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Abstract—We demonstrate the possibility of a quantitative assessment of the thickness of thin films using to
measurements of the cationic composition of film structures using the INCA Energy-350 energy dispersion
spectrometer that is part of the JSM-6490 LV electron microscope (Japan). The use of this method is espe-
cially useful if it is impossible to provide sufficient contrast between the images of the film and substrate sec-
tions obtained with a scanning electron microscope on a transverse cleavage of the film structure.
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Film thickness is a key parameter for quantitative
characterization of many physical processes that pro-
vide the functioning of modern technical devices. This
concerns electron and diffusion transport, as well as
optical, thermal and magnetic phenomena. In addi-
tion, in certain techniques, the maintenance of opti-
mum thickness is a prerequisite for ensuring the func-
tional quality of thin metal coatings [1]. Electron
microscopes are often used to control the thickness of
thin films, and methods of measurement change
depending on the specific problem. The most com-
mon method to estimate the thickness of the trans-
verse cleavage of a film structure is the use of the
image obtained with a scanning electron microscope
(SEM) [1-5]. At the same time, not all existing meth-
ods can be successfully applied under certain condi-
tions. In some cases, to obtain reliable information,
researchers are forced to use several alternative meth-
ods [6] and search for new opportunities. Examples of
the development of original methods for controlling
the thickness of ultrathin films [7] and film layers of
biological objects [8] are known. In this paper, we pro-
pose a new indirect method for estimating the film
thickness based on the standard capabilities of the
electron microscope.

The INCA Energy-350 LV energy dispersive spec-
trometer (JEOL, Japan) [9] is widely used for studies
of an elemental composition in various samples of
multicomponent chemical compounds. The principle
of operation of this spectrometer principle is disper-
sion analysis of the characteristic X-ray radiation from
the surface layer region of the sample irradiated by an

electron beam. A digital report on the elemental com-
position of the chemical compound in the studied area
is formed from the measurement results. The area with
an excited state of matter has a microscopic size from
1—5 to 10 um in depth from the surface. In particular,
this enables obtaining information on the homogene-
ity of chemical compound composition in various
local regions of the near-surface layer of the sample.

In the case of film structures that have the form of
a nanothick film on a relatively thick substrate, the
spectrometer gives the information about the film and
substrate elemental composition. In the digital report
of the spectrometer, the total content of atoms is nor-
malized to 100%. As a result, when measuring the
composition in the film structures with the films of
different thickness, the ratio between the film and sub-
strate atomic concentrations changes. This is some-
thing that we noted earlier [10]. In this paper, based on
the data of energy dispersive analysis, we explored the
possibility of indirect film thickness control.

For this purpose, a series of film structures with
different film deposition time was fabricated. The
films were fabricated by the method of magnetron
sputtering of a Lag,;Sry;MnO; _ 5 (LSMO) ceramic
target on single-crystal NdGaOj substrates. The sub-
strate material was chosen so that the cationic compo-
sition of the film and substrate materials was different,
but their crystalline parameters had a small mismatch
[11]. The latter is necessary to provide conditions of
epitaxial film growth [12—14].
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Fig. 1. Variation of the relative cationic composition of the
film and the substrate, depending on (a) the duration of an
epitaxial growth of LSMO films and (b) film thickness.

Figure 1a shows the result of measuring the total
cationic composition of materials of the film (Cy) and
the substrate (C,) using the energy dispersive spec-
trometer. Since LSMO films produced in accordance
with our technique are oxygen-deficient [15, 16], the
oxygen content was excluded from the calculations.
Therefore, the total cation concentration is normal-
ized to 100%: C,+ C; = 100%, where C,= C (La) +
C (Sr) + C(Mn) and C,= C(Nd) + C (Ga). Ascan be
seen from Fig. 1a, the cation concentration monoto-
nously increases with increasing the film growth time,
while the concentration of cations in the substrate,
respectively, decreases. In addition, a significant part
of dependence C(7) is well approximated by a linear
function.

Figure 2 shows the thickness of the part of the films
having a relatively large growth time estimated using a
gravimetric method. Gravimetric measurements of
film structures were carried out using a balance with
an Ohaus Analytical Plus digital display (Switzerland),
which allows one to control five signs with a minimum
value of 10~> g. The film area was about 0.4 cm?. To
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Fig. 2. Assessment of the thickness of LSMO films based
on gravimetric method data.

avoid deposition of the film material on the side sur-
faces of the substrate, the growth of films was carried
out using a metal mask with a rectangular window.
Otherwise, a noticeable error is possible that leads to
a decrease in the calculated thickness [10].

