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AN ITERATION PROCEDURE TO CALCULATE FILM COMPOSITIONS AND THICKNESSES
IN ELECTRON-PROBE MICROANALYSIS

R. A, Waldo

Recent mathematical approximations of ¢(pz),
the depth distribution of electron excited

x rays, have opened up the possibility of quan-
titative thin film analysis with the electron
probe. Unfortunately, no published methods are
currently available that solve the system of
equations resulting from a thin-film system
whose unknowns are the film and substrate com-
position and film thicknesses. The purpose of
this paper is to describe an iteration proce-
dure that solves the system of equations that
result from a thin-film system (defined as a
film on a buried layer on a substrate).

Quantitative Analysis by ¢(pz) Curves

In this discussion, we consider a thin-film
system with u elements in a surface film of
thickness 6%, on a subsurface film (huried
layer) of v elements extending from 86fl to §f2,
on a substrate of w elements. Packwood® found
that ¢(pz) can be approximated by a modified
Gaussian function of the form

I, obs = Yoexp[-a?(p2)?] (1)
- (yo - do)exp[-a?(pz)? - Bpz]

The general forms for the o, B, ¢, and vo pa-
rameters were derived from a random-walk theo-
retical treatment of electron trajectories.?
Computer fitting techniques were used to opti-
mize the functional forms of the parameters.3:*

Once the ¢(pz) parameters have been calcu-
lated, the observed x-ray intensity for the ith
element in a thin film system is found by mul-
tiplying ¢(pz) by the x-ray absorption factor
exp(-xpz) and integrating over the appropriate
values of pz. For the general case of an ele-
ment in a subsurface film extending from pz =
§'(6f1y to pz = 6" (8£2),

Ii obs = M f;"d)(pz)exp(—xDZ) doz) (@)

which can be integrated exactly:!
- il | I 2
Lobs = M2Gexp[-8'(x' - x)] voexp(x/2¢)

« {erflas" + (x/20)] - erfl[ad' + (x/22)]}
- (vo - dodexp[(B + x)/2a]2
» {erflad" + (B+x)/2a] - erf[as' + (B+x)/2a]}
(3)
The author is with the General Motors Re-

search Laboratories (Analytical Chemistry De-
partment), Warren, MI 48090,

310

where x' is the x-ray absorption factor for
the element i radiation in the surface film
and erf(x) is the error function of x. Set-
ting 6' = 0 and 8" = = gives the formula for a
homogeneous (semi-infinite) specimen. Setting
§' = 0 and §" = 6fl gives the formula for a
surface film of thickness §fl Setting &' =
6f2 and & = @, with the additional absorption
term exp[-(x" -x)(8§t4 - 8fl1)], gives the for-
mula for a substrate covered by a surface film
of thickness 6fl and a subsurface film of
thickness 6£2 - 6f1, The constants h; and h,
cancel in the equation which defines the ex-
perimental k-ratio for each element i.

(sp)/1,

k i,obs

i,exp

(st) (4)

- Ii,obs

where (sp) is the specimen and (st} is the
standard.

Caleulation of a, B, and ¢ Parameters for
Layered Specimens

For a thin-film system, each of the param-
eters in ¢(pz) will now also be a function of
the electron energy, overvoltage ratio, the
compositions of the films and substrate, and
the film thicknesses. Packwood® proposed that
a weighting function be based on the error
function of a times the film thickness &, or
erf(ad). The choice of which o to use--that
from the surface film, buried layer, or sub-
strate--is nottoo critical since o is not a
sensitive function of atomic number. I have
used_a weighted value for o, @, based on
erf[a(6f1l 6£2)]. An iterative method is re-
quired to calculate o since it is not known at
the start of the calculation. An initial
value o; is estimated from

a; = (af] + af2 & 0.5)/3 (5)

where ofl is the a for the composition of film
1, etc. By extension of Packwood's erf(as)
weighting function to a bilayer film system,
this value @, is used to calculate a,:

Gy = o La(af2-of1y [erfe(a;sfl)]
+ (o5 - of?) erfcla, (sf1+6t2)] (6)

When Gn+1 = op withinanerror €, the iterative
solution is completed. Usually, convergence
is achieved by the third iteration. A weight-
ed ¢o parameter, ¢o, is based on
erf[2a(6f1,6€2)].% B is calculated with Z and
A which are calculated in the same manner as
Eq. (6). o _

Once the o, B, yo, and ¢o are calculated, a



system of equations is formed from Eqs. (3) and
(4). To solve this system of equations, an
iterative procedure similar to that used in the
ZAF method of electron probe microanalysis of
homogeneous specimens is required. An added
complication in this iteration scheme is that
additional variables are added in the unknown
film thicknesses, which are present as the
limits of the integrals in Eq. (3).

