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Abstract

This paper deals with the application of the most used surface analysis technique on materials characterization, X-ray photoelectron
spectroscopy (XPS). This spectroscopic technique employs low energy electrons as probes, since their mean free paths in the solids are only
few atomic layers. Technologically interesting processes, in which the physical and chemical properties of the topmost atomic layers of the
materials play an important role, include heterogeneous catalysis, thin film growth, surface segregation, corrosion, and tribology. Examples
will be presented on the surface characterization of oxide catalysts, thin metallic films, and thin oxide films
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction 2. X-ray photoelectron spectroscopy (XPS)

Nowadays, there are several surface analysis techniques Photoelectron spectroscopy was developed by Siegbahn
that employ the interaction of photons, electrons, ions, or et al. at the University of Uppsala, Sweden, in the 1940s and
atoms with the material surface. In this paper, we concen- 1950s, and was denominated electron spectroscopy for chem-
trate on those techniques that utilize low energy electronsical analysis (ESCAJ]3]. An electromagnetic source is used
(E<1.5keV) as probing particles. These electrons are ade-to eject electrons from the sample. Two conventional types of
quate to the investigation of surfaces because their inelasticphoton sources are used: a helium discharge l&amp 21.22
mean free path in solids corresponds only to few atomic lay- and 40.8 eV for the Hel and Hell lines, respectively) and soft
ers (0.5-3.0nmp1,2]. The most employed surface analysis X-rays tw=1253.6 and 1486.6 eV for the Mg and AlK
techniques make use of these low energy electrons in onelines, respectively). Ultraviolet spectroscopy (UPS) makes
of the following manner: (1) impinging electrons cause the use of the Hel and Hell lines, while XPS utilizes Mg and
emission of backscattered and secondary electrons and (2Al Ka lines. UPS is more adequate for investigating the va-
electrons are excited by impinging photons. The first case in- lence band, and XPS has more widespread applications, being
cludes the emission of Auger electrons, while photoemission employed in the analysis of several types of materials, such
fits in the second case. as metals, polymers, ceramics, composites, semiconductors,

This paper is organized into four sections. In Secpn  and biological sampleld,2,4,5]

a brief review of X-ray photoelectron spectroscopy (XPS)is  Since the energy levels are quantized, the photoelectrons
presented. The instrumentation and experimental methodol-have a kinetic energy distribution consisting of discrete peaks
ogy are described in Secti@ The Sectiont comprises ex-  associated to the electron levels of the photoionized atom. The
amples of materials characterization by XPS, including oxide emitted electrons have a kinetic energy given by:

catalysts, thin metallic films, ion nitrided iron, and thin oxide

films. The summary is presented in Sectfon Ex =hv—Eg— @ 1)
whereEy is the kinetic energy of the photoelectrohs; the
* Tel.: +55 16 2611229x217; fax: +55 16 2611160. incident photon energ¥s, the electron binding energy; and
E-mail addressnascente@power.ufscar.br. @, the work function. Thudg can be obtained by measuring
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Ex. The identification of the elements present on the surface 4. Applications in materials characterization

is done directly by the binding energies of the core photoelec-

trons. The intensity (integrated area under the photoelectron4.1. Oxide catalysts

peak) is proportional to the atom quantity in the detected vol-

ume, allowing for a semiquantitative analysis of the surface ~ XPS was used to investigate the chemical changes of the
[1,2,4,5] elements present at the surfaces of CuO-HCEG sys-

The exact position of a photoelectron peak indicates the tem synthesized by the sol-gel metHéd7]. The addition
chemical state of the emitting atom, since the binding energiesof CeG on CuO supported by Ti©improves resistance to
of the atom core levels are affected by its chemical environ- thermal loss of the supported catalyst surface area and helps
ment. The change in binding energy is known as chemical to stabilize the active phase in a fine dispersed $&jteA
shift, and it is due to the variations in the electrostatic screen- small addition of Ce@to the CuO/TiQ system increased
ing sensed by the core electrons when the valence electronshe specific surface area of the catalyst, but as the amount
of the emitting atom are attracted or repel[éc?]. of ceria increased, the surface area decreased, probably due

