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Abstract

Chemical state identification and quantification based on photoelectron spectra is challenging in the
case of copper and zinc and their alloys. In this work an analytical strategy for simultaneous chemical
state identification and quantification of copper and zinc chemical state in complex layered systems is
presented. This approach is based on the curve fitting of the multicomponent X-ray excited Auger
spectra: Cul;M, sMys and ZnlL;MysMy s, that clearly distinguish metallic and oxide components and
result in separated Ipymmer a0d Ivmox peak areas. On reference copper and zinc compounds, showing
only a single chemical state, the intensity ratio R between photoelectron I, and Auger intensity I mm
was determined. R, was obtained using pure metals and a sputtered brass alloy Cu37Zn. R, was
calculated using the pure oxides. Based on these experimental intensity ratios R a quantification factor
k = Rox/Ruet 18 calculated for both copper and zinc. This quantification factor k is independent of the
instrument employed for the analysis as here proved by using different spectrometers. The factor k is
then used to transfer the experimental Auger intensity ratio (Iivvmet / Iimmox) i0t0 the Iopmet / Iopox
intensity ratio which is required for the quantitative analysis by XPS. The potential of this approach
based on XPS and XAES for the patina studies on copper alloys, relevant in various field including
corrosion and cultural heritage, is presented for Cu37Zn model brass alloy after different surface pre-

treatments. This approach has proven to be successful.

Keywords:
Copper-Zinc alloys, Brass, X-ray photoelectron spectroscopy, XAES, Chemical state, Wagner plot,
Quantitative analysis.
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1. Introduction

The identification of the chemical environment for most elements can be routinely based on the
measurement of the binding energy (BE) of the x-ray photoelectron signals and on the comparison
with the values provided in databases such as NIST Database ', PHI Handbook * or in books data
compilations’ Tt is however well known that this approach is very difficult for copper and zinc
compounds due to the fact that the chemical shift between the elemental state and the oxidized one is
very small. Recently *, BE data from the NIST database has been revised. Metallic copper Cu (0) is
reported at a BE of 932.61 eV (std. dev. = 0.21 eV) while the same signal in the case of copper oxide
Cuy0, is at a BE of 932.43 eV (std. dev. = 0.24 eV). These two chemical states of copper have thus
statistically the same BE and cannot be differentiated setting the experimental conditions commonly
used by laboratory spectrometers. In the case of zinc the situation is similar: metallic zinc Zn(0) has a
BE of 1021.65 eV (std. dev. = 0.01 eV) whereas in zinc oxide ZnO, Zn(II) has a BE of 1021.00 eV
(std. dev. = 0.04 eV). Also in this case a univocal identification of the zinc chemical state is
challenging. In more complex systems such as copper/zinc alloys with nanometre-thick oxide over-
layers the peaks will largely overlap and make identification of the chemical state and quantification
of the species in the various layers even more difficult. A close inspection of the shape of the x-ray
induced Auger signals Cul;M,sMus and ZnlL;M4sMy s together with the calculation of the Auger
parameter greatly improve the assignment of the chemical state as it has been shown in several works

>~% 11 and zinc compounds ° ~''. Despite the fact that Auger signals are sensitive to

for both copper
changes in the chemical state, the quantification when both chemical states of copper and zinc are
simultaneously present is made difficult by the presence of a large number of signals. In few studies
the quantification based on the x-ray excited Auger signals have been undertaken: a first attempt of
curve fitting of the x-ray induced Auger signals of Cu and Cu,O was reported in 1988 '>. The same
group " reported CuLsMM spectra of Cu, Cu,0, Cu(OH), and CuO with an empirically-based curve

fitting of the Auger signals. The ratio between Cu2p and Cu L;MM intensity was discussed and a

cross section OLMm for the Auger signals identical for oxidized and metallic compounds was

experimentally deduced. A later work '* on copper-zinc alloys in borate buffer solutions exploited the
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same approach to fit CuL;My4sMys and ZnL;MysM, s Auger spectra of Cu, Zn, Cu,O and ZnO. The

assumption of a constant OL MM Was maintained and no complex Auger spectra with simultaneous

presence of metal and oxide components (e.g. Cu,O on Cu, ZnO on Zn) were reported so that also the
quantitative results are provided for a simple system.

In this work an analytical strategy for simultaneous chemical state identification and full quantification
of copper and zinc, when occurring in complex nanostructured systems such as brass alloys with thin
oxide - hydroxide surface films or patinas, is presented. The approach relies on the curve-fitting based
on the theoretical description of the multicomponent XAES signals CulL;MysMys and ZnL;M, sMy s
aiming to carefully determine the intensity (percentage) of the metallic and oxidized copper and/or
zinc components. This percentage, after the correction for the intensity ratio 2p/LMM calculated on
pure zinc and copper metal and zinc and copper oxides, is then used for converting them to the areas
of Cu2ps), or Zn 2ps), signals used for the subsequent quantification. The approach has been tested on
Cu37Zn model brass alloy after different surface pre-treatments and has proven to be successful.

This approach has been developed in the framework of a wide research project'> aiming to control the
conditions that might cause damage on historical brass musical instruments and represents the starting

point to relate non — destructive electrochemical tests to their surface chemistry.
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2. Material and methods

2.1. Material and surface preparation

Pure copper and zinc metals (foils, purity > 99.9%, purchased from Goodfellow Cambridge Ltd, UK)
and copper and zinc oxides (CuO 99.999%, Cu,O > 99,99% anhydrous and ZnO > 99.0%) supplied by
Sigma Aldrich, Sant Louis, USA) were analysed in this work as reference materials.

A model brass alloy Cu37Zn (Goodfellow Cambridge Ltd, UK) in the “as received” state, after
mechanical polishing and after Ar” sputtering was used for testing the analytical approach. Its certified
composition is reported to be 63% Cu, 37% Zn.

