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Abstract: In this study, a novel procedure, based on application of the Chicot—
—Lesage (C-L) composite hardness model, was proposed for the determination
of an absolute hardness of electrolytically produced copper coatings. The Cu
coatings were electrodeposited on the Si(111) substrate by the pulsating current
(PC) regime with a variation of the following parameters: the pause duration,
the current density amplitude and the coating thickness. The topography of pro-
duced coatings was characterized by atomic force microscope (AFM), while a
hardness of the coatings was examined by Vickers microindentation test.
Applying the C-L model, the critical relative indentation depth (RID), of 0.14
was determined, which is independent of all examined parameters of the PC
regime. This RID value separated the area in which the composite hardness of
the Cu coating corresponded to its absolute hardness (RID < 0.14) from the
area in which the application of the C—L model was necessary for a determin-
ation of the absolute coating hardness (RID > 0.14). The obtained value was in
a good agreement with the value already published in the literature.

Keywords: electrodeposition; the pulsating current; topography; hardness; rel-
ative indentation depth.

INTRODUCTION

According to its unique combination of properties, such as high thermal and
electrical conductivity, malleability, corrosion resistance, and good adhesiveness
with a substrate, copper found wide application in many industrial branches such
as aerospace, automotive, electronics and telecommunications.! Due to its anti-
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microbial characteristics, Cu also found application in a medicine in a control of
healthcare-associated infections.2 The methods including electrodeposition, elec-
troless plating, chemical vapour deposition (CVD), physical vapour deposition
(PVD), thermal spray and sputtering techniques are widely used for the product-
ion of Cu in a form of coatings on various conductive or non-conductive sub-
strates.? The choice of a method for a production of Cu coatings is closely related
to a desired application of the coating.

The main advantages of electrodeposition processes over the other product-
ion techniques are the obtaining of coatings of desired quality and thickness by
an easy control of parameters and regime of electrodeposition.3 The both cons-
tant (galvanostatic) and periodically changing (the PC and the reversing current
(RC)) regimes are used in a production of Cu coatings for commercial purposes.
The main parameters affecting a quality of coatings are: type and composition of
electrolyte, temperature, stirring of electrolyte, the type of cathode, time of elec-
trodeposition, etc.3

Mechanical properties of metal coatings are closely related with their mor-
phological and structural characteristics determining a quality of any coating.
Hardness is one of the most important mechanical properties of coatings, and
indentation techniques are widely used to determine it.# The main challenge in
hardness analysis of any coating is a determination of its absolute (or real) hard-
ness which exclude a contribution of substrate (cathode) in measured hardness
value. It can be done either by the use of relatively small indentation loads which
enable that a critical indentation depth after which a substrate begins to affect
hardness is not exceeded, or by the application of various composite hardness
models which in calculations predict contributions from both substrate and coat-
ing in measured hardness value. The first way is usually suitable for the thick
coatings, because it enables the use of larger indentation loads. The Chicot—
~Lesage (C-L),>8 Chen-Gao (C-G)°-!! and Korsunsky (K-model)!2-15 are
most often used composite hardness models for a determination of an absolute
hardness of coating. The choice of models depends on substrate/coating hardness
ratio, and some of them give optimum results for ,,hard film on soft substrate®
systems like Korsunsky model,!12-15 while some other models like the Chen—
~Gao’~11 and the Chicot-Lesaged8 are suitable for the analysis of “soft film on
hard substrate” systems.

For a long time was adopted so-called Buckle’s one-tenth rule,* which pre-
dicts that a critical indentation depth above which a substrate begins to affect a
coating hardness is 0.1 of a coating thickness value. However, this rule has not an
universal character, and the beginning of effect of a substrate on a coating hard-
ness depends on substrate/coating hardness ratio,* and it depends on the indenter
geometry, plastic pile-up effect, film/substrate adhesion, elastic properties of the
film and substrate and the friction between the indenter and film.#16-20 For
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ABSOLUTE HARDNESS OF COPPER COATINGS 90 1

example, for ,,soft film on hard substrate” systems, this rule is too strong, while
for systems like ,,hard film on soft substrate®, more restrictive limitations than
the one-tenth rule can be valid.