Initial Values for Film Thicknesses

Initial thickness estimates were made start-
ing with estimates of the x-ray generation
range pzy, which can be approximated by®

pz_ = 7.0 (Ei'65 - Eé'ss) ng/cm? (7

where Eo is the incident electron energy and

Ec is the critical excitation_ energy for the
x-ray line. The thickness § 1 of a surface
film can be thought as being comprised of the
contributions from each of the u elements in
the film. Treating each element individually
and neglecting absorption effects we can esti-
mate the contributed thickness pz 1 a5 the
thickness at which the integral from pz = 0 to
pz = pzy- of the ¢(pz) function for the speci-
men ratioced to the ¢(pz) function for the pure
element standard equals the k-ratio for the
element, i.e., find zifl such that
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This equation cannot be used to calculate pz£1
since the required function ¢(pz)SP can only be
arrived at through subsequent iterations of the
main iteration procedure,

This problem is avoided by use of a triangu-
lar approximation for ¢(pz)SP in Eq. (8), as in
Fig. 1. ¢(pz)St is assumed equal to ¢(pz)SP.
Now, pz{l is the solution of the equation

f1 _
q + [a-(apz;"/ez_;)]/2 = (ki’equozr,i)/z
which is

f1

pZy" = P2y 4 (1-Y1 - k ) (9)

i,exp

PZr i is the x-ray-generation range for the
element i radiation according to Eq. (7). This
solution is independent of the ordinate inter-
cept q.

The initia] thickness estimate for the sur-
face film, 601,, is the sum of the contribu-
tions from each element

f1 f1 .
8o =§Epzi i=1,u

(10)
The initjal thickness estimate for the buried
film, 67“, can be calculated in a similar man-
ner:

#(p3)

1
f1 500

Pz, I‘E/‘““2

FIG. 1.--Triangular approximation for ¢(pz)
used to calculate starting film thicknesses in
iteration procedure. Fractional area shaded
is assumed equal to the k-ratio for the ith
element.
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with ng calculated in the same manner as

§ofl in Eq. (10).

Initial Values for Film and
Substrate Compositions

For the elements in the surface film, the
normalized k-ratios are used as the starting
compositions Cj ¢. For the buried layer, the
k-ratios are first adjusted by the x-ray ab-
sorption term of the surface film,
exp[—6§1(x’ - x)], and then normalized. Final-
ly, for the substrate, the k-ratios are ad-
justed by the x-ray absorption terms for the
surface layer and buried layer and then nor-
malized. Thus

Surface film
k.
i,exp

Ik,
i,exp

Cio=

Buried layer

£1
c K exp P16, (X' - %] .
1,0 T
ZK; exp eXPL-8 (X" - )]
Substrate
Ci0
_ K exp P T0C -0 - (-8 (! -X)]
f1 2 fi.. .,
i exp SXPLE X =) - (87 -8 (" - 0]
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Film Thicknesses and Compositions for
Subsequent Iterations

The initial values for the film and sub-
strate compositions and film thicknesses are
used in Eq. (4) to calculate initial theoreti-
cal k-ratios, ki 1, for each element. The ex-
perimental k-ratios, ki,exp, together with
ki, 1, are now used to calculate new comcentra-
tions and thicknesses Ci 1, Gfl, and dfz, for
the first iteration. The process is repeated
with C; 1, 6fl, and of2 being used to calcu-
late new theoretical k-ratios ki, 2 for the
second iteration. This process continues until
no further change in concentrations are ob-

served within a preset error e for each element.

Of importance here is the method for calcu-
1atin§ Ci,m+1, 5mll’ and 8p%1 from Ci,m, Sm>
and sz using kj p and ki exp. Several conver-
gence methods were examined. The hyperbolic
method of Criss and Birks used in most ZAF
correction procedures for homogeneous specimens
was tried first. It was not obvious that this
method should work for thin films, but in fact

it did produce convergence for all systems stud-

ied. The rate of convergence was slow, how-

ever, especially in the case of bilayer systems.
A faster method is the relatively simple conver-

gence method of Eq. (13), which produced solu-

tions in 30-50% fewer iterations than the hyper

bolic method:

ki.,exE

c = Ci,m k

i,m+1

(13)

i,m

For the buried layer and substrate, faster
convergence is sometimes achieved when, after
the Cj p+]are normalized, they are adjusted by:

Buried layer

fl
C =C exp[-6m (X' = X)]
i,m+1

i,m+1

’ f1

exp[-§ 11 (x' - x)] :
14)

Substrate

Ci,m+1

=C exp[-6, (' -] exp -6y - st oo

1,m+]

This adjustment increases the rate of conver-
gence by increasing/decreasing the C; p+1 in
line with the increase/decrease in 6fl_ and
ale m+1
m+l*

The best method found for successive thick-

ness estimates was a ratio of k-ratio sums:

Surface film
L k.
f1 _ f1 | I 7i,exp _
w1 T % TR P 7 bu (13)
i k,m

f1 2 f1
exp[-8 1 (X' -x) expE@; -6 .1 )(X"-x)]

Buried layer

z k.

f1 _ f1 1 “i,exp .