The mechanical polishing procedure is required for a well-defined starting point of the investigated
surfaces. The sample was first delicately ground with silica paper (grit sizes of 2400 and 4000) and

then polished using a DP Dur cloth and diamond paste with grain diameters of 3, 1 and % pm (Struers,

Ballerup— DK). Ethanol (p.a.), supplied by J.T.Baker® Chemicals (Avantor Performance Materials, Inc.

Global Headquarters, USA) was used for cooling, lubricating and for cleaning the samples in ultra-
sonic bath for five minutes. The surface was dried under an argon stream and immediately introduced
in the spectrometer.

Pure copper, zinc and brass samples were also investigated after ion sputtering using an acceleration
voltage of 3 kV and an ion current of 1 pA for a maximum of 300 s. These conditions were chosen in
order to remove the contamination and the oxidized layers until the complete disappearance of Cls

and Ols signals.

2.2. X-ray photoelectron spectroscopy and data processing

Instruments: XP-spectra were acquired using a Theta Probe instrument (Thermo Fisher Scientific, East
Grinstead, UK) and a PHI Quantera®™™ spectrometer (ULVAC-PHI, Chanhassen, MN, USA). Samples

were mounted on a standard sample holder for XPS measurements with copper clips.

Theta Probe: The analyses were carried out with a monochromatic AlKa source (energy = 1486.6 eV)
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selecting a spot size of 300 um. The beam was operated at 4.7 mA and 15 kV (70 W). The instrument
is equipped with an argon ion gun. For sputtering experiments an acceleration voltage of 3 kV and an
ion current of 1 pA were used in this work. The residual pressure in the main chamber during the
acquisition was lower than 107" Pa. The average emission angle is 53° while the angle between the

source and the analyser axis 67.38°.

PHI Quantera: the instrument is equipped with a focused and scanned AlKo (energy = 1486.6 eV)
source. The beam diameter was 100 um and it was operated at 4 mA and 15 kV (60 W). The
instrument is equipped with an argon ion gun. Argon ion sputtering was performed on 3x3 mm area,
applying an acceleration voltage of 3 kV and measuring an ion current of 15 mA. The emission angle

is of 45° and the angle between the source and the analyser axis is 45°.
Data acquisition:

Theta Probe: Survey and high-resolution spectra were acquired in fixed analyser transmission mode
(FAT) setting the pass energy equal to 200 eV and to 100 eV respectively selecting the standard lens
mode. Step-size was 1 eV and 0.05 eV, respectively. The full-width at half-maximum (FWHM) of the
silver Ag3ds), signal for the high-resolution spectra was 0.84 eV. The spectrometer was calibrated

according to ISO 15472:2001 with an accuracy of £ 0.1 eV.

PHI Quantera: Survey and high-resolution spectra were acquired in fixed analyser transmission mode
(FAT) setting the pass energy equal to 280 eV and to 69 eV respectively. Step-size was 1 eV and
0.125 eV, respectively. The FWHM of the silver Ag3ds), signal for the high-resolution spectra was
0.79 eV. The spectrometer was calibrated according to ISO 15472:2010 [Surface Chemical Analysis —
X-ray Photoelectron Spectrometers — Calibration of energy scales]. The accuracy was found to be

equal to £ 0.1 eV

When necessary, the BE values were referenced to the aliphatic carbon at 285.0 eV. Data were
acquired under computer control (Advantage v. 3.45). Three different regions were analysed on each
sample. BE values and atomic percentages are reported in this work as mean values on three points

with their corresponding standard deviations.
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Data processing: The high-resolution spectra were processed using CASAXPS software '°. The
background was subtracted according to the Shirley-Sherwood background subtraction routine '’ prior
to the curve fitting. This background subtraction routine was selected since this model is the most
popular in practical surface analysis. It is worth to emphasise that Tougaard’s background was also
applied to the sputtered cleaned alloy and its composition was in excellent agreement with the one
obtained by Shirley’s background subtraction. Gaussian and Lorentzian (GL) product functions were
used for curve fitting. Quantitative analysis of “as received” and sputter-cleaned brass surfaces were
performed on the basis of the integrated intensity using the first-principle model * assuming the sample

homogeneity. The atomic concentrations of the etched samples were calculated using the equation:

Y= I. eq. (1)

where I is the measured peak area in Cps*eV and S is the sensitivity factor of the peak i of the element
j. The sensitivity factors were calculated using Scofield’s photoionization cross-section '® corrected for
the asymmetry factors '°, the analyser transmission function T(E;) of the instrument ** and the inelastic
mean free paths (IMFP). The IMFP was calculated using the equation proposed by Tanuma et al. *'.

The accuracy of the calculated atomic concentrations is estimated to be + 10%.

Quantitative analysis of the brass surfaces covered with a thin oxide film (e.g. after mechanical
polishing) was performed according to the three-layer model *, the thickness and composition of the
oxide layer and the composition of the metal phase beneath the film could be calculated from a single

XPS/XAES measurement.
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3. Results

In the first part of this section the XPS results of reference materials are presented. In the second part,

the XPS results of the Cu37Zn brass model alloy are shown.

3.1. Reference materials

3.1.1. Copper and zinc metals

In order to obtain the curve-fitting parameters of the pure metals, copper and zinc foils were analysed
as reference materials by XPS acquiring the high-resolution spectra Cu2ps, and Cul;M,ysMys for
copper and Zn2p;, and ZnlL;My4sM, s for zinc. The analysis was carried out after sputtering with Ar’
ions to remove the contamination layer and the oxide film present at the surfaces. The survey spectra
(not shown) of both metals showed only signals from Cu and Zn. No oxygen and carbon signals were

revealed.

