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Abstract

Selective etching of CoFeNiCu/Cu multilayers was investigated with different solutions: HNO3/alcohol, FeCl3/HCl,
K2Cr2O7/H2SO4 and dilutions of FeCl3/HCl, K2Cr2O7/H2SO4. Polarization curves on a rotating disk electrode were
used to assess the corrosion potential and current density of Cu, and Co-rich alloys. Preferential etching of the Co-
rich alloy was attributed to either a less positive corrosion potential or a higher corrosion current density compared
to the Cu layer. A dilution of the aqueous K2Cr2O7/H2SO4 solution was considered most promising for submicron
structure development.

1. Introduction

Compression molding has been widely used to produce
features with sizes larger than 1 lm, such as in compact
disks. Recently nanoimprinting has been demonstrated
to expand the molding technique for the fabrication of
nanostructures [1–3]. The advantage of imprint lithog-
raphy lies in the cost-efficiency and high throughput.
Studies have shown the applicability of the imprinting
process for fabrication of features with dimension in the
10 nm scale with electron beam lithography [4–7].
Electrochemical methods, including electrodeposition
and selective chemical etching, can be another alterna-
tive to prepare a nanometric mold without reliance on a
lithographic step.
The electrodeposition of nanometric, compositionally

modulated multilayers has been widely demonstrated,
motivated by the interest in giant magnetoresistance
(GMR) [8–14]. Due to the different composition of the
alternating layers, it is possible to preferentially etch one
layer with the other intact. In addition, selective etching
of multilayered structures has been demonstrated in
micron size layers in the development of microdevices
[15, 16], and submicron size layers for improving SEM
imaging contrast [17, 18]. Leith and Schwartz [15]
developed a microgear from a lithographically fabri-
cated layer structure of iron-rich and nickel-rich NiFe
alloys. The less noble iron-rich layer was selectively

etched in an acetic acid solution and the layer size was
about 3 lm. In addition, Arai et al. [16] selectively
etched Ni from a Ni/Cu system, by potentiostatic
control in sulfuric acid. Bonhôte et al. [17] used a
K2Cr2O7/H2SO4 solution to selectively etch the more
noble Cu layer in Ni/Cu multilayers for the examination
of the multilayer structure with SEM, having layer sizes
on the order of 10 nm. Similarly, a nitric acid–alcohol
solution was used for etching Cu by Bradley and
Landolt [18] for the Co/Cu system. This solution was
also recently used in our group in the selective etching of
Cu in the Ni/Cu and NiFe/Cu systems for developing
grating structures for molding. [19] The selective etching
of the more noble Cu layer compared to the less noble
Ni, Co or NiFe is associated with the passivation of the
less noble layer. Compared with the Ni/Cu and NiFe/Cu
structures studied previously, the employment of the
ternary alloy of Fe, Co and Ni will allow more flexibility
in varying the deposit properties and controlling the
etching selectivity through changes in the deposit
composition.
In multilayers of alloys, selectivity of the etching

solution is dependent upon the composition. Therefore,
in this study, different etching solutions were character-
ized to determine appropriate conditions for the selec-
tive etching of CoFeNiCu/Cu nanometric multilayers,
as a potential tool for fabrication of nanoimprinting
molds. Deposition conditions of the alloys were char-
acterized in previous studies [20–22]. Here, the etching
conditions are characterized.1ISE member.
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2. Experimental

A sulfate electrolyte with additives was used for elec-
trodeposition of alloy thin films and multilayers,
containing 8 mM FeSO4, 50 mM CoSO4, 57 mM NiSO4,

1 mM CuSO4, 27 mM sodium potassium tartrate, 10 mM

sulfamic acid, 4 mM sodium saccharin and 0.6 g/l Triton
X-100. Deposition was carried out on a gold-cov-
ered stainless steel rotating disk electrode (RDE), at
1000 rpm. Two DC-plated alloy deposits were used as
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Fig. 1. Polarization curves of Cu (�) and alloy thin films deposited at )35.4 mA cm)2 (s), and –70.7 mA cm)2 (m) in (a) HNO3/alcohol

solution; (b) FeCl3/HCl solution; and (c) K2Cr2O7/H2SO4 solution.
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substrates in this study: Fe15Co73Ni5Cu7 deposited at –
35.4 mA cm)2; and Fe13Co71Ni13Cu3 deposited at –
70.7 mA cm)2. For fast etching conditions in the FeCl3/
HCl and K2Cr2O7/H2SO4 solutions, bulk, polycrystalline
Cu was used (rods purchased from Goodfellow Corp.).
For slow etching conditions found in the HNO3/alcohol
solution, Cu was plated as a thin film at
)3.54 mA cm)2.
Anodic polarization curves were measured on the

