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In this work the applicability of X-ray fluorescence spectroscopy (XRF) for fast, accurate and non-destructive
determination of the thickness of a variety of single-layer and multi-layer metal thin films deposited on glass
and silicon is investigated. Data obtained with XRF is compared with information from profilometry and
images from scanning electron microscopy (SEM). Whereas thickness determinations based on profilometry
and cross-sectional SEM-imaging have restrictions with respect to thickness of metal stacks or hardness of the
metals, XRF has no such limitations. Moreover, XRF can discriminate between sublayers in a multi-layer film,
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X-ray fluorescence and can also be utilized for compositional analysis and density estimations. Good agreement between
Thickness thickness data obtained with XRF, profilometry and SEM-images is found, under the justifiable assumption

that the density of sputter-deposited and evaporated thin films is ca. 5% below that of bulk metals. Similar
XRF-results are found for non-patterned areas (64 mm? metal) as well as lithographically patterned areas

Non-destructive
Scanning electron microscopy

Profilometry containing a series of small metal lines (total metal surface ca. 8 mm?). As a consequence, it is concluded that
g‘etﬁ“l thin films XRF is a versatile technique for analysis, verification, control or evaluation of the thickness, density or
ensity

(elemental) composition of thin metal film line-patterns, during their fabrication as well as prior or post to

applications.

© 2011 Elsevier B.V. All rights reserved.

1. Introduction

Since many decades X-ray fluorescence (XRF) spectroscopy has
been used extensively for the quantitative analysis of specimens in
terms of elemental composition, density or thickness [1,2]. XRF is
commonly applied for precise analysis of geological materials (e.g.
minerals, rocks), alloys, glass, cements, polymers and nowadays also
for very thin film materials [3-9]. In fact, in the semiconductor
industry XRF is an important in-line technique for quality and
functional control during the manufacturing process of microelec-
tronics [10]. Other typical applications of (patterned) thin metallic
films and coatings are within the fields of catalysis [11,12] and
microsystems technology: in micromachined devices of silicon and/or
glass thin films can be used as heaters, temperature sensors, thermal
actuators, electrodes or catalysts [13-17]. For such applications of
(patterned) metallic thin films XRF is a powerful and fast analysis
technique, as will be shown in this work.

Besides that XRF is a relatively fast, accurate and non physical-contact
method, the main advantage with respect to other characterization
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techniques is its non-destructive character. Most other analysis tech-
niques that can be used to determine the thickness, density and/or
composition of metallic thin films do not meet all of the above-mentioned
advantages, or are complex and therefore time-consuming. For example,
cross-sectional scanning electron microscopy (SEM) requires cleavage of
a specimen (destructive), and profilometry uses physical contact of a
probe to a specimen with a thin film pattern. The mechanical contact in
profilometry may damage the layers, furthermore discrimination
between sublayers of a multi-layer thin film stack is difficult. The latter
may be solved by combining profilometry with secondary ion mass
spectrometry [9]. A well-approved non-contact method for thickness or
density determination of thin films is X-ray reflectrometry (XRR), which
also yields information on surface or interface roughness [9,10,18]. In case
of determination of the thickness of single-element films in the range of a
few to a few hundred nanometers, XRR has an uncertainty of ca. 1%.
However, for multi-component single-layer and multi-layer films the
uncertainty in the thickness estimation of the (sub)layer(s) increases
significantly (up to 10%) [9,10], which restricts the use of XRR to films
with a relatively simple composition as well as a limited thickness, i.e.
films with not too many elements and/or sublayers, and with a total
thickness in the range 10-100 nm [18]. X-ray fluorescence spectroscopy
does not face these restrictions [19], and is therefore often used for
quantitative analysis of solid thin films.
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In this work the applicability of XRF for accurate, non-destructive
determination of the thickness and composition of a variety of single-
layer and multi-layer metal thin films deposited on glass and silicon is
investigated. XRF-results are compared with data from profilometry
and cross-sectional SEM-imaging. It is shown that XRF yields reliable
data, and that XRF can be used for rapid, non-destructive control and
verification of metallic thin film thickness and composition during
and post to the fabrication process or application of such coatings.

2. Review of XRF theory

Although XRF is an important technique for thickness or density
analysis of materials, the fundamental principles are not often
described. Since this is crucial to understand the benefits of XRF
with respect to other analysis methods, below a concise overview is
given.