Copper: The Cu2p;,, region is shown in Figure SIla (Electronic supplementary material) and the data
are listed in Table SI1. The maximum of the signal was found at 932.5 (0.1) eV in agreement with the
literature ®''"'*. The CuL;M4sMys XAES signal (Figure SI 1b) shows a complex fine structure. Peaks
related to the 'S, °P, 'D, °F and 'G final states could be identified in agreement with literature B2
The most intense peak at 918.6 eV (labelled with A in Table SI 1) was assigned to the 'G multiplet of

-2 which splits in various multiplet states corresponding to

the two-localized-hole d* final state
structures seen in Figure SI 1b (Electronic supplementary material). The peaks assigned to the *P and
'D final state transitions were not resolved and contributed to one signal at 919.8 (0.1) eV (peak
labelled with D in Table SI 1) in agreement with literature ** **?’. An additional peak detected at

916.5 (0.1) eV could not be explained on the basis of theoretical calculations carried out on the

structure of the copper Auger multiplet signals but according to some authors might be assigned to the
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presence of satellites ** *°. Their origin is still debated but this topic is behind the scope of this
investigation. Parameters used for the curve fitting of this signal are provided in Table SI 1. Earlier,
curve fitting of x-ray induced Auger signals was based on empirical approach >~ ',

Zinc: The Zn2ps), signal acquired on sputtered zinc (Figure SI 2a) showed a single peak at 1021.6 (0.1)
eV, the fit parameters are listed in Table SI 2. Similarly to copper also the ZnL;M,sM,s Auger signal
(Figure SI 2b) exhibited a complex fine structure and the signals related to 'S, °P, 'D, °F and 'G final
states were identified. The most intense peak was ascribed to 'G final state transition (KE 992.1 (0.1
¢V)), which is the most probable transition **. The peaks assigned to the *P and 'D final state
transitions are not resolved and they form one signal at 993.5 (0.1) eV. In agreement with the literature
20 petween the 'G and 'S signals an additional peak (989.6 (0.1) eV) is present that could not be
explained on the basis of theoretical calculations carried out on the structure of the zinc Auger
multiplet signals and also in this case might be tentatively assigned to the satellite structure .

Parameters used for the curve fitting of the spectra are provided in Table SI 2.
3.1.2.Copper and zinc oxides

CuO, Cu,0 and ZnO were analysed as reference materials by XPS using the same analysis conditions
applied for the acquisition of the data on the model brass alloy. In this way was possible obtaining the

curve fit parameters of the photoelectron and of the XAES signals.

Copper oxide CuO: The survey spectra of CuO (not shown) showed all the characteristic signals of
copper and oxygen. Cls peak was observed due to an adventitious contamination from air exposure.
The most intense photoelectron peak of copper, Cu2ps,, was found at a BE of 933.8 (0.1) eV (Figure
SI 3a) and it was accompanied by two strong satellites at the high BE side of the main peak, due to a
d’ characteristic configuration of compounds containing Cu(II) (3d”) **** . The differences between
the BE of the satellites and of the main peak were found to be + 7.7 (0.1) eV as also reported by other

authors > °. The curve fitting parameters of Cu2ps, are listed in Table SI 3.

The Cul;M,4sM,s Auger signal (Figure SI 3b) is quite different from those of the pure copper (Fig.

SI1b) due to the difference in the ground state, d’ for Cu(IT)and d'* for Cu(0) and to the presence of
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the oxygen in the structure. It was found to be multicomponent and the kinetic energy (KE) of most
intense peak ('G, labelled with A in Table SI 3) was 917.8 (0.1). The KE values of all the components
and the curve fitting parameters of the Auger signal of CuO are presented in Table SI3. The Ols high-
resolution signal is provided in Figure SI 3c. The Ols signal of the copper (II) oxide appears at 530.1
(0.1) eV; an additional signal was observed at 531.7 (0.1) eV due to the presence of hydroxide on the
surface of the powder according to Chawla et al. *°. In Table SI 3 peak energy and fit parameters for

oxygen are listed.

Copper oxide Cu,0: Besides the photoelectron and the Auger lines due to copper, also the signals
attributable to oxygen and carbon were detected in the survey spectra of Cu,O. The carbon signal is
likely due to the ambient exposure during the sample preparation and transfer into the spectrometer.
The maximum of the Cu2ps,; high-resolution spectrum (Figure SI 4a) was found at 932.4 (0.1) eV in
agreement with ’; curve-fitting parameters are provided in Table SI 4. Unlike CuO, the Cu2ps,
spectrum of Cu,O did not show a satellite structure and the FWHM of the peak height is much lower
than that of the signal of CuO. The Cul;M,sM, 5 Auger spectra (Figure SI 4b) exhibited a complex
shape as a result of different final states. The KE values and the parameters used for the curve fitting
of Cu,0O Auger signal are presented in Table SI 4. The curve fitting was performed using four
components in agreement with ">~ ' while for metallic copper five components were used. The main
peak related to the 'G final state transition, which is the most probable transition, showed a KE of
916.8 (0.1) eV. The Ols signal (Figure SI 4c) was located at ca. 530 eV (Table SI 4C). The fit resulted
to be the convolution of three components: the most intense one at 530.3 (0.1) eV due to the copper (I)
oxide and the other two components which might be related to the presence of a thin organic

contamination layer and to adsorbed water in the outer part of the sample surface.

Zinc oxide ZnO: The Zn2ps, signal (Figure SI 5a) was found at 1021.6 (0.1) eV, curve-fitting
parameters are given in Table SI 5. The ZnL;M4sMys Auger peak (Figure SI 5b) showed a general
broadening and the satellite structure at low KE was less pronounced than in the metallic state, in
agreement with >''. The KE values and curve-fitting parameters for the individual signals are given in

Table SI 5. The oxygen Ols signal of ZnO (Figure SI 5c) showed three peaks, the curve-fitting
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parameters are given in Table SI 5.

The main result of this section on copper and zinc reference compounds is the theory based curve-
fitting of the XAES signals of both metallic (Figure SI 1b, SI 2b) and oxide compounds (Figure SI 3b,
SI 4b) of copper and zinc. Differences in kinetic energies and area ratios of the individual XAES
signals were maintained constant, so XAES envelopes characterized by the KE and the intensity of the

main peak could then be used in curve fitting of more complex systems such as brass alloys.

