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Advanced analysis of copper X-ray
photoelectron spectra

Mark C. Biesinger*

Chemical state X-ray photoelectron spectroscopic analysis of copper species is challenging because of the complexity of the 2p
spectra resulting from shake-up structures for Cu(ll) species and overlapping binding energies for Cu metal and Cu(l) species. This
paper builds upon and extends previously published X-ray photoelectron spectroscopy curve-fitting and data analysis procedures
for a wide range of copper containing species. Steps undertaken include the following: (i) an examination of existing Cu 2p3,, main
peak and Cu 2ps, - Cu L3M,;sM, 5 Auger parameter literature data, (ii) analysis of a series of quality standard samples, (iii)
curve-fitting procedures for both the Cu 2p3/; and the Cu L3M,; sM, 5 spectra (as well as associated anions), (iv) calculations that
determine the amount of Cu(ll) species in a mixed oxidation state system, (v) calculations and necessary data for thin film mixed
oxide/hydroxide thickness measurements, and (vi) a presentation of literature and standard sample values in a Wagner (chemical

state) plot. Copyright © 2017 John Wiley & Sons, Ltd.
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Introduction

From antiquity to modern day, copper and its alloys have been
integral to civilization. Easily molded and shaped, an efficient
conductor of electricity and heat, and resistant to corrosion, copper
has a multitude of uses in domestic, industrial, and high tech
applications.™ In 2015, world mine production was 18.7 million
metric tons.!?

Copper clad steel containers are being considered as a means to
store high-level nuclear waste in a long-term deep geologic
repository. Assessment of the integrity and longevity of these
containers in a multi-barrier system involves a combination of
experimental and modelling approaches. These include the
application of a wide range of electrochemical techniques often
under hostile conditions, such as high temperatures in the presence
of aggressive environments. These methods are supplemented by
various surface and near-surface analytical techniques, such as X-
ray photoelectron spectroscopy (XPS), Auger spectroscopy, SEM,
neutron reflectometry, and others. XPS, in particular, has been
essential for the characterization of the chemistries involved with
thin oxide film growth.” The need for improved XPS analysis of
copper spectra has also been noted with procedures recently
developed to curve-fit the full Cu 2p spectrum using standard
spectra line-shapes for graphite-supported ultra-small copper
nanoparticles.!

Chemical state determination using XPS has become routine for
most of the elements in the periodic table. Binding energy (BE)
databases, such as the National Institute of Standards and
Technology (NIST) Database™ or the Phi Handbook!®, generally
provide sufficient data for the determination of chemical state for
uncomplicated (i.e. single peak) spectra. However, the transition
metal 2p spectra pose several problems that these databases do
not adequately address, specifically, shake-up structure, multiplet
splitting, and plasmon loss structure, all of which can complicate
both interpretation and quantitation of the chemical states present.

For example, fitting parameters such as peak widths and
asymmetries, which are vital for curve-fitting of complex, mixed
metal/oxide systems, are not included in these databases. To
remedy this, practical methods that combine theoretical and
experimental information to produce curve-fitting procedures have
been developed and reported for species that show minimal or no
multiplet splitting (Sc, Ti, V, Cu, and Zn)""! and for those that show
significant multiplet splitting (Cr®%, Mn® Fe®1% Co and
Ni[8'11'12]).

This paper builds upon and extends these types of procedures for
a wide range of copper containing species. Steps undertaken include
the following: (i) an examination of existing Cu 2ps/, main peak and
Cu 2p3/, — Cu LsM, sMy s Auger parameter literature data, (ii) analysis
of a series of quality standard samples, (jii) curve-fitting procedures
for both the Cu 2ps,, and the Cu LsM4sM,s spectra (as well as
associated anions), (iv) calculations that determine the amount of
Cu(ll) species in a mixed oxidation state system, (v) calculations
and necessary data for thin film mixed oxide/hydroxide thickness
measurements, and (vi) a presentation of literature and standard
sample values in a Wagner (chemical state) plot.

In quantification of thin films by XPS, compositional and chemical
state variation with depth can introduce significant errors, recently
reviewed by Powell and Jablonski'®, due, in part, to inelastic mean
free path (IMFP) differences associated with the different
chemistries. Methods to explore layered structures (e.g. QUASES)!"
and evaluate multiphase particles'" have been used in some of our
previous work ' """'¥ |n this paper, we have focused on improved
chemical state recognition and quantitative estimation. The
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procedures can be used in subsequent depth analysis.'"'® BE
calibration procedures, essential to this process, particularly for
sample charge referencing, are also described and discussed.

