Electrodeposition of aluminium in the presence of
some chromium compounds.
3. The XPS analysis of electrodeposits
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Elementary analysis of electrodeposits obtained from AlBr,-dimethylethylphe-
nylammonium bromide solutions in toluene containing chromium(III) acetyla-
cetonate or oleate has been carried out by means of X-ray photoelectron spec-
troscopy. The contents of aluminium, chromium, oxygen, carbon, nitrogen, bro-
mine and copper were determined on the surface of deposits as well as in their
depth. A considerable amount of aluminium oxide was detected not only on
the surface of electrodeposits but also in the depth of the coating. The major
portion of carbon compounds was found to be concentrated on the surface of
coatings, whereas nitrogen, on the contrary, in their depth.
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INTRODUCTION

In the previous article [1] we have demonstrated a
possibility to obtain aluminium coatings containing
up to 10 wt. % chromium. The dependency of chro-
mium amount in electrodeposits on the chromium
concentration in solutions and on the cathodic cur-
rent density has also been examined.

This paper reports results of XPS analysis of alu-
minium electrodeposits obtained in solutions contai-
ning chromium(III) acetylacetonate or, in some ca-
ses, chromium(III) oleate. All ingredients of the elec-
trolyte, except hydrogen, were determined at the sur-
face of electrodeposits and in their depth.

EXPERIMENTAL

Preparation of aluminium electrolyte, synthesis of
chromium compounds and conditions of electrode-
position are described in our previous articles [1,
2]. Aluminium coatings had been electrodeposited
on both sides of copper specimens (total area 4 cm?).
The thickness of the electrodeposited layer was about
10 um.

The elementary analysis of the surface layer of
Al deposits was carried out by means of X-ray pho-
toelectron spectroscopy (XPS). The X-ray photoe-
lectron spectrum was taken from the Al surface lay-
er ex situ, using an ESCALAB-MK 1I spectrometer
(VG Scientific, Great Britain) interfaced to an IBM
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PC/XT computer for data acquisition. Achromic
MgK  (1253.6 eV) radiation (15kV, 20 mA) as the
excitation source was used for recording the XPS of
the elements Al 2p, O Is, Cr 2p,,, C Is, N Is, Br
3d,, and Cu 2p,,. The data on the values of the
relative intensity of XPS signals for standard com-
pounds [3] and of the relative sensitivity factors [4]
were used to determine the contents in at. % of Al,
O, Cr, C, N, Br and Cu on the surface of deposits
or in their depth.

The depth profile of elements was obtained from
XPS measurements with an argon ion sputtering (ul-
tra-high pure argon ion beam, 10 keV). The etching
current of the aluminium specimen by Ar+ ions was
maintained at the level of ca 100 uA. Etching time
was 5 min and etching rate 10 nm/min. Consequ-
ently, after bombardment by Ar+ ions the informa-
tion on the contents of elements from the depth of
about 50 nm was obtained.

RESULTS AND DISCUSSION

As is shown in Fig. 1, X-ray photoelectron spectra
for aluminium coatings exhibit two clearly defined
maxima of relative intensity: in the Al 2p binding
energy region of 72.6 = 0.1 eV and 74.8 = 0.1 eV.
The first maximum corresponds to the binding ener-
gy of metallic aluminium E, Al 2p = 72.6 ¢V and
the second one - to the binding energy of alumi-
nium oxide E, Al 2p = 74.7 ¢V [3]. The second
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Fig. 1. XPS spectra for Al 2p: I — from surface of elec-
trodeposit obtained at i, = 2.5 mA cm™ in toluene so-
lution of 0.935 M AlLBr, DMEPAB and 5.7 mM
Cr(Acac),; 2 — the same after etching for 5 min by ioni-
zed argon

§1.30

maximum becomes most pronounced in the XPS
spectra for the surface of deposits, what would be
expected provided the surface of aluminium is alwa-
ys covered with an oxide layer. In the XPS spectra
for the deeper layers of electrodeposits, this maxi-
mum is reduced substantially but does not vanish
completely. Since the aluminium coatings undoub-
tedly are not compact absolutely, but are somewhat
porous and have intercrystalline cavities, formation
of aluminium oxide is unavoidable not only on the
surface of electrodeposits, but also in their depth in
the course of their rinsing in water as well as dur-
ing exposure to the atmosphere.