3.2. Brass model alloy Cu37Zn

3.2.1. Brass Cu37Zn model alloy “as received”

The model alloy, brass Cu37Zn, was first characterized in the “as received” state. The survey spectra
(Figure SI 6) revealed the presence of the elements constituting the alloy, the oxygen signal and a very
intense peak of carbon located at 285.0 eV. The carbon 1s signal showed three components: the main
component at 285.0 eV (aliphatic carbon), a second component at 286.6 (0.1) eV due to —COH or -
COC bonds and a third component at higher BE (289.1 (0.1) eV) that could be assigned to carbon

atoms in COO functional groups or to carbonates.

The high-resolution spectra of Cu2psn, Zn2ps,, CulsMysMys, ZnlsMysMys and Ols are shown in
Figure 1; the energy values and the fit parameters are listed in Table 1. The Cu2p;, spectrum (Figure
1a) showed the characteristic shake-up satellites of a Cu*" compound. The BE of 934.9 (0.1) eV is 1.0
eV higher compared to CuO (Table SI3). The reason might be ascribed to the presence of copper (1)
hydroxide in agreement with other authors '"'**3'. The Zn2ps, signal at 1022.4 (0.1) eV is 0.8 eV
more positive compared to the pure ZnO (Table SI 5); this might be due to the presence of zinc

hydroxide as reported by "*.

The Auger spectra of both copper Cul; M, sM, s (Fig. 1b) and zinc ZnL;MysMys (Fig. 1d) showed five
components. Those spectra differ from those of the oxides of copper (Fig. SI 3) and zinc (Fig. SI 4):

the spectra are noisier and their components are broader (higher FWHM). The KE of the main peak

10
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(A) of the copper CuLMM signal is shifted by 1.6 eV to lower values compared to CuO; the shift of
ZnLMM with respect to ZnO is found to be -0.7 eV. Thus, approximately, the shift to more positive
BE values of the 2p signals are equal to the shift to more negative kinetic energies of the Auger signals,

resulting in the same Auger parameter (see discussion Section 4.3).

3.2.2. Brass Cu37Zn model alloy sputter cleaned

The Cu37Zn model alloy was also characterized after argon ion sputtering until complete
disappearance of the contamination and the oxide layers (Figure SI7). Figure 2 shows the high-
resolution spectra of the sputtered brass alloy: Cu2ps,, Zn2p;,, Cul;MysMys, Znl;MysMys; Table 2
reports the electron energy values and the fit parameters of each signal. Cu2p;, and Zn2ps,, show only

one single peak at 932.7 (0.1) eV and 1021.3 (0.1) eV respectively.

The high-resolution spectra of copper (Fig. 2b) and zinc (Fig. 2d) Auger signals exhibited a complex
fine structure similar to those of the metal ones (Figure SI 1b and SI 2b). Table 2 presents the electron

energy values, and the fit parameters related to the acquired spectra.

3.2.2 Brass Cu37Zn model alloy mechanically polished

The model alloy Cu37Zn was analysed after mechanical polishing as described in Section 2.1. The
survey spectra showed the characteristic signals of Cu, Zn, C and O (Figure SI 8). The high-resolution
spectra of Cu2p;p, Zn2ps,, CulsMysMys, Znl;MysMys, Ols are shown in Figure 3. Energy values,
FWHM and line shape (GL ratio and tail function) are provided in Table 3. The spectra line-shapes are
different from those obtained on the pure compounds (see tables SI1-SI5) and these differences were
attributed to the fact that on the alloy surface, after mechanical polishing, the contributions to the
signal of both metal and oxide are simultaneously present. Furthermore, as it is apparent from the line-
shapes reported in the SI, the curve fitting parameters are different for metals and oxides. Transition
metals are characterized by exhibiting a tail at the higher binding energy side and the tail function

takes into account electron-hole pair creation at the Fermi level for metallic systems .

Cu2ps; and Zn2p;, showed only one single peak with the same BE as in pure copper and zinc. The

11
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XAES spectra of Cul;M,sMys (Fig. 3b) and Znl;M4sMys (Fig. 3d) have a clearly different shape from
those of pure metals and pure oxide compounds. In fact the copper and zinc Auger signals showed the
simultaneous presence of the components assigned to the metal and to the oxides due to the presence
of a thin oxide layer. The curve fitting of the Cul;MsMys and Znl;MysMys Auger peaks of copper
and zinc was performed using the envelopes of the metallic states (shown in Fig. SI 1b and SI 2b) and
the oxidized ones (Figure SI 4c and SI 5c). This is to our knowledge the first time that Cu and Zn

Auger signals of complex layered systems have been resolved in their components.

4. Discussion

XPS surface analysis usually relies on the most intense photoelectron signals. As it is well known,
copper Cu 2p and zinc Zn 2p photoelectron signals do not exhibit a chemical shift between metallic
and oxidized state. The BE values of metallic and oxidized zinc are reported at 1021.6 eV, and for
metallic copper and Cu,O the BE (932.5 eV in both cases) do not allow the univocal identification of

4,6,11-14

the two states. Several papers proposed thus the use of x-ray induced Auger signals (XAES)
where clear shifts in KE and changes in the shape of the spectra are found between metals and oxides.
Regarding the quantitative analysis of copper-zinc alloys (brasses) with an oxidized surface layer in
the nano-meter range literature only reports few examples'' ™. In the following a novel approach for
univocal assignment to the various copper and zinc chemical states when they are simultaneously

present is described together with the description of a quantitative analysis method to be followed

when a thin-layer of copper and zinc oxy-hydroxides is present on the surface of the alloy.