The photoelectron peaks appear in the spectrum superim-to ceria segregatiofir]. XPS analysis indicated that cop-
posed on a background of secondary electrons. The presencper dispersion on the mixed support suffered no influence
of acore hole after the ionization affects the distribution of the of cerium concentration, but it is dependent on the cerium
emitted electrons, causing shifts, peak splitting, and the pres-specieg46].
ence of satellites and shake-up lifi2,4]. The XP-spectrum Fig. 1 displays the Ti 2p XP spectra of the catalysts and
also presents Auger electrons excited by X{4hy2]. Ghost TiOy-anatase (reference). The Ti 2p doublet of anatase and
peaks, which are caused by X-ray radiation from different the Tiy.9101.91CUp.09 Sample presented its spin-orbit peaks,
material, can appear on the spectr{@yw]. A commercial which could be well fitted by single component each, at 459.0
XPS apparatus usually employs a dual Al/Mg source, thus, and 464.6 eV with relative areas (2:1), corresponding 46 Ti
it is possible to appear ghost peaks from Mg Kadiation in a tetragonal structuf@]. The spectra of samples contain-
using the Al source, or the other way roufdd. ing CeQ were better fitted by two curves each peak, as can

be seen irFig. 2 for CQ).27Ti0_6401.91CU0,09. The Ti 2[33/2

component at lower binding energy (459.3 eV) was assigned
3. Experimental to titanium in a tetragonal structure, and the component at

higher binding energy (460.5eV), to a seconéi*Bpecies

An XPS apparatus comprises an ultra-high vacuum cham-[6].
ber, an X-ray source, an ion beam gun, an electron gun, a The Cu 2p spectra (not shown here) for the catalysts were
sample manipulator, an electron analyzer, and a computer. Anvery similar to that of Cu@7]. The Ce 3d spectra (not shown
insertion device is used for changing samples without break- here) were deconvoluted by €feand C&* components. The
ing vacuum. An ion beam gun is used for sample cleaning samples containing lower amount of ceria presented higher
and for depth profiling analysis. The concentric hemispher- photoreduction due to the longer acquisition time required to
ical analyzer is the most used electron analyzer in XPS. It improve the signal-to-noise rat{6,7]. The CuO/TiQ sys-
is necessary high resolution in electron energy (<0.1 eV) for tem modified by Ce@ presented a better performance for
those analyses in which the chemical shift must be measurednethanol dehydrogenation than the copper catalyst supported
accurately. Dielectric materials can be charged by the photoe-only on TiG; or CeQG [7].
mission process, and their spectra shift up to 10 eV. A source
of low energy electrons can be used to neutralize the sample4.2. Thin metallic films
charging.

The measurements reported in this paper were performed Ultra-thin films of transition and noble metals present
in ultra-high vacuum (low 10° Torr range) using a Kratos  considerable interest in applications as catalysts and mag-
XSAM HS spectrometer. A dual Mg/Al anode was used as netic deviced9,10]. Films of copper, palladium, and gold
X-ray source. The high-resolution spectra were obtained with were grown on polycrystalline substrates of the same metals
analyzer energy of 20 eV. The accuracy of the electron ana-(Cu/Pd, Cu/Au, Pd/Cu, Pd/Au, Au/Cu, and Au/Rt}]. The
lyzer is 0.1 eV. Argon ion flux was employed to sputter the films were grown by DC sputtering, using a Balzers BA 510
surface, if necessary. The Shirley background, Gaussian (forinstrument, with the following conditions: initial pressure of
1s peaks) and mixed Gaussian/Lorentzian (for p, d, and f4 x 10~°Pa, partial pressure of argon of 0.4 Pa, sputtering
peaks) functions, and a least-square routine were used for theurrent of 0.15 A, sputtering voltage of 0.9kV, deposition
fitting to the peaks. The binding energies were referenced torate of 0.05 nm/s, thickness of 10 nm, and deposition carried
the hydrocarbon component C 1s level set at 284.8 eV. Theout at room temperature (approximately 300 K).
sensitivity factors for quantitative analysis were referenced  The morphology was investigated by atomic force mi-
to S£15=1.0, and their values are: 1.8 (Ti 2p), 10.0 (Ce 3d), croscopy (AFM), the structural characterization, by X-ray
6.3 (Cu 2p), 4.5 (Ni 2p), 4.4 (Pt 4f), 7.2 (Sn 3d), and 0.66 (O diffraction (XRD), and the surface analysis, by XPS. The
1s). AFM images of the Au and Pd substrate presented a smooth
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Fig. 1. Ti 2p XP spectra of (from bottom to top): TiO(reference), 19.9101.91CUo 09, C&.09Ti0.8201.91CU.09, C& 27Ti0.6401.01Clo.09, and
Cen.45Ti0.4601.91Clo.00.