Beside these two maxima of relative intensity,
the XPS spectra for the surface of electrodeposit
exhibit one more maximum in the binding energy
region of 75.0-75.8 eV which may be attributed,
according to [3], to various aluminium oxy-com-
pounds.

After five-minute etching of aluminium deposit by
ionized argon, in the XPS spectra (Fig. 1) the maximum
of the relative intensity is observed to dominate in the
binding energy region of 72.6 + 0.1 eV attributed to
metallic aluminium and the other one, considerably we-
aker, in the region of 74.7 = 0.2 €V attributed to ALO,.
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By the way, the height of the second maximum tends
to increase with increasing the triethylaluminium
(TEA) concentration in electrolyte. It seems likely that
TEA penetration into the coating increases the Al,O,
content in the latter.

As may be seen in Fig. 2, the XPS spectra for
O Is from aluminium deposits have also two maxi-
ma of relative intensity: in the binding energy re-
gion of 531.7 = 0.2 eV and 5334 * 0.4 eV. The
first of these maxima probably corresponds to the
binding energy of oxygen in ALO, molecule £,OIs =
= 531.6 eV [5] and the second one is close to the
value of the binding energy for oxygen in Al(OH),
molecule (E, OIs = 5333 = 0.1 e¢V) and also in
molecules of some other hydroxy-compounds inclu-
ding organic ones [3]. As is evident from Table 1,
the amount of oxygen on the surface of aluminium
deposit averages even between 40 and 50 at. %.
That much oxygen on the surface of coating is quite
comprehensible, taking into account that aluminium
in the air is always covered by an oxide or hydro-
xide layer and in addition water molecules may be
adsorbed on its surface. (By the way, the binding
energy for oxygen in the H,O molecule is close to
detected 533 eV value [6] ).

As follows from a comparison of results presen-
ted in Tables 1 and 2, the oxygen amount in the
depth of coatings decreases roughly double and yet
more often than not exceeds 20-25 at. %. It should
be pointed out that a greater amount of oxygen has
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Fig. 2. XPS spectrum for O Is from the depth ca. 50 nm

of electrodeposit obtained at i, = 2.5 mA cm™ in tolu-

ene solution of 0.935 M ALBr, DMEPAB and 17.1 mM
Cr(Acac),

.50



Electrodeposition of aluminium in the presence of some chromium compounds. 3. The XPS analysis ...

been defined in the less compact, more porous co- As may be seen from XPS spectrum (Fig. 3),
ating when more favourable conditions exist for the chromium in the deposits predominates with the
formation of oxides or hydroxides as well as for Cr 2y, binding energy of 573.6 = 0.2 eV. This va-
H,O adsorption into pores. lue is somewhat less than the binding energy in me-

Table 1. Amounts of elements, in at. %, in the surface layer of aluminium coatings (according to the XPS data)

Cr(Acac), i Elements, in at. %
conc. in solution, mM | mA cm™ Al | o) | Cr | C | N | Br | Cu
Electrolyte without TEA
5.7 2.5 14.63 51.02 0.07 33.18 0 1.02 0.07
5.7 5.0 9.58 36.72 0.14 51.69 0.28 1.37 0.23
5.7 10.0 12.24 47.28 0.06 36.78 0.87 2.58 0.19
11.4 2.5 19.12 51.52 0.20 27.84 0 1.05 0.28
11.4 5.0 11.21 55.04 0.03 33.30 0.10 0.25 0.06
11.4 10.0 21.24 43.63 0.17 33.43 0.09 0.79 0.64
In 2.2 mM chromium(III) oleate solution
- 5.0 19.12 41.62 0.16 38.35 0.24 0.27 0.24
Electrolyte with 0.56 M TEA