4.1. Curve fitting of x-ray induced Auger spectra

The XAES signals of pure copper and zinc metals and oxides are composed of several peaks that were
here assigned following the results of the theoretical approach reported in literature predicting the

differences in KE and intensity ratio (Table SI 1, SI 2, SI 3, SI4 and SI 5) > In this work the

12
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spectra of metallic copper and zinc (Fig. SI 1b, SI 2b) as well as copper and zinc oxide reference
compounds (Fig. SI 3¢, SI 4c, SI 5¢) have been measured and processed. Each spectrum (envelope)
could be reproduced based on the individual components and then used for the subsequent curve
fitting of complex signals. A similar but empirically based approach for curve fitting of x-ray induced
Auger signals of copper and zinc was proposed by other authors but the best results were reported by

12-14 . . "
where reference spectra of various compounds were characterized under controlled conditions.

XAES for the sputtered Cu37Zn alloy compared to metallic copper and zinc: the XAES signal for
metallic copper (Figure SI 1c) agrees well with the signal of copper in the sputtered brass alloy (Fig.
2b) as qualitatively reported also in literature ''. The KE of the main peak (A) assigned to 'G is found
at 918.6 eV for metallic copper and for copper in the alloy. In addition, the energy difference between
the individual signals and the intensity ratio are perfectly identical (compare Table SI 1 with Table 2).
Also the signals of pure zinc (Fig. SI 2b) and zinc in the brass alloy (Fig. 2d) are similar. A slight shift
of the KE of the main peak (A) assigned to 'G of + 0.2 eV is found (compare Table SI2 with Table 2).
The energy difference and the intensity ratios between the individual signals are reasonably identical
for pure zinc (Table SI 2) and zinc in the sputtered alloy (Table 2).

Regarding the binding energies, BE of copper Cu2ps, is shifted by + 0.2 eV in the alloy and BE of
zinc Zn2p;, by -0.3 eV. The same results were found in studies of Cu-Zn alloys .32 These small
differences can be attributed to changes in the electronic environment going from the pure metal to the
alloy. The lattice parameter of the cubic face centred lattice increases from 3.608 A for pure copper to
3.696 A for alloys containing 37% of zinc. Hence, the electron distribution on each atom can be
expected different for pure copper and for the Cu37Zn alloy. Positive shifts for the BE and (nearly
equal) negative shifts for the KE result in the same Auger parameter o’, thus in similar final state

effects.

XAES for the “as received” Cu37Zn alloy compared to copper and zinc oxides: a comparison of the

XAES signal of ZnO (Fig. SI 5b) and the ZnLMM signal of the “as received” Cu37Zn alloy shows

good agreement. In particular, the difference between the kinetic energies of the individual signals and

13
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their intensity ratios is identical in pure ZnO (Table SI5) and in the “as received” alloy (Table 1). A
shift of — 0.7 eV is found for the KE of the ZnLMM signal in the alloy (compare to the shift of + 0.8

eV in the Zn2p;, signal).

A comparison of the XAES signals for copper oxide Cu,O (Fig. SI 4c), CuO (Fig. SI 3b) and the
copper oxi-hydroxides of the “as received” brass alloy (Fig. 1b) showed clear differences, thus at the
surface of the “as received” alloy a different copper-compound is likely to be present. Based both on
the Cu2ps), (Fig. 1a) and the Cu LMM signal (Fig. 1b) the presence of mainly copper hydroxide in the
outer part of the surface film can be envisaged in agreement with what already reported in "*. Using
the chemical state plot (Section 4.3) the species present at the surface of the as received alloy will be

identified.

4.2. Quantitative analysis

Quantitative analysis in a system such as brass alloy with a thin oxidized surface film is not possible
because the copper and zinc 2p signals do not distinguish between metallic and oxidized states. Only
the x-ray excited Auger signals allow a clear and quantitative distinction between metallic and
oxidized state (Fig. 3b, 3d). Here a procedure and a formula that allows transfer the experimental

intensity ratio from the LMM to the (unknown) intensity ratio of the 2p signals is presented.

4.2.1. Ratio between 2p photoelectron and LMM x-ray excited Auger electron signals

In the case of copper and zinc reference compounds as well as for the Cu37Zn brass alloy after
sputtering and in the as received state, both the x-ray excited Auger signals and the 2p photoelectron
signals are due to only one chemical state, either metallic or oxidized. Thus on these samples the
experimental intensity ratio, R, defined as: R = I, / ILmm, could be determined. Peak areas I, and I vm
obtained following the curve fitting of the spectra were corrected for transmission function Q(E) *° and

attenuation lengths A *'.

14
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The experimentally determined intensity ratio R (Table 4) is, as expected, different for copper and zinc,
but it also results different for the metallic (R,) and the oxidized (R,y) state. Thus, the common
assumption of an element specific sensitivity factor S or cross section o for a given transition
independent on its chemical environment cannot be here applied. In addition the values of R depend
on the geometry of the instrument (Table 4). In order to calculate the surface composition
independently on the spectrometer geometry, it is here proposed a correction factor k, defined as k =
Ro/Rpet (Table 4, shadowed area). Indeed, the correction factors k are independent on the instrument

and k = 1.5 for copper and k = 0.8 for zinc have been found (Table 4).

The experimentally determined ratios R between the photoelectron intensity I, and the Auger signal
intensity Iy ypy for the “as received” Cu37Zn alloy were found to be very different from CuO (Table 4).
This is due to the different attenuation of the photoelectrons (ca. KE = 552 eV) and of the x-ray
excited Auger electrons (ca. KE = 917 eV) by the thick contamination layer on the as-received alloy.
Assuming 5 nm contamination (Table 8), the attenuation of the 2p photoelectrons is twice as strong as
for the x-ray excited Auger. The attenuation corrected ratio R is within the range of the pure oxide and,

as a consequence, also the k value is identical (Table 4). The same reasoning holds for the zinc signals.