surface, with lines due to the rolling process. The morphol- nanocrystalline structure on the Cu substrate, but an amor-
ogy of the Cu substrate presented not only the lines but alsophous structure on the Au substrate.

small grains. The Au and Pd films on Cu presented simi-  The Cu 2p spectra are displayedFig. 3for non-sputtered

lar morphologies, with a smoother aspect compared to the(a) and argon sputtered and (b) Cu films deposited on Pd
Cu substrate. The Pd/Au and Au/Pd films presented smooth[11]. For the sputtered film, the Cu 2p peak is located at
morphologies, similar to the Au and Pd substrates. However, 932.7 eV, corresponding to metallic Cu. For the non-sputtered
the Cu films on both Pd and Au presented surfaces coveredfilm, there are two components for the Cusgppeak, one at

by grains. The XRD resul{d 2] indicated that the Cu/Pd and 932.6 eV and other at 934.5eV. This component at higher
Cu/Au films were amorphous, while the Au films on both binding energy can be attributed to CuO. The argon ion sput-
Cu and Pd were nanocrystalline. The Pd film presented atering was effective in removing the oxide. Similar results
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Fig. 2. Ti 2p XP spectrum of Ge7Tip.6401.91CUo. 09 Showing the curve fitting.
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Fig. 3. Cu 2p spectra of Cu film on Pd (a) before and (b) after argon ion sputtering.

were obtained for the Cu film deposited on Au. For the other ing to NiO and NjOgs, respectively. After the ion sputter-
films, Pd/Cu, Pd/Au, Au/Cu, and Au/Pd, XPS did not detect ing, the Ni spectrum corresponds to metallic niclkat( 4b).
oxidized surfaces; thus, suggesting that the grains observed-or the Pd film deposited on Ni, the Pd 3d spectrum, not

by AFM were formed by copper oxidé1,12] displayed here, obtained before and after argon ion sputter-
Films of nickel and palladium were grown on Pd and Ni ing corresponded to metallic palladium. There was no ev-
substrates, respectively, by DC sputterihg]. AFM, XRD, idence of alloy formation for both cases, Ni/Pd and Pd/Ni

and XPS were employed in the characterization of the films. [13].

The AFM image of the Pd substrate displayed a smooth sur- The combined AFM, XRD, and XPS results for the metal-
face, with lines due to the rolling process, while the mor- lic films deposited on transition metal substrates indicate that
phology of the Ni substrate presented grains in addition to the morphological and structural properties of the films de-
the lines. The Ni film on Pd presented a surface covered by pend not only on the metal that is growing, but also on the
grains, and the Pd film on Ni presented a smoother surfacemorphology and composition of the substrgité—13}

than the Ni substrate. XRD results revealed an amorphous Ni

film on Pd and a nanocrystalline Pd film on [NB]. 4.3. Thin oxide films
Fig. 4 displays the XPS Ni 2p spectra of Ni/Pd (a) be-
fore and (b) after argon ion sputtering. Fig. 3a, the Ni Pt modified Sn@ electrodes were prepared in the form of

2p32 component at approximately 852.5eV correspond to thin films on titanium substrates by a sol-gel method, having
metallic Ni, and the shoulder at higher binding energy can be a nominal composition of Sn/Pt= 1.5 (in atoms), at 200, 300,
deconvoluted by two peaks, at 854 and 856 eV, correspond-and 400°C [14], and were characterized by SEM, XRD, and
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Fig. 4. Ni 2p spectra of Ni film on Pd (a) before and (b) after argon ion sputtering.
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Table 1
Binding energies of the Pt 46 components for the Pt—Sadi electrodes
prepared at different temperatures

200°C 300°C 400°C Assignment
71.5 (49%) 71.0 (43%) 71.0 (52%) %Pt

72.7 (45%) 72.1 (43%) 72.1 (34%) Pt(OH)
74.6 (6%) 74.4 (4%) 74.2 (14%) PtO

The atomic percentages obtained from the relative contributions of each peak
are in parenthesis.

value (Sn/Pt ratio of 1.5), and those prepared at higher tem-
peratures showed a significant Pt surface enrichment [17].

5. Summary

This paper briefly describes the XPS technique and
presents some applications on the characterization of oxide
catalysts, thin metallic films, and thin oxide films.
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