5m+1 = 5 T k. 1=Lyv (15)
IMi,m

Implementation of the Iteration Procedure

The ¢(pz) thin film model and correction
procedure has been used on a wide variety of
specimens. The iteration procedure has never
failed to converge, usually within 5-10 itera-
tions. The convergence is only slightly sen-
sitive to the starting values for film compo-
sitions and thicknesses. In fact, a much
simpler method for _calculating the initial
film thicknesses 8§+ and 6?2 based on Egs.
(9)-(11) is:

Surface film
6?1 =R ¥l - L k.,
i,exp (16)
Buried layer
60 =R[l -2 ki,exp "R YR?
where R = 7.0E01'55 in pg/cm?. Convergence

with these equations took at most one or two
more iterations than the method described
above. The step to adjust the starting con-
centrations of elements in subsurface films
and substrates for overlayer x-ray absorption
reduces the number of iterations by 1-3, but
is not necessary for convergence. It is like-
ly that even more efficient convergence
schemes than these may be found.

The number of unknowns in the system of
equations solved in the iteration procedure is
the combined number of elements in the film
and substrates, u + v + w = n, and the two
film thicknesses Gfl, sz, or n + 2. The num-
ber of equations totals n. There are more un-
knowns than equations, which means there
may be no solution, The number of
unknowns can be reduced in several
ways. For example, the weight fraction sums
for the two films can be constrained to 1.0,
which reduces the number of unknowns to
n+2-2-=mn, The weight fraction sum for
the substrate is then allowed to float freely
and becomes a test of the combined analytical
procedure and ¢(pz) model. The closer the
value is to 1.0, the better the ¢(pz) model.
Due to the magnified effect of uncertainties
in mass absorption coefficients and the thin-
film model, the largest errors in composition
willl be in the substrate, whereas errors in
the substrate composition will have relatively
little influence on the film compositions or
thicknesses. It is thus advantageous to fit
the thin-film system to a model in which the
film compositions are constrained to a sum
of 1.0, letting errors in the model accumulate
as much as possible in the substrate composi-
tion. In most specimens, the determination
of film compositions and thicknesses is of
more interest than the determination of sub-
strate composition.
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TABLE 1.--Concentrations and predicted k-
k-ratios for 100 pg/cm? Y;Ba,;Cus0g.5 on
100ug/cm? SrTIO; on Si0, substrate for 15kV
beam voltage and 40° take-off angle; ¢(pz)
parameters of Bastin et al." were used.

Element, Concentration

Layer x-ray line in layer, Wt% k-ratio

1 Y La 13.35 .0382

1 Ba La 41.23 .1266

1 Cu Ka 28.61 .1275

1 0 Ka 16.81 .0477

2 Sr La 47 .74 .1092

2 Ti Ka 26.10 .0825

2 0 Ka 26.15 .0248
substrate Si Ka 46.74 .1194
substrate 0 Ka 53.26 .0120

TABLE 2.--Film and substrate
iteration procedure.

compositions and f

Thickness,pg/cm2

ilm thicknesses at the end of each loop of the

Weight Fraction

Layer Layer Layer 1 Layer 2 Substrate
Iteration 1 2 Y Ba Cu 1] Sr Ti 0 Si 0
O(start) 81.9 90.2 1123 .3725 .3749 .1403 .5113 .3202 .1686 .5342 .5658
1 100.3 90.4 1643 .5117 .3501 .1987 .4819 .2707 .2488 .3661 .4447
2 99.1 98.7 1315 .4074 .2841 .1651 .5254 .2873 .2793 .4809 .5002
3 99.7 99.5 1341 .4154 .2885 .1682 .4823 .2647 .2614 .4811 .5461
4 99.9 99.8 1337 .4132 .2868 .1682 .4792 .2621 .2620 .4686 .5334
5 100.0 99.9 1336 .4125 .2863 .1681 .4781 .2614 .2616 .4680 .5324
6 100.0 100.0 1335 .4124 .2862 .1681 .4776 .2612 .2616  .4675 .5327
7 100.0 100.0 1335 .4123 .2861 .1681 .4775 .2611 .2615 .4674 .5326
8 100.0 100.0 1335 .4123 .2861 .1681 .4775 .2610 .2615  .4674 .5326
TABLE 3.--Composition and thickness of Ni-Mo multilayers.
Mo and Ni Found, g/cm2 Composition, Atomic % Thickness?, nm
10 N (0 1) ICP 0z X0 1P
Specimen _Ni Mo _Ni Mo Ni Mo Ni Mo
A 138 156 155 151 59.4 40.6 62.7 37.3 308 305 322
B 149 160 169 156 60.9 39.1 63.9 36.1 325 322 343
C 140 152 153 162 60.6 39.4 63.6 36.4 307 313 345
D 138 158 158 153 59.4 40.6 62.8 37.2 310 309 328