Experimental

The XPS analyses were carried out with both Kratos AXIS Ultra and
Kratos AXIS Nova spectrometers (Kratos Analytical, Manchester, UK)
using a monochromatic Al Ka source (15 mA, 14 kV). Instrument
work functions were calibrated to give an Au 4f;, metallic gold
BE of 83.95 eV. The spectrometer dispersion was adjusted to give
a (BE) of 93263 eV for metallic Cu 2ps/,,. The Kratos charge
neutralizer system was used for all analyses as needed. Charge
neutralization was deemed to have been fully achieved by
monitoring the C 1s signal for adventitious carbon. A sharp main
peak with no lower BE structure is generally expected. Instrument
base pressure was 8 x 10~ '° Torr. High-resolution spectra were
obtained using an analysis area of 300 x 700 um and a 20-eV pass
energy. This pass energy corresponds to a Ag 3ds, full width at half
maximum (FWHM) of 0.55 eV.

A single peak [Gaussian (70%) — Lorentzian (30%)], ascribed to
alkyl type carbon (C—C, C—H), was fitted to the main peak of the C
1s spectrum for adventitious carbon. A second peak is usually
added that is constrained to be 1.5 eV above the main peak and
of equal FWHM to the main peak. This higher BE peak is ascribed
to alcohol (C—OH) and/or ester (C—O0—C) functionality. Further, high
BE components (e.g. (=0, 2.8-3.0 eV above the main peak, C—0—C,
3.6-4.3 eV above the main peak) can also be added if required.
Spectra from insulating samples have been charge corrected to
give the adventitious C 1s spectral component (C—C, C—H) a BE of
284.8 eV. The process has an associated error of +0.1-0.2 eV.2%
Experience with numerous conducting samples and a routinely
calibrated instrument has shown that the non-charge corrected C
1s signal generally ranges from 284.7 eV to as high as 285.2 eV.
The spectra for argon ion sputter cleaned metallic species are
referenced to Au 4f,/, at 83.95 eV. The powder (or consolidated)
samples were not sputter cleaned prior to analysis, as it is well
known that this can cause reduction of oxidized species.

Spectra were analyzed using CasaXPS software® (version
2.3.14). Gaussian (Y %) — Lorentzian (X %), defined in CasaXPS as
GL(X), profiles were used for each component. The best mixture
of Gaussian-Lorentzian components will vary depending on the
instrument and resolution (pass energy) settings used as well as
on the natural line-width of the specific core hole. Changes to the
Gaussian-Lorentzian mix do not, in general, constitute large peak
area changes. If the mix is in a reasonable range and applied
consistently, reasonable results are obtained. A standard Shirley
background is used for all reference sample spectra.

Powder and metal samples of the highest purity readily available
were purchased from Alfa Aesar (Haverhill, Massachusetts, USA).
Where available, samples that were received ampouled or packed
under argon were introduced into the XPS instrument via an
attached argon filled glove box (Cul, CuCl, CuCl,, and CuF,). Cudl,
which is light sensitive, was introduced and analyzed in a darkened
room/chamber. The chalcocite (Gardner Mine, Bisbee, Arizona)
specimen was obtained from Mineralogical Research Company
(San Jose, California, USA) and was ground in a mortar under Ar
prior to analysis. All powder samples were mounted on non-
conductive adhesive tape. All Cu(ll) species were pre-cooled to
and held at —140 to —150 °C for analysis as previous work”! has
shown that sample cooling sustainably slows X-ray degradation of

Cu(ll) to Cu(l). Other strategies were also employed to limit X-ray
exposure for these samples (e.g. high-resolution spectra taken
before survey scans, minimal scans taken for sufficient signal to
noise). The metal sample was sputter cleaned using a 4 kV argon
ion beam to remove all oxide and carbonaceous species. Cu,0,
Cu(OH),, and CuO samples were checked for purity by powder X-
ray diffraction using an Inel diffractometer (Artenay, France)
equipped with a XRG 3000 generator and CPS 120 curved position
sensitive detector using monochromated Cu Ko radiation
(1 = 1.54056 A). The remaining samples were checked for purity
by using XPS survey scan (elemental) data, presented in Appendix I.

Powder and polycrystalline materials were used to remove the
possibility of photoelectron diffraction effects, which can influence
splitting patterns.?>?® They are also more representative of most of
the samples in practical analyses of air-exposed multi-component
materials.