In this study, the try to determine an absolute (or real) hardness of Cu coat-
ings obtained by the PC regime on very hard Si(111) cathodes is made by the
analysis of data obtained by applying the C—L model. The idea for this study was
based on our recently published results,8:2! in which extremely high values for
the hardness of the Cu coatings on Si(111) were observed using the application
of the C—L model.8 The solution of this problem, through an establishment of the
limiting (or critical) relative indentation depth (RID). of 0.14 for the Cu coatings
of various thicknesses, was obtained the same way, but on the brass cathode.?!
The aim of this study is to resolve some of the main dilemmas related to an
application of the C—L model in a determination of absolute (or real) hardness of
the Cu coatings on the hard substrates.

EXPERIMENTAL

The copper coatings were electrolytically produced by the electrodeposition of Cu on the
Si(111) hard substrate. The electrodeposition of copper was performed by the pulsating
current (PC) regime from 240 g L1 CuSO,-5H,0 in 60 g L'! H,SO,, at the room temperature
in an open cell of a prismatic shape.

The parameters of the applied PC regime for electrodeposition of Cu coatings are given
in Table 1.

TABLE I. The parameters of the PC regime used for electrodeposition of copper coatings on
the Si(111). j5 — the current density amplitude; j,, — the average current density; ¢, — pause
duration; v — frequency; d— thickness of coating; deposition pulse, ¢, = 5 ms

No. t,/ ms ja/mAcm?  j,,/mA cm? v/Hz o/ um
1 5 100 50 100 40
2 7.5 100 40 80 40
3 15 100 25 50 40
4 28.3 100 15 30 40
5 5 120 60 100 40
6 5 140 70 100 40
7 5 100 50 100 20
8 5 100 50 100 60

Analytical grade chemicals (p.a.) and double distilled water were used for a preparation
of the electrolyte. The two parallel Cu sheets placed close to the wall of cell were used as the
anodes. The Si(111) orientation of (1.0x1.0) cm? surface area is used as a cathode, and it was
placed in the middle of the cell between two parallel Cu anodes. The preparation of the
Si(111) cathodes for electrodeposition was described elsewhere.®

Topography of the Cu coatings was examined by the atomic force microscope (AFM)
using model auto probe CP research; TM microscopes, Veeco Instruments, in the contact
mode. The scan area was (70x70) um?2. The R (root mean square roughness) value of the
same coatings was determined using the software WSxM 4.0 beta 9.3 version.?
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902 MLADENOVIC et al.

Vickers microhardness tester Leitz Kleinert Prufer DURIMET I was used for the mea-
surements and determination of an absolute (or real) hardness of the Cu coatings. The dwell
time of 25 s, and loads in the 0.049-2.942 N range were used for this purpose. The rest of the
experimental procedure for a determination of a composite hardness of the Cu coatings is pre-
sented in literature.®

RESULTS AND DISCUSSION
Basic facts

The regime of pulsating current (PC) is defined by periodic repetitions of
current square wave and pause, and it can be presented as:3

le

+l‘p

Jav = JA (1)
le

where j,y is the average current density, js is the current density amplitude, and
tc and ¢, are durations of deposition pulse and pause, respectively.

For the PC regime, frequency, v, is another important parameter, and it is
defined as:

1

+tp

V=

y 2

The PC regime gives optimum results in the range of frequencies between 10
and 100 Hz, and electrodeposition process in this range of frequency (the ms
range) occurs at the average current density.>

Topography and roughness of the Cu coatings produced by the various PC
regimes

Morphology and roughness of the electrolytically produced Cu coatings
were characterized by AFM. Fig. 1 shows the 2D (two dimensional) AFM
images of the Cu coatings obtained with various parameters of the PC regime,
i.e., at various average current density values.