For brass alloys with a thin surface film (as example the mechanically polished sample, Fig. 3) the
CuLMM (Fig. 3b) and ZnLMM (Fig. 3d) spectra allow determining the intensity of the metallic and
the oxide contribution. From these intensities the intensity ratio r = LMM,,/LMM,, is calculated. For
copper this was found r equal to 1 while for zinc it was found equal to 4 (Table 5). The experimentally
determined intensity ratio in the x-ray induced Auger signals, r, and the correction factor k (from
Table 4) allow calculate the corresponding intensity ratio for the 2p signals. The equation derived

(appendix A) for the calculation is:

%2p0x= 1-r-X eq. (2)

IL=kT)

k  is the (element specific) correction factor (Table 4)

15
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r is the experimentally determined ratio of the x-ray induced Auger signals of the same

element but in different oxidation state: LMM,,/LMM,, (Table 5)

The calculated percentage of oxidized and metallic compound in the 2p signal is shown in Figure 4 for

both copper and zinc as a function of the input data r = LMM,,/LMM,,,.

Table 5 reports the input parameters and the corresponding calculated results. It can be noted that for
copper the intensity of the oxide increases by ca. 20% (from 50 to 60%) whereas for zinc the intensity

of the metal increases by 20% (from 20 to 24%)).

The theoretical background of this empirical approach, especially of the intensity ratio R = I, / Iivm
(Table 4) can be discussed. While the intensity ratios of different x-ray excited Auger signals, e.g.
Ly3MysMys / LysMysMys for Ni, Cu and Zn could be related to the effective charge Aq on the metal
atom in the different compounds *°, such a theoretical basis for the intensity ratio between 2p
photoelectron and LMM x-ray excited Auger electrons signals is lacking. An attempt to use intensity
ratio between 2p photoelectrons and LMM Auger electrons was made to quantify Cu,0 on Cu . In

. 13,14
later studies

the ratio of experimental intensities L,,/I; v Was used to determine the sensitivity
factor for the Auger signals oy of copper and zinc, assuming this factor to be the same for metallic
and oxidized compounds. As in this work R,, and R, are different both for copper and zinc (see
Table 4) meaning that also the calculated cross sections Gpmmoex and Opymvmes are different. The

assumption of equal cross section ">~ '* does not hold for complex layered systems.

Only the experimentally determined factor k = Rox/Rye; @s proposed in this work, is characteristic for

an element (copper, zinc), reasonably constant and independent on the instrument used for the analysis.

Thus the factor k can be used to convert ratios LMM,,/LMM,,,, resulted from the curve fitting of x-ray
excited Auger signals (Fig. 3b, 3d) to intensity ratios of the photoelectron signal 2p,/2pme: needed for
obtaining the intensities of each metallic and oxidized component. These data are required for the

quantitative analysis of nano-structured layered systems (see Section 4.2.3.).
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4.2.2.Quantitative analysis of Cu37Zn model brass alloy

Sputtered Cu37Zn model brass alloy: After slight Ar’ sputtering no oxides were detected on the
surface of the alloy here examined: both Cu2p and Zn2p photoelectron signals and corresponding
XAES signals (Figure 2) refer to the metallic state only. Quantitative analyses were performed
following the first principle model and the results are summarized in Table 6. The difference with the

nominal composition can be ascribed to a preferential sputtering effect that was already reported in **.

Cu37Zn model alloy “as received”: in the as received state, even after a very slight sputtering to only
remove the contamination layer, no signals from the underlying alloy were detected. Thus both the Cu
and Zn 2p photoelectron signals and the XAES signals (Figure 1) refer to the oxidized state only.
Quantitative analysis has been performed following the first principle approach. The results are

presented in Table 7.

4.2.3.Quantitative surface analysis of brass alloys with thin oxide film

Mechanically polished Cu37Zn model brass alloy: The XAES spectra of both copper (Fig. 3b) and
zinc (Fig. 3d) show the presence of metallic and oxidized components, indicating a thin oxide layer on
the brass surface. XAES areas were used to calculate the ratio r of metallic and oxidized copper and
zinc respectively (Table 5). The intensities of the metallic and oxidized components in the 2p
photoelectron signal were calculated following the approach outlined above in 4.2.1, results of one
example are provided in Table 5.

Once the photoelectron intensities Icymets Icuoxs Iznmet a0d Iz ox and of the contamination I, are known
(Table 5), the quantitative analysis of such a thin-layered system was performed following the three-

22,3536
layer model

, assuming the presence of a contamination layer and of a homogeneous oxide film
on top of the alloy. The density for Cu37Zn alloy was taken as 8.5 g/cm’, the density of the oxide film

was assumed to be 6 g/em’ (6.14 g/em® for Cu,O and 5.61 g/em’ for ZnO). The results of the
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quantitative analysis of the mechanically polished Cu37Zn alloy obtained for three different analysis
points are illustrated in Table 8.

They are consistent: a thin oxide film is present on the surface of the alloy. The oxide film is rich in
copper oxide (Cu,0) and contains about 33% of zinc oxide (ZnO). The alloy composition beneath the
oxide film is in average very close to the nominal composition, 64.5 (1.5) % copper and 35.5 (1.5)%

zinc. One of three samples even shows 37% zinc.

4.3. Chemical state plot

The chemical state identification using XPS surface analysis has became routine for most of the
elements in the periodic Table *. However, for copper and zinc the chemical state identification based
on the BE only is challenging since it is not possible distinguish between Zn (II) and Zn (0) in the
Zn2p and between Cu (I) and Cu (0) in the Cu2p spectra *. While the photoelectron signals of copper
and zinc showed the same BE, the Auger signals of both elements are different from their pure
elements (Figure SI1 — SI4). Moretti '' has shown that the chemical state plot and the modified Auger
parameter concept are particularly important for copper and zinc compounds because the two
dimensional representation of photoelectron BE versus XAES KE, Wagner chemical state plot, allows
a more accurate assignment. Other examples of successful application are sulphur compounds in
sulphur containing minerals °, the chemical state of phosphorus in amorphous alloys *’, phosphate

glasses ** or in nickel-phosphorus coatings *°.