Results and discussion
Literature values

Table 1 lists Cu 2ps/, BE and modified Auger parameter values from
a survey of literature sources compiled in the NIST Database.””! Of
note here is the statistically similar BE values for the Cu metal and
the majority of Cu(l) species. The use of the modified Auger
parameter (2ps/,, LsM4sM,s) and an inspection of the Auger peak-
shape do allow for a more accurate assignment for these species

Table 1. Cu 2ps;;, and Cu 2p;;, — Cu L3MysMys Auger parameter
literature values from Cu species (compiled from Ref. )
Compound Cu 2ps,  Std. # of Modified  Std. # of

(eV) dev. citations  Auger dev. citations

(lit. ave) (+/— eV) parameter (+/— eV)
(lit. ave.)

Cu(0)® 9326 02 27 1851.2 0.2 23
Cu,O 9324 0.2 18 1849.2 0.3 10
CuO 933.6 0.4 18 1851.5 04 10
Cu(OH), 934.8 0.5 2 1851.3 — 1
CuF, 936.4 0.4 12 1851.7 03 10
Cudl 9324 0.2 6 1847.8 0.2 4
CucCl, 934.8 0.7 8 1850.2 0.2 4
CuBr 9323 0.2 2 — — —
CuBr, 9343 0.7 8 1850.8 0.6 6
Cul 932.2 0.4 2 — — —
CuCOs 935.0 — 1 1851.3 — 1
CuCN 933.0 0.2 2 1847.6 0.1 2
Cu,Se 932.1 0.3 3 1849.9 0.6 2
CulnSe, 932.2 0.4 4 — — —
CulnS, 9326 0.4 3 1849.5 0.2 5
CuSe 932.0 — 2 1850.4 — 1
Cu(NOs), 935.5 — 2 1850.8 — 1
CuSO, 9353 0.5 4 18514 0.2 4
CuS 9322 0.2 8 1850.3 0.2 3
Cu,S 9325 0.3 10 1849.8 0.2 3
CuFeS, 932.2 0.2 3 1850.1 — 1
CusAsS; 9323  — 2 — — —
YBa,Cu;O0 9347 12 5 — — —
“The 1SO calibration standard is to set Cu 2ps, for the metal to
932.63 eV.
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Table 2. Cu 2ps/, (main peak only) and Cu 2p;/, — Cu LsM4sM4 5 Auger
parameter values from standard samples (20 eV pass energy)
Compound Cu2ps, Std.dev. Modified Auger Std. dev.
(eV) (+/—eV)  parameter (V)  (+/— eV)
Cu(0) 932.63% 0.025° 1851.24 0.025°
Cu,0 932.18 0.12 1849.17 0.03
CuO 933.76 0.11 1851.33 0.05
Cu(OH), 934.67 0.02 1850.92 0.09
CuF, 936.38 0.15 1851.74 0.15
Cudl 932.34 0.03 1847.51 0.07
Cudly 935.30 0.11 1850.37 0.17
CuBr 932.27 0.14 1848.00 0.02
CuBr, 934.50 0.14 1850.60 0.11
Cul 932.50 0.03 1848.84 0.01
Cu3(POy), 935.85 0.07 1851.61 0.05
Cu(NOs),3H,0 935.51 0.02 1850.49 0.15
CuSO, 936.00 0.10 1851.91 0.10
Chalcocite (Cu,S)  932.62 0.05 1849.84 0.03
Chalcopyrite 932.14 0.02 1850.18 0.03
(CuFeS,)
“ISO calibration standard 932.63 eV.
PAs defined by Kratos calibration procedure. Note that this value is
specified for the Kratos instruments used in this work. Other
instruments may not have this accuracy. This will also not apply for
Cu(0) in a non-conductive environment where calibration to other
peaks are needed (e.g. adventitious carbon C 1s, which has an error of
0.1 to 0.2 eV associated with it).

Table 3. Copper compound standard samples anion binding energy,
FWHM, and line-shape values
Compound Element/ Binding Std.dev. FWHM  GL(x) for
transition energy (+/—eV) (eV) single peaks
Cu,O O 1s (Lat) 530.20 0.01 1.23 30
O 1s (Def.) 531.57 0.06 1.28 30
CuO O 1s (Lat) 529.68 0.05 0.89 30
O 1s (Def) 530.99 0.07 1.97 30
Cu(OH), O1s 531.24 0.06 1.59 30
CuF, F1s 684.78 0.17 2.01 23
Cudl Cl2ps, 19915 005 095 27
Cudl, Cl2ps;, 19929 0.13 0.95 47
CuBr Br 3ds), 69.16 0.10 0.85 40
CuBr, Br 3ds/, 69.27 0.1 0.84 48
Cul 13ds/, 619.72 0.02 1.00 79
Cus(PO.), P2ps, 13391 015 201 15
O1s 531.82 0.19 1.85 5
Cu(NO3),3H,0 N 1s 407.52 0.06 1.34 59
O1s 533.36 0.08 1.69 50
CuSO, S2psn 169.14 0.10 1.33 29
O1s 532.21 0.07 1.54 12
Chalcocite (Cu,S)  S2ps», 16184 005  0.80 25
Chalcopyrite S2p3, 161.28 0.02 0.60 60
(CuFeS,) Fe 2ps/, shows unique structure
Lat, Lattice Oxide; Def., Defective Oxide; FWHM, full width at half
maximum.
For Cu,0 and CuO defective oxide is ~32-36% of total oxygen.