RDE at 2000 rpm, with a PC-controlled Pine potentio-
stat and the potential was corrected for the ohmic drop,
which is measured by impedance analysis with a BAS–
Zahner IM6 impedance measurement unit. Multilayers
were pulse plated with an Amel potentiostat together

with a Waveteck function generator. Microstructures
developed after etching were examined with a JEOL
JSM-840A scanning electron microscope (SEM), oper-
ated at 20 kV. SEM preparation includes cross-sectional
cutting, epoxy resin mounting, grounding and polishing,
followed by selective etching of the sample. A 20-nm
layer of gold was sputtered before imaging.
Three etching strategies were examined in this study,

based on literature reports for the selective etching of
Cu. The first one follows the study of Bradley and
Landolt [18]. The polished cross-sectional sample was
etched for 10 s in a dilute K2Cr2O7/H2SO4 solution
containing 0.036 M H2SO4, 0.0034 M K2Cr2O7, and
0.0012 M HCl, followed by a nitric acid–alcohol solu-
tion, which is prepared by mixing 65% HNO3 with
ethanol by volumetric ratio 1:20. The action of the dilute
K2Cr2O7/H2SO4 was reported to etch both layers
uniformly to expose the sample. The HNO3/alcohol
solution was responsible for the selective etching of Cu.
The second solution was a K2Cr2O7/H2SO4 solution,
used by Bonhôte et al. [17] to selectively etch Cu in Ni/
Cu multilayers. The solution contained 0.034 M

K2Cr2O7, 0.36 M H2SO4, and 0.012 M HCl. The third
solution was an acidic ferric chloride–hydrochloric acid
solution prepared by mixing 10 g FeCl3, 25 ml HCl
(36 wt%) and 100 ml H2O. This solution was adapted
from Pace Technologies [23] for etching Cu and Cu
alloys. Apart from the first solution, etching in the latter
two solutions is a one-step process.

3. Results and discussion

Figure 1 shows polarization curves of the different
substrates in the three etching solutions. All the polar-
ization curves follow Butler–Volmer behavior, with an
anodic component due to substrate dissolution and a
cathodic component arising from the electrolyte (H+

and O2) reduction. Linear extrapolation was used to
obtain the corrosion potentials and current densities,
which are presented in Tables 1 and 2. In the HNO3/
alcohol solution, Figure 1(a), the corrosion current
densities of the three substrates are comparable. How-
ever, there is a large difference in corrosion potential.
The more Cu in the deposit, the more noble is the
corrosion potential. Therefore, the less noble Co-alloy
will be prone to corrosion. In contrast, the corrosion
potentials in the FeCl3/HCl solution, Figure 1(b), are
similar for the two different alloys and Cu, while the
corrosion current densities differ significantly. In this
case, all the alloys corrode but at different rates. For the

Table 1. Corrosion current densities, icorr (mA cm)2), for different

substrates in etching solutions

Substrates Cu Fe15Co73Ni5Cu7 Fe13Co71Ni13Cu3

HNO3/alcohol 0.6 0.5 0.6

FeCl3/HCl 10 11 28

K2Cr2O7/H2SO4 50 10 10

Table 2. Corrosion potentials, Ecorr (mV vs. SCE) for different sub-

strates in etching solutions

Substrates Cu Fe15Co73Ni5Cu7 Fe13Co71Ni13Cu3

HNO3/alcohol 125 4 )62
FeCl3/HCl )148 )138 )143
K2Cr2O7/H2SO4 30 )68 )80

Fig. 2. SEM micrographs of a multilayer having sizes before etching

of 130 nm of the Co-rich layer and 100 nm the Cu layer; (a) HNO3/

alcohol for 9 min (b) and FeCl3/HCl solutions for 50 s. The insert in

(b) is an enlargement.
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K2Cr2O7/H2SO4 solution, Figure 1(c), the Cu has a
more positive corrosion potential but a higher corrosion
current density than the Co-rich alloys, so that this
solution would provide the least selective etching.
The Co-rich alloy layer was etched in all three

solutions without polarization, despite the fact that
these solutions are mostly used for the selective etching
of Cu in Ni/Cu and Co/Cu systems [17, 18]. This
observation is believed to be ascribed to the presence of
Fe in the Co-rich alloy, which renders the alloy less
corrosion resistant. In addition, the presence of saccha-
rin in the plating electrolyte introduces sulfur into the

Co-rich layer, which was found [16, 24] to deteriorate
the corrosion resistance and thus alter the etching
selectivity. In HNO3/alcohol solutions, the relatively
negative corrosion potential for the Co-rich alloys make
it prone to attack, while in the FeCl3/HCl solution, the
higher corrosion current density of the Co-rich alloys
favors etching.
For the two selective electrolytes, a multilayer struc-

ture was developed from the plating bath and etched
(Figure 2). The multilayers were pulse plated between
)70.7 mA cm )2 for 15.2 s and )3.54 mA cm)2 for
131.9 s. Calculation of the layer sizes with reported
current efficiencies in ref. [20] results in a Co-rich layer
of 130 nm and a Cu layer of 100 nm. Figure 2 shows the
grating structures etched from multilayers and sputtered
with Au for SEM imaging. The depth profile was not
measured, but is proportional to the etching time.
Etching was carried out in the HNO3/alcohol solution
for 9 min, Figure 2(a), which was not sufficient to fully
develop the nanostructures. In comparison, a multilayer
structure with the same layer thicknesses was etched in
the FeCl3/HCl solution for 50 s, shown in Figure 2(b).
Due to the larger corrosion current density, Table 1, a
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Fig. 3. Polarization curves of bulk polycrystalline Cu (�) and alloy thin films deposited at )70.7 mA cm)2 (m) in (a) FeCl3/HCl and (b)

K2Cr2O7/H2SO4 in a 1/4 dilution solution.

