layer variable T; can be
estimated as the sum of ( (dT/dK)2 o) for all . Systematic errors can occur in
measured K;. For example, if the beam currenf increases during the acquisition of an x-
ray spectrum, then all K; derived from this spectrum will be increased in the same
proportion. Ifan estimate of the systematic error, e;, in the measure K; is available, then
the eror in the calculated variable T, can be estimated
as the sum of ( (dT/dK)). ) for all j. A figure of merit can be computed for each source
of error. For example, in the case of statistical errors, the maximum relative standard
deviation in T; , that is square rqot of (Vi/ T?), gives the “worst case” relative error and
a low value for this figure of merit would be desirable. Alternétively, the average relative
error for all T; or the relativé error for a specific layer variable can be chosen for the
figure of merit. Similar figures of merit can be computed for errors due to \systematic
causes such as beam current variation. -

Thus, if a typical specimen étructure can be defined, then for one set of
experimental conditions, in particular the beam energy, the possibility of solving the
probiem can be tested and one or more figures of merit can be computed to measure
the effect of various potential sources of error on the results. If this procedure is
repeated at several candidate experimental conditons, then the best set of conditions
can be found that minimises the effect of one or more sources of error. If one source of

~error is likely to dominate, then the conditions that rhinimise the figure of merit for that -

error source is appropriate. Alternatively, if realistic values for , o; and e; are available, .

then some combination of the related figures of merit can be used, such as the

maximum of both figures of merit, to find the experimental conditions that are optimal.

‘ If the fe'asibilify 6f~aéﬁiéVing convefgence by'th‘e structure solver is all that is
required, then a further method can be used. First, the true specimen structure is used
to predict a set of k-ratios from equation 1 for all the NC conditions. These k-ratios are
then used as input to the structure solver with a set of starting guesses for the unknown
layer variables, TO,, that are all slightly different from the true values. For example,
these starting guesses could all be 1% greater than the true values or differences could
be selected using a random number generator while still keeping the maximum relative '
difference to within a few %. The iterative structure solver is then started and it will
attempt to adjust the unknown layer variables so that equation 1 predicts the k-ratios
supplied as input for the NC different conditions. If convergence cannot be achieved,
or the output values for any of .the unknown layer variables are substantially different
from the true values then this shows that it is not feasible to use this particular set of NC
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conditions for the structure analysis process so a new set of conditions needs to be
tried. * |

In all the above approaches, the program that is used to find a solution by
iteration may fail because it has limitations on its iteration procedure or uses an
unsuitabie algorithm. If iteration does fail, then it is not easy for the user to decide what
is necessary to be changed in order to achieve a result. Furthermore, in order to
establish feasibility it is necessary to run the structure solver routine which involves
many iterations where at each iteration a full set of k-ratios have to be calculated by
equation 1.

A more efficient method of. establishing feasibility involves checking the
mathematical behaviour of equation 1. By performing two calculations using equation 1
using first T; and then (T,~+delta;Tj) for layer variable j, the changé delta-k; in k-ratio k; .
can be used to estimate the partial derivati\)e (6K;/8T; ) =~ delta-k/delta-T;. (If only the
unknown variables are to be determined, the beam voltage Eo and the known layer
variables will remain fixed in equatibn 1) For the M k-ratios 'and N unknown layer
variables, the MxN matrix of partial derivatives is the “Jacobian” for the model function
in equation 1 with respect to the N unknown layer variables at a point in layer variable
space. In the small neighbourhood of this point, the first order Taylor series expansion
is thus described by the matrix equation

J x(T-Ty)= K-Kp EQUATION2

where K, is the vector of k-ratios predicted by equation 1 for the particular point in layer

variable space described by the particular layer variable values Ty, J is the MxN

~ Jacobian evaluated at T, T is a vector of N layer variables, and K is the vector of M k-

ratios predicted by equation 1 for layer variables T . At each step in the iterative
procedure to solve equation 1, To will be an estimate of the unknown layer variables
and K, will be the predicted k-ratios for this estimate from equation 1. If the iterative
procedure manages to get K, close to the measured k-ratios K™ then the best estimate

of T will be given by the solutiqn of the equations shown in matrix form as
Jx(T-To)= K"=Ky ‘EQUATIONS

If M>N there are more equations than unknowns and there is no unique solution in

general. However, a “best fit” solution that minimises length of the residual vector,
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[d x(T=To)-(K"-Kp) |

~canbe found using singular value decomposition, SVD (see Numerical Recipes ). SVD

is used to factorise the MxN matrix J thus:
J=uwV'
and then the best fit solution for T is given by

T-To =[VW'UT|(K"-K,) EQUATION 4
or ‘ | :
T-T, =P x (K"=K,) : - EQUATIONS

where P is sometimes called the ‘pseudo-inverse” of J. This procedure works provided
there are at least N independent columns in the Jacobian. If there is a linear
relationship between one or more columns, that reduces the number of independent

columns. With less than N independent columns, it is no longer possible to find one

unique best fit solution so the problem becomes insoluble. Linear relationships between