Copper compounds: Wagner chemical state plot of copper is shown in Figure 5; KE, BE and Auger
parameter of the different compounds are summarized in Table 9. The reference compounds (metallic
copper, CuO, Cu,O and in addition Cu(OH),) " are shown together with copper in the Cu37Zn model
brass alloy after Ar” ion sputtering, after mechanical polishing and in the “as received” state. Metallic

copper and Cu,O have the same BE at 932.5 (0.1) eV whereas CuO and Cu(OH), clearly show higher

18
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binding energies. Interesting to note that the Auger parameter (Table 9 and diagonal line in the plot) o’
= 1851.0 (0.2) eV is the same for metallic copper and Cu(OH),, indicating a similarity of the copper
chemical state. Cu,O instead, a copper Cu(I) compound, has an Auger parameter of o’ = 1849.2 (0.2)

eV (Table 9).

The copper signal of the sputtered alloy Cu37Zn coincides with that of the metallic copper. Copper in
the “as received” alloy is found close to the Cu(OH), standard, confirming that the outmost surface is
mainly of copper hydroxide. The mechanically polished alloy showed two points: one that coincides
with metallic copper, the other with Cu,O. This indicates that on top of the alloy a thin oxide film is
present (see Section 4.2.3). If, as very often is done, only the most intense Auger line of copper (918.5

(0.1) eV, Figure 3b) were used for speciation, the presence of Cu,O would not have been revealed.

Zinc compounds: Wagner chemical state plot of zinc is shown in Figure 6; KE, BE and modified
Auger parameter of the different compounds are summarized in Table 9. Zn(II) and Zn(0) compounds
cannot distinguished on the basis of the BE. Considering also the x-ray excited Auger signals and the
chemical state plot, different chemical states became distinguishable. The Auger parameter (Table 9)
for metallic zinc is o’ = 2013.7 (0.2) eV, for ZnO and Zn(OH), (both Zn(II) compounds) the Auger
parameter is o’ = 2009.7 + 0.2 eV. This is mainly due to a difference in the XAES Zn LMM Kkinetic
energy (Table 9). Wagner plot shows that at the surface of the mechanically polished sample both
metallic zinc and ZnO could be detected, thus supporting that a thin oxide layer is present on top of
the alloy. As mentioned above for copper, if only the most intense Auger line of zinc (988.0 (0.1) eV,
Figure 3d) would have been considered only the presence of ZnO but not of metallic zinc would have

been revealed.

5. Conclusions

The following conclusions can be drawn from this surface analytical work:

1. A new analytical strategy for simultaneous chemical state identification and quantification of
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copper and zinc in complex, thin-layered systems has been established.

Curve fitting of the multicomponent X-ray excited Auger spectra of copper Cul;M,sMys and
zinc Znl;M4sMys allows the discrimination of the different chemical states (e.g. metallic and
oxide components) in complex systems

The kinetic energies of the curve fitted Auger signals allow an unambiguous assignment of the
chemical state of copper and zinc compounds with the chemical state plot

Standards of pure metals and oxides are essential to accurately determine the envelopes of the
complex Auger signals for curve fitting and to calculate the experimental intensity ratios R = I, /
Ipam between photoelectron and Auger intensity required for quantification

The experimentally determined quantification factor k = Ryx/Rye as proposed in this work is
characteristic for an element (copper, zinc), reasonably constant and independent on the
instrument used for the analysis.

The composition of the alloy beneath the thin oxide film of mechanically polished samples of
Cu37Zn calculated with the new analytical strategy presented in this paper is found to be very
close to the nominal composition.

The new analytical approach for quantification has been tested on Cu37Zn model brass alloys

after different surface pre-treatments and has proven to be successful.
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Appendix A

Derivation of equation (2)

Definitions
R experimentally determined intensity ratio 2p/LMM (see Table 4)
k experimentally determined constant k = R.,/R; (see Table 4)

romv  experimentally determined intensity ratio in the Auger signal 1y =1 (LMM)yy/ I (LMM),e

r;,  unknown ratio in the 2p photoelectron signal 1, =1 (2p)ox/ I (2P)met

er =1 (2p)0x/ I (2p)met

% (2p)ox =100 * Ip / (1 + rzp)

Iyp =k *romm

% (2p)ox = 100 * k * iy / (1 + k* rvm) thus eq. (2) in the paper
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Table 1: Binding energies and kinetic energies, FWHM of the peak height, line shape of Ols, Cu2ps,
Zn2p;;, Cul;MysMys and Znl;MysMys of an as received Cu37Zn sample.

Peak BE FWHM Line shape
(eV £ 0.1) (eV£0.1)

Cu2py;, 934.8 24 GL(70)T(1.5)

Sat 1 941.1 2.6 GL(30)

Sat2 9443 2.6 GL(30)
Zn2p;; 1022.4 2.1 GL(70)

Ots 530.7 1.7 GL(40)

O1s 532.0 1.7 GL(40)

O1s 5333 1.7 GL(40)

Signal KE Assignment Intensity FWHM Line shape
(eV£0.1) ratio (eV£0.1)
Cu LMM
A 9162 ‘G 1 3.0 GLB0)
B 914.1 0.3 3.9 GL(30)
C 911.7 's 0.1 3.9 GL(30)
D 917.5 *P/'D 0.1 3.1 GL(30)
E 919.0 °F 0.3 3.0 GL(30)
Zn LMM

A 987.5 'G 1 40 GL(30)
B 984.8 0.1 3.0 GL(30)
c 9823 'S 0.03 2.0 GL(30)
D 989.0 *P/'D 0.2 33 GL(30)
E 990.9 °F 0.3 44 GL(30)
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Table 2: Binding energies and kinetic energies, FWHM, line shape of Cu2ps,, Zn2ps,, CulsMysMys

and ZnL;M,sMys of a sputtered Cu37Zn. Spectra were acquired using the Quantera®™.