When a specimen is irradiated with high-energy primary X-ray
photons, particles such as X-ray photons and electrons with sufficient
energy are expelled/ejected from the atoms. This creates a ‘hole’ in (at
least) one shell, resulting in the conversion of the atom into an
unstable ion. In order to restore a (more) stable state, the holes (or
‘initial vacancies’) in inner shells are filled by transferring electrons
from outer orbitals. Since outer shells have a higher energy than inner
shells, such electron transitions are accompanied by energy emission
in the form of secondary X-ray photons, which is referred to as
fluorescence (Fig. 1).

The radiated energy of an electron depends on the shell it occupies
(i.e. K, L, M-shells) as well as on the atom to which it belongs, which
makes the measured emission spectrum unique for each element [20].
The intensity of each line in a fluorescence spectrum is related to the
concentration of an element. However, fluorescent count rates are
influenced by all (other) elements present in a specimen, manifested
in so-called matrix effects. In case of a thin film specimen composed of
more than one element, depending on its configuration (viz. a single
or a multi-layered sample) absorption, enhancement and scattering
effects within each layer, between layers and between layers and
substrate can influence the characteristic radiation [20,21].

With XRF the thickness and/or composition of a specimen is
determined by means of iterative matching of theoretical intensities
and measured intensities (which are corrected for instrument
responses) [22]. For this XRF utilizes mathematical calculations/
equations that describe the process of X-ray generation in a specimen,
and in these theoretical intensity calculations the elements and/or
expected thickness(es) of the (sub)layer(s), as well as inter-element
and inter-layer X-ray absorption and enhancements effects (a
complicated process) have to be taken into account (details on the
mathematics of XRF and parameter matching algorithms are not the
goal of this work, and can be found in e.g. [20,23]). Two general
models are developed to make these matrix corrections, i.e. the
empirical coefficient (EC) method (also referred to a direct method or
theoretical influence method) and the fundamental parameter (FP)
method. Although both methods require compound standards, the FP-
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Fig. 1. Production of X-ray fluorescence.
Courtesy of Panalytical B.V., The Netherlands.

method has a relatively low demand for these standards (due to its
iterative calculations), as a consequence of which the FP-method is
more accurate and therefore mostly used for XRF-analysis
[1,19,22,24]. The FP-method is based on the equation of Sherman,
who in the 1950s derived a mathematical equation that describes the
relation between intensity of an element and the composition of a
specimen. It includes many physical constants and parameters
(fundamental parameter), and based on X-rays physics matrix-effect
corrections are calculated [20]. Nowadays the complex equations
describing the matrix-effect corrections by the FP-method are solved
by computers, which, in combination with the physical parameter
calculations of de Boer [25], has given an enormous boost to FP-based
XRF analysis since the late 1970s [26]. Since then many developments,
refinements and optimizations of mathematical procedures, iteration
and software criteria used in/for the FP-method have been reported,
with the aim to make XRF-analysis more reliable, precise and accurate
as well as to widen its applicability [2,27-32]. As a consequence,
with FP-based XRF thickness and/or compositional analysis of
single-, double- and triple-layer multi-component thin films can
be accomplished with relative uncertainties in the range 1-10%
[7-9,21,24,29,23]. The uncertainty in estimation of the (sub)layer
thickness depends on the total thickness as well as the complexity of
thin films. Due to technological advancements, throughout the years
the lateral resolution of XRF was reduced from a few square
centimeters to a few square millimeters. Recent developments in X-
ray optics, i.e. the use of total reflection to focus X-rays, have resulted
in spot sizes down to the range of tens of micrometers. This so-called
micro-XRF makes it possible to perform analyses other than the
classical thickness, density and/or composition, such as homogeneity
verification (i.e. distribution of the components in a layer) [33,34], or
in-line metrology [22].