The decrease of both size and regularity of Cu grains is observed with inc-
reasing the j,, values. It is necessary to note that the fine-grained coatings were
obtained starting from an average current density of 40 mA ¢cm2. This change in
surface morphology can be attributed to a decrease of contribution of the act-
ivation control and an increase of contribution of the diffusion control with inc-
reasing j,v value, since a formation of all these Cu coatings occurred in the mixed
activation-diffusion control.8

The decrease of grain size was accompanied by an increase of uniformity of
the Cu coatings, which is confirmed by roughness analysis of the obtained coat-
ings. The values of Rq roughness parameters for the same Cu coatings are given
in Table II. The presence of the larger grains in the Cu coatings obtained using
Jjay of 15 and 25 mA cm 2 (Fig. 1a and b, respectively) induced an increased non-
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ABSOLUTE HARDNESS OF COPPER COATINGS 903

uniformity, and hence, larger roughness of these coatings relative to those
obtained with the larger j,, values, when fine-grained coatings are formed. The
slight increase in a roughness of the Cu coatings with j,y of 60 and 70 mA cm2
is due to a beginning of dominant effect of the diffusion control of the electro-
deposition process, characterizing a formation of rougher deposits and the obtain-
ing of various disperse or irregulars forms.3-8

* 14um

Fig. 1. The 2D AFM images of the Cu coatings obtained by the PC regime at j,, of: a) 15,
b) 25, ¢) 40, d) 50, e) 60 and f) 70 mA cm2. The thickness of coatings, 5= 40 um.

TABLE II. The values of R, roughness obtained by application of AFM software from
(70x70) um? scan area, and Meyer’s index m for the Cu coatings produced by various PC
regimes

jaw / MA cm2 15 25 40 50 60 70
R,/nm 677.2 599.2 490.8 318.0 326.3 359.9
m 04288 04372 04770 04979 04346  0.3447

The same technique is used to analyse the effect of thickness of coatings on
their roughness. Fig. 2 shows 2D AFM images of the Cu coatings, obtained at j,
of 50 mA cm2, with thicknesses of 20 (Fig. 2a) and 60 um (Fig. 2b). Although
the uniform fine-grained coatings were obtained with the both thicknesses, it is
necessary to note that size of grains enlarged with increasing the coating thick-
ness. This was in accordance with theory considering a mechanism of electro-
deposition by the PC regime on morphology of metal deposits.3 For the Cu coat-
ings thicknesses from 20 and 60 um, the values of Ry roughness were 131.1 and
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904 MLADENOVIC et al.

367.2 nm, respectively. This increase in roughness of the coatings is just a con-
sequence of the growing size of grains with the thickness of coating.

Fig. 2. The 2D AFM images of the
Cu coatings obtained by the PC
regimes at jav of 50 mA cm?. The
thicknesses of coatings, J, a) 20 and
b) 60 um.

Hardness analysis of the Cu coatings produced by the various the PC regimes

The measured (also known as composite) hardness, H. / Pa, of any coating
depends on applied load, P/ N, and size of a diagonal, d / m, made by indenter in
a coating, and it is defined as:®

P
a2

This value often includes a contribution of substrate (cathode), and for that
reason, it is necessary to eliminate this contribution in order to obtain absolute (or
real) hardness of a coating. The application of various composite hardness
models represents valuable way to achieve it.8:11,14,15.21

Fig. 3a shows the dependencies of the composite hardness (H.) on the rela-
tive indentation depth (RID) for the Cu coatings obtained on the Si(111) cathodes
at the various average current densities (i.e., frequencies). RID is defined as a
ratio between an indentation depth (%) and a thickness of coating () as RID =
= h/o6, where an indentation depth is related with a diagonal size as & = d/7. The
indentation depth increases a contribution of a substrate to the measured compo-
site hardness with the growth of RID values. At the high RID values the compo-
site hardness corresponded to a hardness of substrate.8 Although there is no pre-
cise boundary where a contribution of substrate to measured hardness begins, as
well as where measured hardness begins to correspond to a substrate hardness,
the RID values of 0.1 and 1, respectively, are usually taken as the limiting values
for these boundaries.8 The fact that a significant number of H, values is situated
in a zone where the substrate affects hardness (Fig. 3a) indicated a necessity of
application of the composite hardness models in a determination of the absolute
hardness of the Cu coatings.