a . .
Linear thickness, z, was calculated from mass

thickness, pz, with the formula:

oz = SN A S Ao

z = = where P=c & T C A
7 Ni© ONi Mo “Mo

PNi PMo

where C is the atomic fraction, A is the atomic
element in the film.

The combined ¢ (pz) model and iteration pro-
cedure can be demonstrated on the relatively
complicated model system 100 ug/cm?
Y1BasCus0g.5 on 100 ug/cm?® SrTi0z; on Si0, sub-
strate. In the actual analysis of such a ma-
terial, it would not be possible to find the
oxygen k-ratios for each layer and substrate
experimentally. However, we have analyzed such
specimens in our laboratory by fixing the oxy-
gen weight fraction at each step of the itera-
tion according to its stoichiometry using ele-
ment valences. To illustrate the operation of
the iteration procedure, I have used the set of

weight and p is the density of each

predicted k-ratios for this system as the 'ex-
perimental' k-ratios. These k-ratios can be
calculated based on the procedure previously
described. They are given in Table 1.

The combined ¢ (pz) model and iteration pro-
cedure should be able to determine the layer
thicknesses and compositions from the set of
theoretical or experimental k-ratios. Listed
in Table 2 is a sample output of the program
execution. The stopping criterion is Cp+1 -
Cp < 0.0001 for each element.

The composition and thickness for layer 1
is determined to within 1% in only two itera-
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tions and for layer 2 in three iterations. The
slow part of the iteration scheme is the de-
termination of the substrate composition, which
is extremely sensitive to the compositions and
thicknesses of the two overlayers. The itera-
tion process can be speeded up considerably if
the composition of the buried layer or sub-
strate is fixed at the start of the iteration.
Fixing the composition and thickness of the
buried layer to 100 ug/cm? SrTiOz reduces the
number of iterations to four as does fixing
the substrate composition to S5i0,.

Application to Ni-Mo Thin Films

Table 3 shows the results of 20kV analyses
of Ni-Mo multilayer arrays on SiO,. The bi-
layer thicknesses of the Ni-Mo multilayers
were varied from 2.1 to 20.1 nm. The mean free
paths of the analytical lines used, Mo Lo and
Ni Ka, and the electron range are all much
larger than the bilayer thickness. The multi-
layers can thus be treated as if they were
single homogeneous alloy films. The composi-
tion of each specimen was determined with an
accuracy of * 2% by inductively coupled plasma/
atomic emission spectroscopy (ICP). The thick-
nesses of the films were also determined by an
x-ray diffraction (XRD) technique. In the XRD
technique, the bilayer thicknesses were de-
termined from the superlattice x-ray diffrac-
tion peaks and then multiplied by the number of
bilayers (80-200). Accuracy of this method is
estimated as * 2%. Fluorescence corrections
are not indicated for these specimens, but
could easily be incorporated into the program.

The average difference in composition be-
tween the ICP and ¢(pz) (electron-probe) meth-
ods is 11.0% for Ni and 3.8% for Mo. The av-
erage difference in thickness determinations is
1.0% comparing the electron probe with XRD and
6.5% comparing electron probe with ICP. The
difference in thickness determinations between
the electron probe and ICP techniques is ex-
plained by the lower Ni found with the electron
probe; however, it is not clear why the ICP
thickness values found were significantly
thicker than those found with the XRD tech-
nique, since both are reportedly accurate to
* 2%.

An important aspect of thin-film analysis
with an electron probe is the accurate modeling
of the ¢(pz) curves. Various forms of the
¢(pz) parameters and weighting functions can
now be rapidly tested on complex systems with
this iteration procedure. Databases containing
experimental k-ratio and composition data for
a large number of thin film systems could be
constructed and used to test ¢(pz) and weight-
ing function models.
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