5.7 2.5 21.11 44.37 0.46 33.61 0.28 0 0.17
5.7 5.0 20.38 42.02 0.47 36.14 0.28 0.18 0.54
5.7 10.0 17.97 39.93 0.24 40.60 0.34 0.76 0.16
11.4 2.5 11.07 49.56 0.34 36.25 0 2.45 0.32

11.4 5.0 21.16 48.21 0.69 28.12 0.21 1.61 0
11.4 10.0 15.60 41.20 0.48 41.88 0 0.78 0.06

Table 2. Amounts of elements, in at. %, in aluminium coatings after etching with ionized argon at beam current
of 100 mA during 5 min

Cr(Acac), i Elements, in at. %
conc. in solution, mM | mA cm™ Al | o) | Cr | C | N | Br | Cu
Elektrolyte without TEA
5.7 2.5 40.25 42.13 0.49 5.17 9.37 0 2.19
5.7 5.0 67.73 24.62 0.33 4.11 2.20 0.09 0.92
5.7 10.0 41.60 45.59 0.20 1.54 7.93 0 3.14
114 2.5 62.83 22.12 1.36 9.15 2.62 0 1.90
114 5.0 58.81 26.05 0.86 8.62 3.13 0 2.53
114 10.0 63.77 17.68 0.82 7.65 7.10 0 2.97
17.1 2.5 64.44 21.86 0.75 6.31 5.94 0.05 0.65
17.1 5.0 65.84 19.01 1.02 6.17 6.60 0.06 1.36
In 2.2 mM chromium (III) oleate solution
5.0 67.36 26.08 0.40 4.58 0 1.36 0.22
Elektrolyte with 0.56 M TEA
5.7 2.5 48.80 25.93 4.79 9.50 10.90 0 0
5.7 5.0 62.61 20.74 4.42 5.12 6.07 0 1.04
5.7 10.0 41.32 42.33 1.52 2.94 10.91 0 0.98
114 2.5 36.63 50.28 1.24 291 5.68 0 3.27
114 5.0 53.64 24.64 7.69 12.31 1.56 0 0.16
114 10.0 50.37 29.96 6.08 11.61 1.63 0 0.35
17.1 2.5 50.58 32.15 9.37 5.72 2.12 0.07 0
17.1 5.0 59.41 21.39 9.92 5.40 3.07 0.12 0.69
17.1 10.0 51.31 25.73 6.69 9.16 6.96 0.15 0
Speciment wetted 5 h in water

17.1 5.0 54.51 23.13 7.24 10.52 2.87 0.17 1.57
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Fig. 3. XPS spectra for Cr 2p,, from the depth ca. 50
nm of electrodeposit obtained at i, = 5 mA cm™ in
toluene solution of 0.935 M AlBr, DMEPAB and: 7 -
2.2 mM chromium(IlI) oleate, 2, 3 — 5.7 mM Cr(Acac),;
3 — with addition of 0.56 TEA

tallic state £, Cr 2py, = 574.1 eV as well as bind-
ing energy in chromium(Ill) oxide E, Cr 2y, =
= 576.6 eV [3]. In all probability this is due to in-
teraction between metallic chromium and metallic
aluminium at alloy formation. As regards Cr,O,, clo-
se values of the binding energy (~576.5 = 0.1 eV)
were defined, even if of low intensity, for the sur-
face of deposits as well as for the depth of coating,
moreover, irrespective of plating conditions (compo-
sition of electrolyte, current density). In addition, in
some cases the values of binding energy correspon-
ding to CrN (~575.6 ¢V), CrO, (~578.1 eV), CrBr,
(~576.0 eV) were defined.

As may be inferred from Tables 1 and 2, the
XPS analysis supports the conclusions drawn earlier
[1] from scanning probe microanalysis data about
an increase of chromium amount in electrodeposits
with increasing the chromium concentration in solu-
tion, with adding TEA to electrolyte and with dec-
reasing the cathode current density. Besides, as is
evident from Tables 1 and 2, the relative amount of
chromium on the surface of deposit is several times
less than in the depth of coating, what may be at-
tributable to accumulation of oxides and analogous
compounds on the surface.