3. Experimental details
3.1. Preparation of metal thin films samples

Metal thin films were deposited on silicon substrates ((100)-
oriented, p-type, resistivity 5-10 0 cm, 100 mm diameter, thickness
525 pum, single side polished, roughness as-fabricated <1 nm;
Okmetic, Finland) and fused silica substrates (UV Grade 7980F,
diameter 100 mm, thickness 500 pm, roughness as-fabricated <1 nm;
Corning, USA). Before thin film deposition, the substrates were
ultrasonically cleaned in de-mineralized water (10 min), immersion
in fuming 100% nitric acid for 10 min (Selectipur 100453, BASF), and
boiling 69% nitric acid (VLSI 116445, BASF) for 15 min, followed by
rinsing in de-mineralized water and dry spinning. After this cleaning
sequence, on several silicon substrates a layer of 250 nm silicon
dioxide (SiO,) was grown using steam oxidation (1100 °C), and on
other silicon substrates a layer of 30 nm or 75 nm silicon nitride
(Si3N4) was deposited using low pressure chemical vapor deposition.
In order to avoid damaging of the metal thin films at locations where
the substrates are cleaved during dicing (‘chipping’), prior to metal
deposition squares of 8 mmx8 mm were defined in spin-coated
photoresist (Olin 907-12). This photoresist was used in a lift-off
procedure (see below).

Deposition of metal thin films with a thickness in the range 35-
260 nm was done via evaporation and sputtering. By means of
evaporation on a Balzers BAK600 electron-gun evaporation system at
pressures below 107> Pa, layers of gold (Au), chromium (Cr), nickel
(Ni), palladium (Pd), platinum (Pt), tantalum (Ta) and/or titanium (Ti)
were deposited. The purity of Ti and Ta was at least 99.95%, of other
evaporated metals the purity was >99.99%. Sputter-deposition at room
temperature (argon pressure 0.67 Pa; Ar purity 99.999%) was done on a
home-built DC-magnetron sputtering system, having 3 sputter guns and
2-inch targets. Sputtered metals were gold (Au), chromium (Cr),
rhodium (Rh), tantalum (Ta), titanium (Ti) and titanium-tungsten
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(TiW). All sputter targets have a purity of 99.999%, except TiW (>99.9%).
Single-layer, double-layer and triple-layer metal thin film configura-

tions were made, of which an overview is given in the left part of Table 1.

After metal deposition, an ultrasonic resist lift-off step in acetone
(>20 min; VLSI, 100038, BASF) was carried out, followed by
immersion in isopropanol (10 min; VLSI 107038, BASF), rinsing in
demineralized water (10 min) and dry spinning. Finally, the metal-
coated substrates were diced into samples of 1 cmx 1 cm (Disco DAD-
321 dicing machine).

3.2. Characterization of metal thin films samples

The total thickness of deposited metal thin film coatings was
determined with profilometry (Veeco Dektak 8), high-resolution
scanning electron microscopy (HR-SEM; Jeol LEO 1550 — this required
manual cleavage of samples), and X-ray fluorescence spectroscopy
(XRF; Philips PW 1480, including FPMulti-software from Panalytical B.
V.). Prior to measurements on thin film samples the profilometer was
calibrated using specimen with a defined thickness (supplied by
Veeco). In case of HR-SEM imaging, for thin film thickness determi-
nation low inspection angles were used, i.e. the deviation from
perpendicular cross-sectional observation was below 5°. The acceler-
ating voltage was 1.2 kV. Pure metals were used as standards for XRF.
For XRF no special treatment of thin film samples was required. In
order to obtain a good counting statistic error, counting times of 998 s
(at peaks) and 200 s (at backgrounds) were used. Further details of the
spectrometer and used settings are given in Table 2. For each metal
thin film coating shown in Table 1, XRF-analysis was performed once.
Multiple thickness determinations (i.e. >3) were done using SEM-
imaging and profilometry, of which the average thickness values are
given in Table 1. All thickness data points based on SEM-imaging or
profilometry were within 2.3% (SEM-imaging) and 3.8% (profilome-
try) of their average values, respectively. It is noted that in case of
thicknesses below 50 nm the instrumental error of the height-
profiling system (45 nm) dominates the deviation of profilometry.

4. Results and discussion

In Table 1 the thickness values for the deposited metal films, as
determined with profilometry, cross-sectional SEM-imaging and XRF,
are shown. Only XRF can discriminate sublayers of a stack, and no
noticeable differences in estimations of the thicknesses of sputtered
and evaporated thin films are found.

Table 1
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Table 2
Spectrometer settings.