CU(NO3)23H20

CuBr,

CuCl,

Normalized Counts

CuF,

Cu(OH),

CuO

970 960 950 940 930
Binding Energy (eV)

Figure 1. Cu 2ps,, spectra for Cu(ll) species.
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and has been used effectively. Goh et al.** have shown (in their fig.
8) the distinctly different peak shapes of the X-ray generated Auger
LMM spectra for copper as the metal, Cu,S, and CuS. They also note
the distinctive Cu LsMy5My 5 peak at 916.5 eV for Cu,O. Poulston
et al®®, in their study of surface oxidation and reduction of Cu,0
and CuO, have used both the Cu LMM and the Auger parameter
to distinguish Cu(0), Cu(l), and Cu(ll).

It should be noted that it has been shown that BE and Auger
parameters for Cu (as well as Zn and Ti) can change for very thin
films on certain substrates (interface effects) and for very small
particles (particle size effects).?*” This will be an important point
to consider for those studying catalysis and nano-compounds.

Standard sample analyses

Table 2 shows similar results to those shown in Table 1 from this
work for a series of standard samples. A comparison of these

standard sample values to literature values also serves as a
secondary check of the standard sample’s composition and lack
of surface chemistry changes.

Table 3 presents anion species BE, FWHM, and peak-shape
information for these samples. Figure 1 presents Cu 2ps,, spectra
for all studied Cu(ll) compounds. As the Cu 2ps,, and Cu 2p; , peaks
are well separated, it is optimal to analyze and focus on only the Cu
2ps/, portion of the Cu 2p spectrum. Figure 2 presents Cu LzsM4sMys
Auger spectra for all studied compounds.

In this analysis (Table 2), a statistical separation of the Cu 2ps,
peak position for Cu(0) and Cu,O and other Cu(l) species is
achieved. This should be expected, as most spectrometer
calibration procedures include referencing to the ISO standard Cu
metal line at 932.63 eV with deviation of this line set at £0.025 eV.
Curve-fitting of the Cu 2ps/, line for both Cu metal and Cu,O
employed Gaussian (10%) — Lorentzian (90%) and Gaussian (20%)
— Lorentzian (80%) peak-shapes, respectively, [defined in CasaXPS

CuFeS,

Cu,S

Cul

CuBr

CuCl

Cu,O

Cu(0)

s

CuCl,

S\

CuF,

Cu(OH),

CuO

908 910 912 914 916 918 920 922
Kinetic Energy (eV)

908 910 912 914 916 918 920 922
Kinetic Energy (eV)