Also, a reasonably large amount of carbon was
found on the surface of electrodeposits (Table 1).
In parallel with the carbon adsorbed from various
components of electrolyte, it is possible that some
amounts of carbon (from 4 to 12%, as was noticed
in [6]) get into the surface of the deposit from a
diffusive pump in the course of analysis. As may be
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inferred from XPS spectrum (Fig. 4), carbon in the
electrodeposits to be studied exists in the form of
various compounds, namely, as the elementary car-
bon (graphite) with binding energy E,Cls =
=284.6¢eV [1], as CO, (E,CIs = 291.7 eV [1]) and
other unidentified compounds. However, as the ma-
ximum of relative intensity in the region of 285.2 eV
(Fig. 2) suggests, the dominant bulk of carbon pro-
bably exists in the form of organo-metallic com-
pounds whose binding energy is generally in the re-
gion of 285.3-287.7 eV [1]. Such conclusion is well
grounded when it is considered that aluminium as
well as chromium in the electrolyte composes orga-
nic compounds, and consequently, while these com-
pounds or their partial degrading products are in-
clused into the electrodeposit, carbon would still re-
tain certain bonds with the mentioned metals. When
the data of Table 1 are compared with these of
Table 2, it is apparent also that the major portion
of carbon is concentrated on the surface of coating,
i.e. it is most likely to originate exclusively from the
electrolyte in the course of reaction between the
electrodeposit and the electrolyte remaining on its
surface, the washing liquid or the atmosphere.
Meanwhile, the amount of carbon in the deeper la-
yers of coating decreases on the average by a factor
of five.

It is complicated to explain the origin of quite a
large amount (as seen in Table 2, occasionally up to
10 at. %) of nitrogen in the electrodeposits, espe-
cially as this amount on the surface comes to only
several tenths of at. %, and in some cases even
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Fig. 4. XPS spectra for C Is from the depth ca. 50 nm
of electrodeposit obtained at i, = 2.5 mA cm™ in: I —
toluene solution of 0.935 M AlBr, DMEPAB and 5.7
mM Cr(Acac),, 2 - in the same solution with addition of
0.56 TEA
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escapes detection (Table 1). It is inconceivable that
nitrogen should originate from its admixture in ar-
gon in the course of etching, because ultra-high pu-
re argon was used. The sole contributor of nitrogen
entering into the coating may be dimethylethylphe-
nylammonium ions abundant in electrolyte, exclu-
ding the N, atmosphere wherein the electrolyte
was prepared and electrolysis was maintained. The
quantities of N and C in dimetylethylphenylammo-
nium ions are in the ratio of 1:10, meanwhile this
ratio (even though the net amount of carbon is con-
sidered) is increased several times, and in some oc-
casions the amount of nitrogen even exceeds the
amount of carbon. Unfortunately, the electrochemi-
cal behaviour of quaternary ammonium ions has not
been adequately studied. However, on the basis of
present knowledge [7-11], only one conclusion sug-
gests itself that quaternary ammonium ions would
be expected to form larger conglomerates but not
to decompose into simpler compounds in which the
number of carbon atoms shall be very small. By the
way, thermal decomposition of quaternary ammo-
nium ions is also hampered at ambient temperatu-
res [12].

As the data of Table 1 suggest, the amount of
bromine determined from XPS spectra for the sur-
face of deposits differs significantly for individual
specimens and varies between 0 and 2.5 at. %. Af-
ter surface etching by ionised argon only traces of
bromine are found, and only in rare instances its
amount reaches ca. 0.1 at. %. From this results the
conclusion that bromine arises on the surface of co-
ating through adsorption of compounds formed from
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Fig. 5. XPS spectra for N Is from the surface of electro-
deposit obtained at i, = 2.5 mA cm in toluene solution
of 0.935 M AlL,Br; DMEPAB and 5.7 mM Cr(Acac),: 1 -
with 0.56 TEA, 2 — without TEA

the solution remaining on the surface after withdraw-
ing the plated specimen from electrolyte and during
its washing.