With the hardness of 7.42 GPa,® Si(111) belongs to a group of very hard
substrates, while the Cu coatings on the Si(111) electrodes belong to a group of
“soft film on hard substrate” type of a composite system. The C—L composite

H, =1.8544 3)
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ABSOLUTE HARDNESS OF COPPER COATINGS 905

model showed as very valuable for a determination of the absolute hardness of
such coatings,® and the dependencies of the coating hardness, Hgoat on the RID,
calculated by this model,for the given Cu coatings, are presented in Fig. 3b. The
detailed description of the C-L composite hardness model can be found in
literature.8 At the first sight, it can be noticed that the calculated H,yy¢ values
were much larger than the measured H, values at the smaller R/ID values.
Anyway, it is illogical and an additional analysis of the obtained dependencies
was necessary in order to determine the absolute (real) values of the coating
hardness in the whole range of the RID values.

a) b)
2.0+ 61
54 "
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D(Y v N . ° a Og X ‘
° e 3 &7
L . 51 & oV
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’ - * j,=25mAcm® @vov o j,=25mAcm®
“ Jj,=40mAcm® L " A j. =40 mAcm®
v j,=50mA cm? o v j =50mAcm?
0.0 . ) Ja
0.1 1 0 o2 1
Relative indentation depth Relative indentation depth
¢)
2.5+ . 2
g8 j,=15mAcm
- o j,=25mAcm?®
204 4 » j,=40mAcm?®
V‘~° v j,=50mAcm?
\4 . .
B 154 DHVO Fig. 3. The dependencies of: a) H, and b)
= a'vvvg H_ ., values calculated by the C—L model on
(SJ ) ESSERRS—— '—2’9%% the relative indentation depth for the Cu
; S, coatings obtained by the PC regime at j,, of
0.5 ! 15, 25, 40 and 50 mA cm? (according to
| literature®) and c) the dependencies of (Jd)™
di {(RID), = 0.14 on the relative indentation depth for the same
‘ 01 1 Cu coatings. The thickness of coatings, &= 40
Relative indentation depth Hm.

For that reason, the following analysis of the obtained dependencies was
performed using the C-L model. Fig. 3¢ shows the dependencies of the (&d)™ on
the RID values for the Cu coatings obtained on the various average current den-
sities (i.e., frequencies). In these dependencies, an exponent m is the composite
Meyer’s index, calculated by a linear regression performed on all experimental
points for the given coating—substrate system.%!4 The values of this exponent
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906 MLADENOVIC et al.

calculated for the Cu coatings are given in Table II. The composite Meyer’s
index defines a way of change of the composite hardness with the applied load.
The detailed explanation of the composite Meyer’s index can be found in lite-
rature.%14 The increase of the Meyer’s composite index with the increase of jy
from 15 to 50 mA cm2 can be explained by the strain hardening effect.

Assuming that the C-L model is valid up to (dd)™ = 1,7 the limiting or
critical RID value of 0.14 ((RID). = 0.14) was determined (Fig. 3c). It is clear
that for RID values larger than 0.14 it is necessary to apply the C—L model in
order to determine an absolute hardness of the Cu coatings. On the other hand,
for the RID values smaller than this value, the measured composite hardness cor-
responded to the coating hardness. In this way a precise boundary where begins
an effect of substrate (cathode) on the measured hardness of Cu coatings is deter-
mined. The additional analysis of the data shown in Fig. 3a and b can confirm
this assumption. Namely, the careful analysis of these data showed that the RID
value of 0.14 represents the limiting value after which the measured H, values
become larger than the calculated H g, values. For the RID values smaller than
0.14, the calculated Hyqat values are larger than the measured H, values, and this
difference increased with the decrease of RID values, so that at the small RID
values, they became much larger than the H; values. It is necessary to note that
this critical RID value was independent of the applied average current density.