Figure 2. Cu L3M4sM, s spectra for (left) Cu(0), Cu(l) species, mineral samples, and (right) Cu(ll) species.
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%S | ~ T N as GL(90) and GL(80)]. Peak-shapes for all Cu(l) species are reported
— o)} .
= i - in Table 4.
[T
S
v f:' s E Curve-fitting the Cu 2p3,, spectrum
© v o [))
<3 - Many authors use the presence of the well-known shake-up
2 y
h | satellite found in Cu 2p spectra as an indication of the presence
o Lol L LIl el of Cu(ll) species.**3*! Some choose to use this information in only
° a qualitative fashion 2829031 Others taking a quantitative
s S L § | approach have peak fit the main 2ps, peak with two to three
&= X X separate components, the metal, Cu(l), and Cu(ll) but ignore the
= - e e contribution of the shake-up satellite*?**! Kundakovic and
§@ llas | vz 22| | Flytzani-Stephanopoulos®* use the presence of the shake-up peak
. to estimate the amount of CuO but do not elaborate on the method
s by which the amounts given are obtained. Salvador et al®* use
[
M > "~ ~ ~ © o < ratios of the main 2ps,, peak to the shake-up peak to qualitatively
S x llT==2 =230 | | compare the amount of oxidation of copper in YBa,CusO;_y
< & samples to a fully oxidized CuO standard sample.
! It is possible to fit the 2ps,, spectrum using a set of constrained
X [ 1 &8~ | 2] | oQ& | | peaks that simulate the entire peak-shape (including the shake-up
< g o N o NN components) for the Cu(ll) species present (Table 4), similar to the
fg% gl lywlglggg !l | procedures for Cr,%% Mn,’® Fe, 1% Co,® and Ni.B1%12 Fyll spectral
a o o o o oo fitting parameters for all species are presented in Table 4. In
= S| | 138 ,92,8,928 | | practice, quantifying a mix of Cu(0), Cu(l), and Cu(ll) species would
=< = o - - MmN require precise constraints on BE, FWHM, and peak-shape
< parameters. Speciation will be possible for relatively simple
) combination of species. Resolution of these components will be
‘5‘33 | 128F |8 | A | 82K | | difficult with larger amounts of Cu(ll) compounds present because
§ g © - - myo of the overlap of peaks for these three components. Speciation of
[ the Cu(l) species present, if a variety of anions are possible (e.g. O
° [ |0 QN | T |2 |82 | | and ClI or Br is present in the survey spectrum), will also be
- Nowm o~ oamw® problematic as there is a statistical overlap of the Cu 2ps/,, BE of
22|l 1 8dF | d o lmes || most Cu(l) species. However, if Cu(l) species dominate the
&~ 3 3 3 333 Cu 2ps/,; spectrum (i.e. only low amounts of Cu(ll) species are
s < " o o o _ o~ < present as indicated by the shake-up structure), then the use of
%g A s A - A R I the Auger parameter is possible for species confirmation.
S
o = o @ 6 e~ [Cu(0) + Cu(l)]: Cu(ll) calculations
© m O &Q Q n N © 9 . . .
& g P2l e lgrel | A study of the surface chemistry of the flotation separation of
~ | chalcocite (Cu,S) from heazelwoodite (Ni3S,) employed a fitting
o |l |lmonN |2 o |N® | | procedure and calculation that quantifies the amount of Cu(ll)
° Moo Ny species present on the surface of Cu(l) sulfide®® as first developed
< 2R3, I &, 327 and now described by Jasieniak and Gerson.” The calculation takes
52| lsagdlglclang | | . : )
&= 2oy § T ¥aN into account the photoelectron yields from both the main 2ps/, peak
%9 and the shake-up peak and is based on main peak/shake-up peak
3% SBRIIRIREIIIIRINR ratios derived from Cu(OH), standard spectra. X-ray reduction of
< the Cu(ll) samples has also been considered in this work.
g IS |8 S583I5X383TI2IRMALA Quantification of the amount of Cu(ll) species on a Cu(0) or Cu(l)
E =< T s s e containing surface does appear to be possible. If, for example, a Cu
g . 88:-853888r839~88]¢ metal surface is oxidized to Cu(ll), the shake-up structure associated
© (<) . . .r .
g == MeY S0 - - 2 with the Cu(ll) species can be used for a Cu(0):Cu(ll) quantification.
£ Ss SRR SRR RAET TR Alternatively if Cu(ll) species and Cu(l) species are present, the
€ 3T aaa R LR E Cu(l:Cu(ll ratio can be determined. This method™® of Cu(0)-Cu(h
= | = for Cu(D:Cu(ll), or in general [Cu(0) + Cu(l]:Cu(l)} determination
o .
‘é @ & depends on shake-up peaks that are present in the spectra of d°
§ @, S é Cu(ll) containing samples but are absent in d'"® Cu(0) or Cu(l)
S =2 | .= .
3 o gw O gl 3 spectra. Shake-up peaks may occur when the outgoing
= a3 253 hotoelectron simultaneously interacts with a valence electron
§ 3 & S5 _% 2= P
e 8 20 -85 - oL oo €2gs588|= and excites it to a higher-energy level. The kinetic energy of the
2 £ €298 LuREg s 3E0EE s core electron is then slightly reduced giving a satellite structure a
= v VOUUOLULULULULUULUULUULUULUULUULUULUULU [ ) ghtly 9 9
few eV below (higher on the calculated BE scale) the core level
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position.*® Hence, these electrons are part of the total Cu 2p
emission and should be included in both total Cu and relative
chemical state speciation.

The main emission line (A) (see for example Fig. 3) contains both
Cu(0) and Cu(l) and Cu(ll) contributions but the shake-up satellite
intensity (B) is entirely from Cu(ll). The total intensity from Cu(ll)
species is represented in the combination of the signals from the
direct photoemission (A1) and the shaken-up photoemission (B).