It should be noted that the thickness estimated by
the gravimetric method gives some average value
(without taking into account its change from the cen-
tral to the peripheral part of the film). At the same
time, the uniformity of thickness of films with a size of
1 X 1 cm, in accordance with the previous assessment,
holds with an accuracy of no worse than 5—10% [15].
Taking into account that the result of measuring the
film thickness by the gravimetric method has a low
accuracy (Fig. 2), it is necessary to accept the fact that
the film thickness increases linearly with the time of
their deposition. At least, it is not possible to clarify
this dependence using our data. Thus, it is possible to
convert the data on the change in the relative cationic
composition of the film and the substrate, depending
on the duration of their growth (see Fig. 1a), into
dependence C(d) (Fig. 1b).

Dependence C(d) in Fig. 1b is plotted in that part
where it can be represented by a linear function, with-
out data corresponding to the maximum film deposi-
tion time of 120 min. Already at a film thickness of
150 nm, the film and substrate cation concentrations
become approximately equal. For larger film thick-
nesses, nonlinearity is revealed, which may be caused
by the film effect on the measured cation composition
of the substrate. In the linear region, the dependence
of the relative cation concentration of the film on its
thickness is characterized by a coefficient of approxi-
mately 2.9 nm/%.

Thereafter, with this tool to control film thickness
in hand, we investigated the change in the sputtering
rate of the target after its restoration. After long-term
use, the target acquires a relief in form with a signifi-
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cant loss of material in an annular region with a diam-
eter of 16—32 mm. An additional layer is formed,
which is a number of sputtering oxide products of the
material, in the central part of the target with a diam-
eter of less than 16 mm. To eliminate the relief of the
target, we use mechanical grinding of its surface.

It is known that new well-sintered ceramic targets
exhibit a reduced sputtering rate of material at the
beginning of operation. As we found out earlier, the
sputtering rate increases sequentially and stabilizes
within a few hours during the use of the target. Appar-
ently, this is due to the process of defect formation in
crystallites located in the surface layer of the target. If
this effect is really associated only with a thin surface
layer, then the sputtering rate should change in a sim-
ilar way after relief removal in the restored target. To
obtain quantitative characteristics after eliminating
the target topography, we fabricated a series of
LSMO/AI,O; film structures with the same exposure
time (1 h). The substrate material was chosen by eco-
nomical reasons. The cationic compositions for a
series of films and substrates do not match, which
allows us to determine them separately, but the crys-
talline structures are different. For this reason, the
films have a polycrystalline microstructure. Figure 3a
shows the measurement results.

As can be seen from Fig. 3a, the relative cationic
concentration of the film is described by the depen-
dence with saturation. Accordingly, the dependence
averaged for a time of 1 h of the target sputtering rate
(Fig. 3b) also shows a gradual growth and stabilizes
within 6—7 h. Thus, we obtained the expected result.
After removing a thin surface layer from the surface of
the target, its sputtering rate is similar to the sputtering
rate of a new target. This, in turn, confirms our
hypothesis that the mechanism of sputtering rate for-
mation is associated with defect formation in micro-
scopic crystallites located in the near-surface layer of
the target.

It should be noted that the most accessible indirect
method for evaluating the film thickness by exposure
time is not always successful. For some functional
materials, the manufacture of targets with a suffi-
ciently strong mechanical coupling of crystallites is a
technological problem. An example is indium oxide.
Target samples based on both pure and strontium-
doped indium oxides demonstrate an unstable sputter-
ing rate due to insufficient mechanical strength.

In conclusion, we note the practical significance of
the proposed methods for estimating the thickness of
films. First, it is not expensive, since cationic compo-
sition control using SEM is a regular operation and
allows one to study a series of film structures in a rela-
tively short time. Second, the proposed method is
nondestructive. An alternative method of film thick-
ness control when use is made of the SEM images of
the butt end of the film structure involves additional
machining, for example, the manufacture of a trans-
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Fig. 3. (a) Variation of the relative cationic composition of
the film and substrate materials depending on the
sequence of deposition of films (exposure time 1 h);
(b) variation of the film growth rate depending on the
sputtering time of the target after its mechanical polishing.

verse cleavage. In addition, obtaining sufficient con-
trast between the images of the film and the substrate
is often a problem. In the case of LSMO/SrTiO; film
structures, when the film material contains much
heavier atoms than the substrate material, this prob-
lem is less expressed. But the image contrast in the
image of the transverse cleavage of the
LSMO/NdGaO; film structure mainly characterizes
the relief of a cleaved surface. As a result, determining
the film—substrate interface position for an SEM
image becomes extremely problematic [17].
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