Peak BE FWHM Line shape
(eV0.1) (eV£0.1)
Cu2p;, 932.7 0.9 GL(9N)T(2)
Zn2p;; 1021.3 0.9 GL(92)T(1.5)
KE Assignment Intensity FWHM Line shape
(eV0.1) ratio (eV£0.1)
Cu LMM
A 918.6 'G 1 1.4 GL(80)
B 916.4 Sat. 0.3 1.9 GL(30)
C 914.1 's 03 22 GL(30)
D 920.0 P/'D 01 1.0 GL(30)
E 921.4 °F 03 1.4 GL(30)
Zn LMM
A 992.3 'G | 17 GL(70)
B 989.5 Sat. 0.1 19 GL(70)
C 987.4 'S 0.1 1.6 GL(70)
D 993.6 *P/'D 0.2 1.6 GL(70)
E 995.7 F 0.4 1.5 GL(70)

26



Page 27 of 38

RSC Advances

Table 3: Binding energies and kinetic energies, FWHM, line shape of Cls, Ols, Cu2ps;p, Zn2psp,,

Cul;MysMys and Znl;My5sM,s of @ Cu37Zn sample following mechanical polishing.

Peak BE FWHM Line shape
(eV0.1) (eV£0.1)
Cu2ps), 932.5 1.3 GL(70)
Zn2p;), 1021.7 1.7 GL (70)
Ols 530.4 1.6 GL (45)
Ols 531.8 1.6 GL (45)
Ols 5333 1.6 GL (45)
Signal KE Attribution
(eV0.1)
CuLMM metal 918.5 envelope
Cu LMM oxide 916.8 envelope
Zn LMM metal 988.0 envelope
Zn LMM oxide 992.3 envelope
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Table 4: Ratio of the 2p photoelectron and LMM x-ray excited Auger electron intensity and correction
factor k = R,,/R,; for copper and zinc compounds: spectra were acquired with two spectrometers and
areas were corrected for the geometry of the instruments.

System Source Intensity ratio R 2p/LMM k = Ryy/Rpye
Theta Quantera Theta Quantera
Cu metal Pure metal 34 2.0 1.56 1.5
Cu metal Sputtered alloy - 1.9 - 1.55
CuO Pure oxide 53 3.0 1.56 1.5
Cu-oxide As rec. corrected 5.1 3.0 1.5 1.5
Cu-oxide As received alloy 2.5 1.5 0.74 0.75
Zn metal Pure metal 3.8 2.3 0.79 0.74
Zn metal Sputtered alloy - 2.0 - 0.87
ZnO Pure oxide 3.0 1.7 0.79 0.74
ZnO As rec. corrected 32 0.83
Zn-oxide As received alloy 1.4 1.2 0.36 0.52
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Table 5:
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Input parameters and results of calculations to determine the metallic and oxide intensity in the

(unresolved) 2p photoelectron peak of copper and zinc (example of a mechanically polished sample)

Metal % ox % met ratio r correction % ox in Iox 2p Let 2p
LMM LMM ox/met factor k 2p

Copper 50 50 1 1.55 61 55066 35206

Zinc 80 20 4 0.8 76 41269 13068

Table 6: Composition of the sputtered Cu37Zn model brass alloy

Point Contamination Cu met Zn met
1 nd 74% 26%
2 nd 80% 20%

Table 7: composition of the oxide film on the “as received” Cu37Zn model brass alloy

Point Oxide film Contamination Cu ox Zn ox
1 > 10 nm 4.5 nm 83 17
2 > 10 nm 3.8 nm 84 16
3 > 10 nm 4.5 nm 85 15
4 > 10 nm 4.0 nm 83 17

Table 8: Composition of the oxide film and the alloy beneath the oxide film formed on Cu37Zn model brass
alloy after mechanical polishing. The thickness of the oxide layer and the contamination film are also given.

Area of Oxide film Contamination Cu ox Zn ox Cu met Zn met
analysis thickness (nm) | layer thickness wt% wt% wt% wt%
(nm)
1 1.9 0.7 61 39 63.4 36.6
2 1.5 1.7 70 30 62.6 374
3 0.5 2.4 69 31 65.8 342
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Table 9: BE and Auger KE of copper Cu 2psp, Zn2ps;, , CuLMM and ZnLMM signals of the analysed
compounds with the Auger parameters calculated using the different components for the Auger signals (o',

column 3) and using only the most intense Auger line (',, column 4).

BEphotoelectron KEAuger (X' (X'
Copper
Cu(0) 932.5 918.6 1851.1 1851.1
Cu,0 932.4 916.8 1849.2 1849.2
CuO 933.9 917.8 1851.7 1851.7
Cu37Zn mech pol met 932.5 918.5 1851.0 1851.0
Cu37Zn mech pol ox 932.5 916.8 18493 -
Cu37Zn as received 935.0 916.2 1851.2 1851.2
Cu37Zn sputtered 932.7 918.6 1851.3 1851.3
Zinc
Zn(0) 1021.6 992.1 2013.7 2013.7
ZnO 1021.3 988.1 2009.4 2009.4
Cu37Zn mech pol ox 1021.7 988.0 2009.7 2009.7
Cu37Zn mech pol met 1021.7 9923 2014.1 _
Cu37Zn as received 1022.4 987.7 2010.1 2010.1
Cu37Zn sputtered 1021.7 992.3 2014.1 2014.1
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Figure captions

Figure 1:
High-resolution spectra of Cu37Zn alloy “as received”.

Figure 2:
High-resolution spectra of the sputter-cleaned alloy Cu37Zn

Figure 3:
High-resolution spectra of the mechanically polished alloy Cu37Zn

Figure 4:

Percentage of oxidized component in the 2p signal versus percentage of the oxidized component in the
LMM signal for copper and zinc

Figure 5:

Wagner chemical state plot of copper. The BE of Cu2ps,, and the KE of CulL;My sMy s from this work
after curve fitting taking into account the presence of the components due to oxidized copper are
compared with the literature

Figure 6:

Wagner chemical state plot of zinc. The BE of Zn2p;, and the KE of ZnL.;M, sM, 5 from this work are
compared with the literature
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Figure 2
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