Accurate [Cu(0) + Cu(D]:Cu(ll) ratios for samples containing a
mixture of species rely on determining an accurate ratio of the main
peak/shake-up peak areas (A14/B,) for a 100% pure Cu(ll) sample.
With a reliable value of A1¢/Bs obtained for Cu(OH), or CuO (or other
Cu(ll) species where all copper present is in the Cu(ll) state), the
relative concentrations of [Cu(0) + Cu(l)] and Cu(ll) species present
on a surface that contains both species can be obtained by the
following simple equations:

%(Cu(0) + Cu(l)) = A2/(A+ B)"100
=(A—-A1)/(A+B)"100
= (Af (A15/BS)B)/(A+B)*1OO (1
%Cu(ll) = (B+A1)/(A+ B)"100
= B(1 + (A14/Bs))/(A + B)*100 ()]

where B is the area of the shake-up peak and A is the total area of
the main peak.

Collected A14/B, values at 20 eV pass energy are as follows:
Cu(OH), 1.57, CuO 1.89, CuF, 1.56, CuCl, 1.63, and CuBr, 2.45.
Determination of which A1,/B; value to use must be made by an
assessment of all available data including shake-up peak-shape,
survey data, and anion spectral data (i.e. an assessment of which
Cu(ll) species is present must be made). For examples,

i if Cu(OH), or CuO is suspected two ways of confirming this are as
follows:
A The peak-shape and main peak to shake-up peak separation
is quite different for Cu(OH), and CuO.
B A confirmatory check of the O 1s spectrum must also show
the presence or absence of the hydroxide or lattice oxide
peak.

i If a species such as CuCl, is suspected, chloride must be present
in the survey scan in sufficient amounts and bromine should be
absent as CuCl, and CuBr, have similar looking shake-up
structures.

If the Cu(0) or Cu(l) signal is relatively strong, (and the sample is
conducting) some assessment of which is present in the sample
may be made based on the BE of the 2p;/,, peak. For a well-
calibrated spectrometer, the BE for Cu(0) should be almost exact.
Any deviation from this should then be due to the presence of
Cu(l). Spectrometer calibration using sputter cleaned Cu metal
would be appropriate when these types of analyses are carried
out. If levels of Cu(ll) are relatively low, it is possible to confirm the
assignment of Cu(0) or Cu(l) using the Auger parameter (Tables 1
and 2). This is also required for a non-conductive surface where
charge correction to adventitious carbon will make assignment
more challenging. An examination of the Auger peak-shape can
also give clues to the nature of Cu(0) or Cu(l) species present.

An example of the results of this type of analysis is presented
in Fig. 3. In the Cu 2ps,, spectrum, the areas of peaks A (94%) and
B (6%) are calculated using Shirley backgrounds placed across
the main (A) and shake-up (B) peaks with the calculations giving
85% Cu(0) + Cu(l) and 15% Cu(ll) using an A1/B,, values of 1.57
for Cu(OH),. Error in this method depends greatly on the signal
to noise of the spectrum and positioning of the backgrounds.
Error will increase as the shake-up peak size decreases and an
error of at least +/—5% is likely for this sample result. Visual
examination of the overall Cu L3;M;sM,s peak-shape and
comparison to the reference spectra in Fig. 2 suggests that there
is @ mix of Cu(0) and Cu,0 (with a small amount of Cu(ll) species
proven to be present by the Cu 2ps/, spectrum analysis).

Curve-fitting the Cu L;M,4 sM, 5 Auger spectrum

Earlier work2>324% has shown that a clear differentiation of species
can be made using the Cu L3M,;5M, 5 Auger spectral line-shapes.
Other works of Ni*"! and Ga'*?! have also clearly shown that Auger
spectral line-shapes and positions vary with species oxidation state
and ligand variety. Thus, as is performed with the 2ps/, line-shapes
for varying species, it is possible to use curve-fitting procedures of

Cu(0) + Cu(l)
cu(ll)

85%
15%

Counts

25%
63%

———Cu(0)
—Cu,0

—— Cu(OH), 13%

950 945 940 935 930
Binding Energy (eV)

Kinetic Energy (eV)

Figure 3. Cu 2p;), (left) and Cu L3M4sM, 5 (right) spectra from a sample of as received cold sprayed copper on a steel substrate. The Cu 2p3,, main peak (A)
and shake-up peak (B) areas were measured at 94% and 6% corresponding to calculated values of 85% [Cu(0) + Cu(l)] and 15% Cu(ll) species. Curve-fitting of
the Cu LsM,sMy s spectrum gave results of 25% Cu(0), 63% Cu,O, and 13% Cu(OH),.
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Figure 5. Cu 2p5/, — Cu L3M,4sM, s Wagner (chemical state) plot including literature (Table 1) and standard sample (Table 2) data.

using the results obtained from an analysis of the Cu LMM spectrum
as completed in the section 3.5. IMFP values can be calculated using
the NIST Electron Inelastic Mean Free Path Database (version 1.1)
software™ using the predictive formulae routines from Tanuma,
Powell, and Penn.** For Cu,0, CuO, and Cu(OH), densities of 6.00,
6.31, and 337 gcm > and band gap values of 2.1%, 1.25 (ave.
from™4), and 1.85 eV™*”! were used. For speciation results based

on the Cu LsM4sM, 5 Auger line, a kinetic energy of 918 eV was used.
These values result in IMFPs for Cu,0, CuO, and Cu(OH), of 1.77, 1.76,
and 2.19 nm for Cu Ly M4sM,s Auger electrons, respectively. The
IMFP for Cu(0) is 1.54 nm.