And finally, along with the elements present in
the components of electrolyte, also a certain amount
of substrate metal (copper) was determined in the
coatings. As is evident from Table 1, the amount of
copper on the surface of coating, excepting rare ins-
tances, does not exceed 0.1-0.2 at %. Meanwhile,
this value in the deeper layers of a coating, closer
to its back, increases by a whole order of magnitu-
de and in some instances reaches even 3%. This
demonstrates that aluminium coatings are not com-
pact but, occasionally can contain a considerable
number of pores in which various products of reac-
tion between copper back and electrolyte are found.
In addition, it can be seen that in the case when a
great body of copper is found in the coating, ie.
when the coating is more porous, the relative quan-
tities of all other elements stand out against the
definite sequence of a specified trend.

CONCLUSIONS

1. The elementary analysis of Al-Cr electrodeposits
has been carried out by means of X-ray photoelec-
tron spectroscopy, and the amounts of aluminium,
chromium, oxygen, carbon, bromine and copper we-
re determined both on the surface of deposits and
in their depth.

2. A considerable amount of aluminium oxide
was detected not only on the surface of electrode-
posits, but also in the depth of coatings.

3. The conclusion was confirmed that chromium
content in Al-Cr electrodeposits increases with inc-
reasing the chromium concentration in solution, with
adding triethylaluminium to electrolyte and with dec-
reasing the current density.

4. The major portion of carbon in form of various
compounds is concentrated on the coating surface.

5. An unexpectedly large amount of nitrogen was
detected in the electrodeposits, whereas its amount
on the surface was negligibly small.
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ALIUMINIO ELEKTROLITINIS NUSODINIMAS
ESANT KAI KURIEMS CHROMO JUNGINIAMS.
3. ELEKTROLITINIU DANGU XPS ANALIZE

Santrauka

Rentgeno spinduliy fotoelektroniniy spektry pagalba nu-
statyta elementiné sudétis elektrolitiniy dangy, gauty
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AlBr,-dimetiletilfenilamonio bromido toluoliniuose tirpa-
luose su chromo(III) acetilacetonatu ar chromo(III) ole-
atu. Nustatytas aliuminio, chromo, deguonies, anglies, bro-
mo ir vario kiekis ir dangy pavirSiuje, ir jy gilumoje.
Aliuminio oksido pastebimas kiekis nustatytas ne tik dan-
gy paviriuje, bet ir jy viduje. Anglies junginiy didZioji
dalis yra susikaupusi dangy pavirSiuje, tuo tarpu azoto,
atvirksciai, dangos viduje.

A. Crakenac, JI. CumanaBuuioc, B. flcynaiitene,
A. IMapkuc

IEKTPOOCAKJIEHUE AJIOMUHUA B
NPUCYTCTBUU HEKOTOPBHIX COEJVWHEHUI
XPOMA

3. XPS-AHAJIN3 AJEKTPOJIUTHYECKUX
MOKPBITUI

PeswowMme

C NIOMOIIBI0 PEHTTCHOBCKUX (DOTODIEKTPOHHBIX CIEKTPOB
OIIpeNIe/ICH JJICMEHTHBIN COCTaB AJIEKTPOIUTHYECKUX I10-
KPBITUH, OCAXIEHHBIX M3 TOIYOJNbHBIX PacTBopoB AlBr,—
OpoMHI IUMETHISTHI(GCHUIAMMOHHUS, COJEPKAIIUX
aleTUIIALICTOHAT WM ojear Xpoma. OIpeieneHo Kou-
4ECTBO AJIOMMHUS, XpOMa, KUCIOpOAa, yriaepoxa, Opoma
M MEAM KaK Ha MOBEPXHOCTH IIOKPBITHI, TaK M B HX DIIy-
6uHe. 3aMeTHOE KOMMYECTBO OKCHUAA AIOMUHMS OOHapy-
JKEHO HE TOJBKO HAa NOBEPXHOCTH NMOKPBHITHH, HO M B UX
rryouHe. OCHOBHAasi 4acTh COCNMHCHHUH yIIepoia Hakar-
JIMBAeTCSd Ha IIOBEPXHOCTH MOKPHITHIl, B TO BpeMs Kak
a30T, Hao0OpOT, B UX IIyOuHe.