Element Line Crystal 20 20 kv/ Collimator Detector
(peak) (background) mA
Au Lo LIF200 37.020 1.5 50/50 Fine ES
Cr Koo LIF200 (F) 69.47 1.5 50/50 Fine FL
Ni Koo LIF200 48.745 3.0 50/50 Fine FS
Pd Koo LIF200 16.805 —1/+2 60/40 Fine SC
Pt Lo LIF200 38125 —3/42 50/50 Fine FS
Rh Ko LIF200 17.595 —1/+15 60/40 Fine SC
Ta Lo LIF200 44490 2.0 50/50 Fine FS
Ti Ko LIF200 86.260 6.0 50/50 Fine FL
w Lo LIF200 43,095 —3.0 50/50 Fine FS

LIF200: lithium fluoride, FL: flow counter, SC: scintillation counter, FS: combined FL
and SC counter. (F): use of Al filter. Other information PW 1480 system: Cr tube anode,
take-off angle 26°, sample geometry 61°/40°, Be-window mass thickness 0.0925 g/cm.

Profilometry and XRF data demonstrate good agreement. Fig. 2
shows the correlation between the layer thickness obtained by
profilometry and XRF: a linear trend line that passes the origin has a
slope of 1.06 and a correlation coefficient of 0.9896.

This shows that XRF, assuming that the profilometry data are
correct, underestimates the thickness of metal thin films by ca. 6%. In
the worst case the deviation between profilometry and XRF is 10%,
which occurs for a layer thickness below 50 nm (Fig. 2), where the
instrumental error of the height-profiling system of +5 nm becomes
dominant.

From Table 1 it can be seen that for the majority of the studied
metal thin film samples there is good agreement between thickness
values as determined by XRF and SEM-images. However, in some
cases thickness data based on SEM-images deviates significantly from
values found with profilometry and XRF. The soft nature of some of
the metals prevented accurate thickness measurement, because
cleaving of films of these metals results in damage to the metal
stack, with the consequence that no useful cross-sectional SEM-images
can be made. This problem is particularly severe for Au-containing
stacks, but also for stacks containing Pd or Pt this is an issue. In Fig. 3 the
cross-section of a non-damaged Ni/Ta stack is shown, as well as a
Pt/Au/Ti stack that suffered from severe deformation.

When thickness data of samples containing Au, Pt or Pd as
obtained by HR-SEM and XRF are omitted from a correlation graph,
the slope of the trend line passing the origin is 1.03 with a correlation
coefficient of 0.9998 (Fig. 4; substrates 1, 9-11, 13-15 are not
included). Thus, for metals that do not deform during cleavage,

Details of prepared metal thin films, and layer thickness as determined with profilometry, cross-sectional SEM-imaging and X-ray fluorescence spectroscopy (note: sublayer “part "

is deposited after sublayer “part II” etc.).

Substrate Metal thin film coating Thickness of metal thin film [nm]

L. Material Dielectric Deposition Layer(s) Profilometry SEM- XRF XRF (sublayers)

D. layer method (I/11/11) imaging (total) Part 1 Part 1l Part I
1 Fused silica - Sputtering Au/Cr 109.3 na. 106 100.1 5.9 -

2 Silicon Si0o, Sputtering Ta 143.2 143.5 139.5 139.5 - -
3 Silicon SiO, Sputtering Ta 22.6 18.8 17.4 17.4 - -
4 Silicon Si0, Sputtering Ta 735 72.6 69.7 69.7 - -
5 Silicon Si0, Sputtering Rh/Ta 66.2 62.4 60.1 46.1 14 -

6 Silicon Si0, Sputtering Rh/Tiw 393 319 30.9 21 9.9 -

7 Silicon Si3Nyg Sputtering Rh/Ta 67.1 62.1 59.4 45.5 13.9 -

8 Silicon SizNy Sputtering Rh/TiW 38.9 32.2 31 21.1 9.9 -

9 Silicon SisNy Sputtering Pt/Au/Ti 245.8 192.2 232 176.4 479 7.7
10 Silicon Si0, Evaporation Pd/Ti 63.4 61.8 66.3 55.2 111 -
11 Silicon SiO, Evaporation Pt/Ta 51.2 46.7 41.1 309 10.2 -
12 Silicon Si0, Evaporation Ni/Ta 26.9 26.7 254 184 7 -
13 Silicon Sio, Evaporation Au/Cr 86.3 n.a. 734 66.6 6.8 -
14 Silicon Si3Nyg Evaporation Pd/Ti 63.6 62.3 68.4 56.8 11.6 -
15 Silicon SisNy Evaporation Pt/Ta 52.6 471 41.6 31.2 104 -
16 Silicon SisNy Evaporation Ni/Ta 27.9 26.4 252 18.2 7 -
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Fig. 2. Correlation of thickness values determined by profilometry and XRF (numbers
represent substrate IDs as described in Table 1).

estimations of their thickness by means of HR-SEM and XRF highly
match.