Table 3. Corrosion current densities, icorr, and corrosion potentials,

Ecorr (vs. SCE) for the Cu and Co-rich alloy in dilute solutions

Cu Fe13Co71Ni13Cu3

icorr/mA cm)2 Ecorr/mV icorr/mA cm)2 Ecorr/mV

Diluted

FeCl3/HCl

15 )83 7 )132

Diluted

K2Cr2O7/H2SO4

5 43 9 )150

1130



shorter etching time is needed for the FeCl3/HCl
solution compared to the HNO3/alcohol. Waviness in
the multilayers was observed for the structures in
Figure 2(b), which is believed to result from the grain
growth in the multilayer deposition. Similar results have
been reported by Bonhote et al. [17] and Lim et al. [19].
The high etching rate of FeCl3/HCl is believed to further
increase the non-uniformity of the layer width accentu-
ating the waviness.
In order to further improve selectivity, polarization

studies were carried out in a 1/4 diluted FeCl3/HCl and
K2Cr2O7/H2SO4 solutions. No dilution of the HNO3/
alcohol solution was considered since it would further
lower an already low dissolution rate. A comparison
between the four-fold volumetrically diluted solution is
shown in Figure 3 for the (a) FeCl3/HCl and (b)

K2Cr2O7/H2SO4 solutions. The corresponding corrosion
potentials and current densities are listed in Table 3. In
the FeCl3/HCl solutions, either concentrated or diluted,
Cu is always more corrosion resistant than the Co-rich
alloy. The difference of the corrosion potential is
significantly larger in the diluted solution. However
the Cu corrosion current density becomes higher than
the Co-rich alloy in the diluted solution, which favors
the etching of Cu and thus makes the selectivity
deteriorate. In the four-fold diluted K2Cr2O7/H2SO4

solutions, the difference of the corrosion potential for
the two layers was also increased compared with the
concentrated solution, favoring the Co-rich layer etch-
ing. Furthermore, the corrosion rates were decreased
more for Cu than the Co-rich alloy. Therefore, the
Co-rich alloy corrosion is more selective compared to

Fig. 4. SEM micrographs of the multilayers after etching with four-fold volumetrically diluted K2Cr2O7/H2SO4 solution: (a) 1000 nm Co-rich

alloy and 500 nm Cu, etched for 2 min and (b) 200 nm Co-rich alloy and Cu layers etched for 3 min.
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Cu with the effects from corrosion potentials and
corrosion current density reinforcing each other.
Figures 4(a) and (b) show the SEM images of two

different multilayers after selective etching with the four-
fold volumetrically diluted K2Cr2O7/H2SO4 solution.
Some residue was observed in the etched layer. However,
the improvement regarding the structure quality using
the dilute K2Cr2O7/H2SO4 etchant is evident. The
multilayers were plated with same pulse plating scheme
as in Figure 2 ()3.54 mA cm)2 and )70.7 mA cm)2)
with a change in deposition times. The larger layer
thicknesses were plated for 121 and 657 s for the Co-
alloy and Cu layers, respectively, Figure 4(a). Following
etching, the layer sizes were 1000 nm of the Co-rich alloy
layer and 500 nm of the Cu layer, consistent with the
calculated values. Thinner layers were pulsed plated at 24
and 263 s for the Co-alloy and Cu layer and the layer size
were also consistent with the plated layer size of 200 nm.
The high quality etch evident in the SEM micrographs
required a longer etching time compared to the FeCl3/
HCl solution, consistent with the lower corrosion current
densities (compare Tables 1 and 3). The dilute K2Cr2O7/
H2SO4 solution is similar in its selectivity as the HNO3/
alcohol solution in that there is a large difference in the
corrosion potential between the Co-rich alloy and Cu.
The advantage of the dilute K2Cr2O7/H2SO4 solution is
that the dissolution rate of the metals is larger than that
of the HNO3/alcohol solution. In addition the avoidance
of the organic solvent has an advantage for samples
mounted in plastic resins, which is typically carried out
for SEM analyses.

4. Conclusions

Evaluation of etching solutions for CoFeNiCu/Cu
multilayers showed that Co-rich alloys are preferentially
etched in the HNO3/alcohol, FeCl3/HCl and dilute
K2Cr2O7/H2SO4 solutions. The selective etching of the
Co-rich alloy over Cu was attributed to the less positive
corrosion potential in HNO3/alcohol and K2Cr2O7/
H2SO4 solutions, while in the FeCl3/HCl case the higher
corrosion current density was responsible for the selec-
tive etching. The dilution of the K2Cr2O7/H2SO4 solu-
tions was found to improve the selectivity of Co-rich
alloy over Cu.
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