- columns therefore make the matrix J “ill conditioned” ( Numerical Recipes ). If the -

elements of the diagonal matrixAW are taken in descending order, then the ratio of the
Nth largest element to the largest element will be the “inverse condition number” (ICN)
the reciprocal of the “condition number”. If ICN=0, the Jacobian is “singular” and no
solution is possible whereas with ICN=1, the matrix is perfectly conditioned. If the
problem is ill conditioned then the results will be sensitive to small errors in computation
or in the measured k-ratios. If ICN exceeds some threshold, say 0.1, then the iteration
has a chance of converging successfully. If equation 4 cannot be solved when the
iteration is close to the correct solution, then there is no way of solving equation 1 in
general. Therefore, by evaluating ICN for different values of beam voltage, itis possible
to find whether there is any beam voltage for which the problem can be solved by x-ray
analysis using k-ratios. .

The same principle can be applied if measurements of k-ratios are taken at more
than one beam energy. For each E, the partial derivatives of the measured k-ratios are
evaluated using the appropriate E; in equation 1 and added to the J matrix as additional

rows. ICN is then evaluated at each combination of beam energies to find a
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combination where the problem is soluble. A multi-dimensional search will find at what
combinations of beam energies the problem is soluble.

If there is no condition where equation 4 is soluble, then the only way to solve
the problém is to remove fhe linear relationships between columns that are causing J to
be ill conditioned. The Iayér variables involved can be identified using the SVD results
(see for example, A.K. Bandyopadhyay et al, Int. J. Numer. Model. 2005; 18:413—427).
Oncé'identified, it may bé possible to fix one or more of the unknown variables rather .
than leave them to be determined. The problem may then be mathem'atically soluble
although the solution will now depend on the values chosen for the now fixed variables;

For conditions where equation 4 is soluble, then any fluctuations in K™ will result
in fluctuations in T as determined by equation 4. When the fluctuations in each K"} are
independent normal random deviates with standard deviation o; , the standard
deviations for each layer variable T; in T is the square root of the sum of (P;2 of ).for
j$1 to M, where P; is the matrix element in the NxM matrix P. Thisis a suitable method
for finding the effect of erroré due to counting statistics in the measured k-ratios When
the fluctuations in each K™; are correlated, as for exémple when beam current fluctuates
during the measurement, then the error in T; will be the linear sum of Py. d; for j=1 to M,
where d; is the change in K"} produced by the change in beam cufrent. A similar
calculation can be done to estimate the effect of systematic errors in spectrum
processing; in this case, d; would be the error in K™} involved in estimating the area of

the peak in the x-ray spectrum. A figure of merit can be calculated for each source of

“error, for example, this could be the maximum relative error in T; or the mean square

error in T; . By plotting this figure of merit at each value of beam voltage, or at each
combination of beam voltages where more than one condition is used, it is possible to
decide on what condition or set of NC conditions that produces the best figure of merit.
This effectively provides an expert system to help the inexperienced user to establish
whether x-ray analysis can be used to solve the abplication problem and to find the best
analytical conditions.

The invention finds particular application in electron beam excited x-ray analysis

“for layers between 1 and 100nm in thickness, as occurs in semiconductor processes

(metal and dielectric layers), magnetic thin films and catalytic chemistry for example.
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CLAIMS

1. A method of determining the feasibility of a broposedstructure analysis process, said
process comprising electron beam excitation of x-rays from a multi-layered structure, the
method comprising:-

i) generating predicted x-ray data representing the x-ray excitation response of
the multi-layered structure according to one or more sets of process conditions, using
structure data defining the structure and composition of the layers; |

ii) analysing the effect upon the x-ray data of changes to the structure data in |
accordance with one or more pfedetermined feasibility criteria, so as to determine the
feasibility of performing the proposed structure analysis process upon the multi-layered
structure.

2. A method according to claim 1, Wherein the x-ray data are generated using a
predictor model as a function of the elemental composition and layer thickness of each
Iayef in the multi-layered structure.

3. A method according to claim 2, wherein a predictor model is used to generate x-ray

data representing the characteristic x-ray intehsity response for a particular element

" within the multilayered structure.

4. A method according to clafrh 2 or claim 3, wherein step (ii) comprises analysing the
response of the predictor model to small changes in the layer thickness and/or -
composition within the structure data.

5. A method according to claim 4, wherein the predictor model is analysed as an
approximated series expansion.

6. A method according to claim 5, wherein the behaviour of the predictor model is
represented as a matrix equation, wherein x-ray data output from the predictor are
represented as a vector of M values, wherein unknown layer thicknesses and/or
compositions are represented as a vector of N variables, and wherein the partial
derivatives relating the outputs to the layer thicknesses or compositions are represented
as an M by N dimension Jacobian matrix.
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7. A method according to claim 6, wherein the analysis is performed using an iterative
technique to minimise the resultant residual vector.

- 8. A method according to claim 7, further comprising calculating a condition number

representing the degree of solubility of the matrix equation for the layer thicknesses or
compositions. A

9. A method according to claim 8, wherein the condition number is colmpavred with a
threshold comprising a feasibility criterion.