XRF-analysis software (FPMulti) uses the density of metals as
input parameter to estimate the thickness of films, for which usually
bulk values are taken. However, it is known that metal thin films
might have a lower density than bulk metals [9,35], for example
50 nm FeNi has a density of 94% of the bulk value [19]. In case of
sputter-deposition lower densities are caused by the inclusion of
argon in the thin films, however, for evaporation a distinct reason for
such density deviations is not known. Since XRF is based on mass-
thickness analysis (rather than geometrical-thickness analyses, as
most methods mentioned in section 2), comparison-and-matching of
thickness-data obtained by XRF and other analysis techniques offers a
way to estimate the density of thin films. By adapting density values in
the software, the estimations of the thickness of films composed of Ni,
Rh, Ta and/or TiW as determined by XRF, HR-SEM and profilometry
correspond even better, to within 2-5%, when the densities of Ni, Rh,
Ta and TiW are taken 4.7%, 4.7%, 4.1% and 5.0% lower than the
respective bulk values. These percentages highly coincide with
previously reported values, as a consequence of which it is concluded
that the density of evaporated and sputtered thin films used in this
work is ca. 5% lower than the bulk density.

All the above-mentioned XRF-results are obtained on metallic
surfaces of 8x8 mm, thus 64 mm2 On samples that contain a
collection of small metal lines (25-200 um in width, 1.5 mm long)
within this analysis area, i.e. a smaller amount of metal-surface
(7.5 mm?), similar results are found in terms of thickness of films
(compared to analysis areas that are 100% covered with metal). Only
for films with a thickness below ca. 30 nm (i.e. substrates 2, 12 and
16) differences in sensitivity/resolution are found between line-
patterned and non-patterned samples, which is due to the limited
amount of metal present in case of line-patterned samples resulting in
a low amount of counts.
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Fig. 4. Correlation of thickness values determined by HR-SEM and XRF (numbers
represent substrate IDs as described in Table 1).

Thus, provided that the metal layer is sufficiently thick (>30 nm)
and that at least ~12% of an analysis-area of 8 x 8 mm is covered with
metal, the thickness, density or composition of thin film metallic
coatings can be determined with the used XRF-settings. These limits
on layer thickness and area-coverage can be upgraded by using longer
counting times. Such small amounts of metal-surface (7.5 mm?) allow
the use of conventional XRF for analysis, verification, control or
evaluation of the thickness, density or composition of thin metal film
structures (e.g. line-patterns) in microsystems, during fabrication as
well as prior or post to applications and experiments.

5. Conclusions

In this work the applicability of XRF for fast, accurate and non-
destructive determination of the thickness of a variety of single-layer
and multi-layer metal thin films deposited on glass and silicon is
investigated. Data obtained with XRF is compared with information
from profilometry and SEM-imaging. There is good agreement
between the thickness-data obtained with XRF, SEM-imaging and
profilometry, but XRF is the only method that can discriminate
between sublayers in metal films. Moreover, whereas profilometry is
found to be less reliable for layers thinner than 50 nm and
(destructive) cleavage of films containing “soft” metals yields
unreliable cross-sectional SEM-images, XRF does not face such
limitations. Besides thickness analysis, XRF can also be utilized for
compositional analysis and/or density estimations. For sputter-
deposited and evaporated thin films used in this work, excellent
agreement between the thickness as estimated based on XRF,
profilometry and SEM is found when the density of the metals is
assumed to be ca. 5% lower than bulk values. Since the analyzed
metal-surface area is relatively small, XRF is a valuable technique for
analysis, verification, control evaluation of the thickness, density and
(elemental) composition of (lithographically patterned) thin metal

Fig. 3. Cross-sectional SEM-images of metal thin films: Ni/Ta (left) vs. Pt/Au/Ti (right).
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film structures in micro-systems. Additionally, XRF is a fast and
attractive method to verify or tune the deposition rates of metal
deposition equipment.
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