The appropriate IMFP values can then be applied for film
thickness analysis for oxide depth (d) calculations of the type used
by Carlson™® and Strohmeier defined as follows:

Table 6. Cu 2ps/, binding energy, Cu LsM4sM, 5 kinetic energy, Auger parameter (o), 4Ep,, AEy, Ad!, Ae, and AR values
Compound Cu 2ps,; peak Cu LMM Auger Auger AE, AEy Ad’ AR Ae
maximum £, (eV) peak maximum Ey (eV) parameter (eV) (&) (Cu 2p3/2) (Cu LMM)

Cu(0) 932.63 918.61 1851.24 — — — — —
Cu,0 932.18 916.99 1849.17 —0.45 —1.62 —2.07 —1.03 1.49
CuO 933.76 917.57 1851.33 1.13 —1.04 0.09 0.04 —1.17
Cu(OH), 934.67 916.25 1850.92 2.04 —2.36 -032 -016 —1.88
CuF, 936.38 915.36 1851.74 3.75 —3.25 0.50 025 —4.00
Cudl 932.34 915.18 1847.51 —0.29 —343 —3.73 —1.86 2.16
CuCl, 935.30 915.08 1850.37 2.66 —3.53 —-0.87 —0.43 —2.23
CuBr 932.27 915.72 1848.00 —0.36 —2.89 —3.24 —1.62 1.98
CuBr, 934.50 916.10 1850.60 1.87 —2.51 —0.64 —0.32 —1.55
Cul 932.50 916.34 1848.84 —0.13 —2.27 —-240 —-1.20 133
Cus(PO,), 935.85 915.76 1851.61 322 —2.85 0.37 018  —3.40
Cu(NOs),3H,0 935.51 914.98 1850.49 2.88 —3.63 —-0.75 —0.38 —2.51
CuSO,4 936.00 91591 1851.91 3.37 —-2.70 0.67 0.34 —3.71
Chalcocite (Cu,S) 932.62 917.23 1849.84 —0.01 —1.38 —1.40 —0.70 0.71
Chalcopyrite (CuFeS,) 932.14 918.04 1850.18 —0.49 -0.57 —1.06 —0.53 1.02
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and

S
|
A

d = Joxsind In((Newdmlor) / (Noxorlm)) + 1) 3)

where ¢ is the photoelectron take-off angle, /o, and I, are the area
percentages of the oxide and metal peaks from the high-resolution
spectrum, and N, and N, are the volume densities of the metal
atoms in the metal and oxide, respectively.

Considering an assumed uniformly mixed oxide/hydroxide thin
film with known oxide, hydroxide, and metal concentrations (using
the fitting procedures from the section 3.5) and given N,/Ncu0,
Nim/Ncuor and N /Neyony2 Values of 1.68, 1.78, and 4.08 for Cu,0,
CuO, and Cu(OH),, respectively, Eqn (2) can be modified to include
weighted averages of the three oxide/hydroxide IMFP (1,,.) and
volume density ratio components (Naye) as follows:

d = JaveSing ln((<Nm/1m (ICUZO +lcwo + ICu(OH))/(Naveiavelm)) + 1)~
4)

Using this calculation, the thin film from Fig. 3 with 63% Cu,0,
13% Cu(OH),, and 25% metal would have a film thickness of
~3.2 nm. This is similar to work on oxide/hydroxide films on nickel
samples employing Ni 2ps» curve-fitting routines.'!

Cu 2p3/; - Cu L;M,4 5sM, s Wagner plot

The graphical display (scatter plot) of the most intense
photoelectron line binding energies (abscissa, oriented in the
negative direction) versus the kinetic energy position of the
sharpest core—core-core Auger line (ordinate) is known as a
Wagner plot, chemical state plot, or chemical state diagram.
Positions of compounds on these plots indicate both relaxation
energy and initial state effects®® Hence, the modified Auger
parameter can be used in addition to the BE envelope to give
additional insight into the shift in electronic state between metal
compounds.