That way was confirmed the R/D limiting value of 0.14, previously observed
for the Cu coatings of various thicknesses, obtained by the same regime on the
brass substrate.2! In the next step, the Cu coatings noted at a frequency of 100
Hz, but at j,, of 60 and 70 mA cm2 were analyzed. Simultaneously, the Cu
coatings obtained at v of 100 Hz and j,, of 50 mA cm2, but with the thicknesses
of 20 and 60 um are also analyzed. The H. and H,¢ dependencies on the RID
for these coatings are given in Fig. 4a and b, respectively. These figures also
include the same dependencies for the 40 wm thick Cu coating obtained at j,, of
50 mA cm 2, which have been already given in Fig. 3.

The dependencies of the (&/d)™ on the RID for the analyzed Cu coatings are
shown in Fig. 4c. The values of m exponent for the Cu coatings obtained at j,y of
60 and 70 mA cm2 are given in Table II, while m values for 20 and 60 pum thick
Cu coatings were 0.3591 and 0.4286, respectively. The increase of the Meyer’s
composite index with the growing coating thickness is due to a decrease of influ-
ence of substrate with the thickness of coating.

Applying the same procedure, which takes into consideration of a validity of
the C—L model up to (dd)™ = 1, the critical RID value of 0.14 was also deter-
mined for these Cu coatings. The analysis of these dependencies also showed that
for RID < 0.14 the calculated Hqy: values were larger than the measured H,
values, strongly proving that RID of 0.14 represents the limiting (or critical)
value separating an area in which the measured composite hardness can be equal
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ABSOLUTE HARDNESS OF COPPER COATINGS 907

to an absolute hardness of the coating, from that in which the application of the
C-L model was necessary for a determination of the absolute hardness. It is very
clear that the critical RID value is not affected by the average current density and
the thickness of coating.
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E_ 154 ° °‘;g o j,=s0mAcm?*s=60um Fig. 4. The dependencies of: a) H, and b)
A .%.%H H_ ., values calculated by the C—L model on
NI .. the relative indentation depth for the 40 um
%‘7 w5, thick Cu coatings obtained by the PC regime
o5 ' v at j,, of 50, 60 and 70 mA c¢cm2 and 20 and 60
: um thick Cu coatings obtained at j,, of 50
(RID), = 0.14 mA cm? (according to literature®) and c) the
00 — . : :
o1 1 dependencies of the (Jd)™ on the relative
Relative indentation depth indentation depth for the same Cu coatings.

Hence, the critical (or limiting) RID value of 0.14 separating the zone of the
absolute coating hardness from the zone of strong effect of substrate was deter-
mined. This value was independent of parameters of the PC regime, such as
pause duration and the current density amplitude (i.e., independent of frequency
and the average current density). Also, this value was independent of the coating
thickness and the type of cathode. This clearly indicates that the R/D value of
0.14 can represent a general characteristic of Cu coatings.

The obtained RID value of 0.14 was in excellent agreement with the results
of an estimation of effect of a substrate on coating hardness found in the liter-
ature.®23 Namely, for a polycrystalline soft films on hard substrate like the coat-
ings of Cu on Si(111), a critical indentation depth, %, above which a substrate
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908 MLADENOVIC et al.

achieves a strong effect on a hardness is related with a coating thickness as 4; >
> 0.200. For h. < 0.200, a substrate has a negligible effect on the hardness.
Hence, the critical RID value which separates area of absolute hardness of coat-
ing from that one where an effect of substrate cannot be neglected on measured
hardness is 0.20. This clearly indicates that the here obtained value of 0.14 was
inside this zone. The advantage of the proposed procedure in this study is that it
is not necessary to do a cross section analysis of coating in order to establish
whether a critical indentation depth, with maximum value of 20 % of the overall
thickness of coating, is exceeded. In this proposed procedure, based on the
application of the C—L model, considering the existing relation between a diag-
onal size and an indentation depth, it is possible to define a maximum load for
any coating thickness, which can be applied to ensure that a measured composite
hardness corresponds to a coating hardness. In this moment, the proposed RID
value of 0.14 is valid for the electrolytically obtained copper coatings on the hard
substrates like brass and Si(111). For any other metals and substrates, it will be a
subject of future investigations.