10. A method according to any of claims 1 to 4, wherein in step (i) the structure data is

defined as nominal structure data comprising compositions and layer thicknesses for
each layer, the nominal structure data produbing corresponding nominal x-ray data and
wherein, in step (i), the structure data is modified and input, together with the nominal x-
ray data, into a structure solver adapted to iteratively ca.lculaté the composition and
thickness of each layer of the multi-layér structure as output structure data using the
input x-ray data and structure data.

11. A method according to claim 10, wherein, during operation, the structure solver
calculates x-ray data for the modified structure data and compares the modified x-ray
data with the nominal x-ray data.

12. A method according to claim 11, wherein the effects of modifications to the
structure data are analysed by comparing the x-ray data generated for the modifications
in the structure data with the nominal x-ray data and comparing the resuits of the -

‘comparison with a feasibility criterion.

13. A method according to claim 12, wherein the feasibility criterion is met if a unique
set of output structure data is found which produces corresponding predicted x-ray data

that is substantially identical to the nominal x-ray data and is substantially independent

of the modifications applied to the structure data.

14. A method according to claim 1, wherein in step (i) the structure data is defined as
nominal structure data in terms of compositions and layer thicknesses for each layer,
the nominal structure data producing corresponding nominal x-ray data and wherein, in

step (i), the x-ray data is modified and input, together with the nominal structﬁre data,
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into a structure solver adapted to iteratively calculate the composition and thickness of

each layer of the multi-layer structure using the input x-ray data and structure data, and
to produce output structure data.

15. A method according to claim 14, wherein the effects of modifications to the x-ray
data are analysed by comparing the output structure data with the nominal structure

data in accordance with a feasibility criterion.

16. A method according to claim 15, wherein the feasibility criterion is met if, for every
modification to the input x-ray data, the structure solver produces a unique set of output
structure data having corresponding x-ray data that is substantially identical to the

nominal x-ray data.

17. A method according to claim 1, wherein, using a Monte Carlo méthod, changes to
nominal x-ray data generated from nominal structure data are produced by applying
statistical distributions to the nominal x-ray data so as to produce a plurality of sets of x-
ray data having a collective statistical distribution equivalent to that expected from

performing the x-ray excitation experimentally.

-18. A method according to claim 17, wherein in step (i) each set of x-ray data is

entered, together with the nominal structure data into an iterative structure solver for

generating output structure data.

19. A method according to claim 18, wherein the process is deemed feasible if, for
every modification to the x-ray data the structure solver produces a unique set of output
structure data having corresponding x-ray data that is substantially identical to the

nominal x-ray data

20. A method according to any of claims 1 to 3, wherein step (i) comprises generating
one or more sets of predicted spectral data, each set representing the x-ray excitation
response of the structure according to a respective one of the said process conditions
and wherein step (i) comprises calculating output structure data for each set of process

conditions, using each generated set of spectral data and nominal structure data.

21. A method according to claim 20, further comprising, for each set of process

conditions, repeating step (i) a number of times so as to simulate the effects of Poisson
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counting statistics within each spectral data set by adding random numbers to the
spectral data.

22. A method according to claim 20 or claim 21, wherein step (i) further comprises
predicting a statistical distribution of x-ray peak areas due to Poisson counting statistics;
and applying the statistical distribution to the spectral data.

23. A method according to any of the preceding claims, further comprising ‘identifying
sources of error within the analysis and assigning a figure of merit to the sensitivity of
the analysis process to each source of error.

24. A method according to claim 24, further comprising repeating the method for each
of a number of different process conditions and selecting a set of process conditions in
which the figure of merit is minimised or is below a predetermined threshold.

25. A method according to any of the preceding claims, wherein each process condition
comprises a different electron beam energy and/or a different detector geometry.

26. A method according to any of the preceding claims, wherein sets of x-ray data are
generated for different processing conditions which represent fluctuations in the electron

‘beam current.

27. A method according to any of the preceding claims, wherein the process conditions
represent process variatons associated with thé usé of predetermined apparatus for
performing the electron beam excitation.

28. A method according to any of the preceding claims, wherein the x-ray data are in
the form of k-ratios.

29. A method according to any of the preceding claims, wherein initial values for the
composition and structure of the layers in the structure data are selected based upon
known values or user inputted values.

30. A method according to claim 29, where a number of values for the composition
and/or structure of the layers are fixed as a constant during the method.
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31. Amethod according to any of the preceding claims, further comprises calculating a
standard deviation for one or more values of the output structure data as a measure of
achievable precision. '

32. A method according to any of the preceding claims, wherein x-ray data are
generated so as to represent data produced by an energy dispersive (EDS) or

wavelength dispersive (WDS) system.

33. A method according to any of the preceding claims, wherein step (i) is performed |
using a computer software model! of a physical electron beam x-ray analysis system.

34. A computer program product comprising computer program code means adapted to

“perform the method of any of the preceding claims, when executed upon a computer.

35. A computer program product according to claim 34, embodied upon a computer
readable medium.
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