Cu 2p3/; BE and Cu LsM4sM, s kinetic energy data from these
samples (Table 2) and from literature average values (Table 1) were
used to produce the Wagner (chemical state) plot presented in
Fig. 5. As reported previously by Moretti®" two distinct trends
can be seen. Compounds with a + 2 oxidation number generally
follow the line with a slope of 1 and have similar Auger Parameter
values. Compounds with a + 1 oxidation number are closer to the
line with a slope of 3 and have similar BE values. These results
would indicate that copper compounds with a + 2 oxidation
number have similar final state effects but different initial state
effects. Conversely, copper compounds with a + 1 oxidation
number have similar initial state effects and different final state
effects.*"*>*"1 Further calculations involving the obtained BE, KE,
and Auger parameter values can be carried out to obtain the
relaxation shifts (4¢), initial state contributions (4¢), and final state
contributions (4R) of the various species (Table 6). Initial state
effects, 4¢, are generally understood to represent the ‘chemical
shift’ as a result of ground state electronic structure and are a
function of the valence structure of the core atom, which in turn
is a function of bonding to neighboring atomic valence states.
These shifts are related to the electronic states (e.g. band structures
and bond directionality) and structural parameters (e.g. atomic
positions and Madelung constants) of the bonded atoms. Final
state effects result from differences in polarization within the
electron cloud of the atom after it has been ionized by X-ray
irradiation. Final state effects are often dominant when dealing with
compounds that have the potential for significant polarization or
electron motility. See references *'*%°! for calculation details and
further in depth explanation.

Anions

Anion BE, FWHM, and Gaussian-Lorentzian peak-shape values
obtained for the standard samples are presented in Table 3. For
Cu,0 and CuO oxide samples, there is a second higher BE peak that
can be ascribed to contributions from a defective oxide component
inherent in these oxide surfaces as suggested previously.”*! Other
work has shown that this is a defective oxide peak and not
hydroxide as the presence of hydroxide has been ruled out by other
methods.*>** For these oxides studied here, this peak has an area
contribution between 32% and 36% consistent with other
powdered oxides including nickel and chromium studied
previously.®?'" These contributions from defective sites are
unlikely to compromise the assignment of chemical states. It should
be noted that this second peak could result from carbonates
species in unknown sample analyses.”® Inspection of the C 1s
spectrum should confirm if this is occurring or if other significant
oxygen containing carbon species are present. In-depth analyses
of the O 1s spectrum for copper and other transition metals are
available in our previous work 7211545

Conclusions

Several strategies have been presented to overcome some of the
complexities of assigning and quantifying copper species by XPS.
Using a variety of approaches and incorporation of all available data
has allowed for a more complete analysis of copper-based materials.
Strategies have been presented that include as follows: an analysis
of binding energies and Auger parameter values, practical advanced
curve-fitting techniques applied to the Cu 2ps/, and Cu L3My5Mys
spectra, and measurements of mix oxide/hydroxide surface film
thickness. These procedures are based on a critical evaluation of
existing literature and on high-resolution analyses of well-
characterized standards.
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Appendix I: Selected XPS survey scan results in atomic percent

C N (e} F Na P S a Ca Fe Cu Zn Br Ag Sn | Pb
Cu,0 65.7 — 21.2 —_ —_ — — — — —_ 119 08 — — — —_ 0.4
CuO 203 —_ 42.5 —_ —_ — — — — —_ 371 — — —_ — —_ —_
Cu(OH), 230 — 494 — — e — 28 e — 248 — e — — — —
CuF, 166  — 8.7 451 — — — — — — 296 — — - = — —
Cudl 258 — 28 — — — — 343 — — 371 — — - - — —
Cudl, 8.5 — 5.0 — — — — 568 — — 29.7 — — — — — —
CuBr 256 — 52 —_ —_ — — — — — 34.1 — 35.1 — — —_ —_
CuBr, 395 —_ 124 —_ —_ — — — — —_ 169 — 309 — 02 —_ —_
Cul 374 — 20 — — e — — e — 238 — e — — 369 —
Cu3(PO,), 15.3 — 535 — 03 119 — — — — 190 — — - - — —
Cu(NO3),3H,0 119 180 529 — — — — — — — 172 — — - = — —
CuSO,4 16.8 — 57.2 — — — 12.8 — — — 13.1 — — — — — —
Chalcocite (Cu,S) 243 —_ 22.7° —_ —_ — 16.1 —_ — —_ 336 — — 32 — —_ —_
Chalcopyrite (CuFeS,)  25.8 —_ 4.6 —_ 2.1 — 27.7 9.5 30 132 139 — — —_ — —_ —_
“Mostly present as carbonate.
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