CONCLUSIONS

The coatings of copper were electrolytically produced by electrodeposition
of Cu on the Si(111) hard substrate, under the regime of the pulsating current
(PC) varying a duration of pause (5, 7.5, 15 and 28.3 ms) and the current density
amplitude (100, 120 and 140 mA cm2) values. The corresponding average cur-
rent densities were in the 15-70 mA ¢cm2 range, and the frequencies were in the
30-100 Hz range. The examined thicknesses of the coatings were 20, 40 and 60
um. The topography and the hardness of Cu coatings were characterized by AFM
and by Vickers microindentation test using the C—L composite hardness model
for data processing.

By the application of the C—L model, it is established the critical (or limit-
ing) relative indentation depth (RID),, of 0.14, which is independent of the para-
meters of the PC regime and of the thickness of the coatings. This value separ-
ated the zone in which the measured hardness corresponds to a hardness of the
coating from the zone which requires an application of the C—L model for a det-
ermination of an absolute hardness of the coating.

This critical RID value was in excellent agreement with the RID value of
0.20 found in the literature for the same type “soft film on hard substrate” com-
posite system.
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U3BOA

OIOPEBUBAIGLE ATICOJIYTHE TBPOORE EJIEKTPOJIMTUYKH JOBHUJEHUX ITPEBJIAKA
BAKPA ITPUMEHOM CHICOT-LESAGE KOMIIO3UTHOT MOJEJIA TBPIORE

VBAHA 0. MJIAJIEHOBUR', JEJIEHA C. JAMOBELY, IAHA BACU/bEBUR-PALIOBUR', BECHA PAJIOJEBUR’
u HEBOJIIA JI. HUKOJIMR'
1YHusep3umem y Beoipagy, Huctuuitiyini 3a xemujy, wexHoxroiujy u meitianypiujy, Fheiowesa 12, Beoipag,
ZKpumuua}lucmuuxo—ﬁonuuujcxu yrueepsuitiews, Llapa Tywana 196, 3emyn, beoipag u 3YHueep3umem y
Beoipagy, Texnonowxo-mewmanypuiku Gaxynimeits, Kapneiujesa 4, beoipag
[TpenmnoxeH je HOBM IOCTyNak 3acHoBaH Ha nmpumenu Chicot-Lesage (C-L) koMmno3ur-
HOT Mogzena TBpHohe 3a ompehuBame ancoiayTHe TBpAohe eNeKTPOTUTUYKU NOOHjeHuX Ipe-
Biaka Oakpa. [IpeBnake Bakpa Cy eleKTpOXEMHUjCKH UCTajaoXeHe Ha cunuuujymy (111) opu-
jeHTanuje pexxruMoM myncupajyhe cTpyje Bapupamem cienehux napamerapa: Tpajame nayase,
aMIUTUTYZHA TYCTHHA CTpYyje W nebibrHa mpesnake. Tonorpaduja Mporu3BeieHUX MpeBiaka je
OKapaKkTeprcaHa MUKPOCKOITHjOM aTOMCKHX CHJIa, 0K je TBproha IpeBiaka UCIUTHBaHA Bu-
KEpPCOBUM TECTOM YTHUCKHBamwa. [IpumeHom C—L komMmosuTHOr Mogjena TBphohe, onpeheHa je
KpUTHYHA pe/aThBHA AyOuHa yTuckuBama (RID), ox 0,14, xoja je He3aBUCHA O] CBUX HUCIIUTH-
BaHUX NapaMeTapa pexuma mysncupajyhe crpyje. OBa BpeZHOCT pa3ziBaja 001acT y K0joj KOM-
N03UTHa TBpJoha MpeBIake MOJKE Jla Ce U3jeHauu ca BEHOM alcolyTHOM TBpaohoM (RID <
< 0,14) op obnacty y K0joj je HeonxopHo npumeHHTH C-L Mogen 3a ofpehuBame ancosyTHe
TBpHohe mpesnake (RID > 0,14). Jodujena BpenHoct RID mokasyje nodpo ciarame ca Bpen-
HOCTHMa IyOJIMKOBAaHUM Y JINTEpaTypH.

(ITpumsbeHo 14. oxtodpa, peBuaHMpaHo 6. neuemdpa, mpuxsaheno 7. nenemdpa 2021)
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