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Abstract Properties of electroplated nickel such as
crystallographic texture, Young’s modulus, strength and
microstructure strongly depend on the parameter mean
current density used for electrodeposition. By means of
micro tensile testing mechanical material parameters were
determined. At low mean current density (2 mA/cm2)
brittle layers with high Young’s modulus and high strength
were obtained, whereas at high current density (15 mA/
cm2) ductile layers with low Young’s modulus and low
strength were deposited.

1
Introduction
Electroplated nickel is a promising material to realize
movable structures for micro-electro-mechanical-systems
(MEMS) applications [1]. Movable structures in nickel can
simply be made using a sacrificial layer etching technique
[2, 3].

Materials for movable micro structures have to be well
characterized with respect to mechanical parameters. A
high modulus of elasticity and elastic behavior over a wide
mechanical strain range is required [4]. Nickel-based
structures fulfill the requirements [1]. Electroplated nickel
structures show a dependency of plating parameters on
texture and mechanical properties [5, 6].

This paper presents a detailed investigation of the in-
fluence of the deposition parameters on texture, structure,
Young’s modulus, strength and indentation hardness of
electroplated nickel.

2
Experimental
For the fabrication of the micro structured nickel layers
passivated 100 mm silicon wafers were used as substrates.
They were evaporated with a 50 nm thick titanium and an
100 nm thick gold layer, respectively serving as a plating
base. After a lithography step nickel was electrodeposited
in a nickel sulphamate based electrolyte (Nickelsulfamat
EL, Polyclad Enthone OMI, Germany) without brightener
additives. The pH of the electrolyte was adjusted to 3.2 and
the temperature to 40 �C, respectively. The electrolyte
contains no chloride but bromide for anode activation.
The wetting agent (Netzmittel K) was fixed to 5 ml/l.
Pulse-plating (PP) was applied (Ton ¼ 5 ms; Toff ¼ 5 ms)
using pulse plating equipment (Dynatronix, Type DPR-20-
5-10). Depositions with 15 lm layer thickness were carried
out with different mean current-densities (2.5; 5.0; 10.0
and 20.0 mA/cm2 indicated by A to D, see Table 1). In
addition depositions with mean current-densities of 2.0
and 15.0 mA/cm2 (indicated by E and F, see Table 1) were
carried out providing dog-bone shaped 140 lm thick
micro tensile samples with self-aligning ends and a gage
cross-section of 140 · 250 lm.

X-ray diffractometry (XRD) measurements with Bragg-
Brentano geometry (h/2h-measurements) (Type Phillps
PW 3010) were carried out determine the preference ori-
entation of the substrate layers and of the electroplated
nickel layers, respectively. For the discussion of change of
peak intensities they were transformed to relative inten-
sities using the values of an isotropic polycrystalline nickel
sample (Goodfellow, Type NI1000620, high purity:
99.99+%, measured relative intensities I(111)/I(200)/
I(220) ¼ 100/46/26 ) comparable to [7]. In addition, texture
analysis of the samples E and F were carried out. The
spatial distribution of three characteristic crystal planes
({1 1 1}, {2 0 0} and {2 2 0}) of the face centered cubic
nickel (fcc) lattice was investigated with a four-circle tex-
ture goniometer (Type Seifert PTS 3000). Measurements of
Vickers indentation hardness (HV) were carried out on all
discussed nickel layers. Samples A to D were measured
using a force equivalent of 100 g, whereas a 500 g force
equivalent was used for E and F, respectively.

The structure analysis of the samples E and F was
supported by taking SEM-pictures of polished and
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electrochemically etched cross sections. The cross sections
were etched anodically in diluted sulfuric acid for 10 s at 3 V.

The micro tensile samples from deposition E and F
were released from the substrate. Top and bottom faces
were mechanically polished to a mirror surface. A 3 lm
deep microhardness indents were placed 300 lm apart
in the center of the gage, serving as reflective markers
for an interferometric strain/displacement gage (ISDG).
This non-contact optical technique was used to measure
strain in the specimen with an accuracy of a strain
resolution of �5 microstrain [8, 9]. Loading is accom-
plished through the use of a piezo-electric actuator that
allows for precise displacement controlled experiments,
and the tensile tests were conducted at a constant strain
rate of 3 · 10)4 s)1. The micro tensile samples were
pulled in tension until obvious plastic deformation had
occurred. They were unloaded and reloaded several
times so that the Young’s modulus could be measured
and compared with the final unloading that occurs at
the end of the test. For each deposition E and F two
micro tensile samples were examined.

3
Results
The gold layers served as plating base in all depositions
show a (1 1 1) crystalline preference orientation [3].

Figure 1 shows h/2h-measurements of the samples A to
D and the samples E and D. The reduced peak intensities
as well as the applied mean current densities are sum-
marized in Table 1. Regarding to the samples A to D the
intensity of the (2 2 0) peak decreases, whereas the (2 0 0)
peak intensity increases with increasing mean current
density. At low mean current density of 2.5 mA/cm2 the
intensity of the (2 2 0) peak is most enlarged, whereas at
the high mean current densities of 10 and 20 mA/cm2 the
(2 0 0) peak intensity show the largest values (see
Table 1). In comparison, the (1 1 1) peak intensity does
not change significantly with respect to the variation of the
mean current density.

The h/2h-XRD plots of the layer F deposited with a
mean current density between sample C and D of 15 mA/
cm2 is in good accordance with those of C and D. Sample E
deposited with a mean current density of 2 mA/cm2 shows
a dominating (1 1 1)-peak. The reduced peak intensities
indicate a rather statistically oriented sample with a weak
enlarged (2 2 0)-peak.

The result of texture analysis of samples E and F are
depicted in Fig. 2. In both cases pure fiber textures were
found. In this case the rotational symmetric pole-figures
can be reduced to two dimensional cuts representing
w-scans of the {1 1 1}-, {2 0 0}- and {2 2 0}-planes. The
w-scans display the reflex intensity of a particular plane
with respect to the samples angle of inclination. The
w-scans of sample E show half circular pattern for all three
measured planes which is caused by a high amount of
statistically oriented crystallites. A small amount of

Table 1. Layer thickness d, mean current densities j, and relative
intensities of the measured (1 1 1), (2 0 0), (2 2 0) h/2h-XRD
peak intensities of samples A to F

Sample d [lm] j
[mA/cm2]

(1 1 1) (2 0 0) (2 2 0)

A 15 2.5 0.13 0.14 7.04
B 15 5.0 0.13 1.56 2.90
C 15 10.0 0.12 2.57 0.00
D 15 20.0 0.14 2.54 0.00
E 140 2.0 1.36 0.48 1.08
F 140 15.0 0.13 2.44 0.32

Fig. 1. XRD h/2h-scans of electroplated
nickel for different mean current densities.
Layer thickness of sample A to D are
15 lm and 140 lm of samples E and F,
respectively

88



h2 2 0i-oriented crystallites is indicated by peaks at 0� for
{2 2 0}-, ±45.0� for {2 0 0}- and ±35.3� for {1 1 1}-planes.
In extension to the h/2h-XRD-diagrams (see Fig. 1) a weak
but clearly visible h2 2 0i-texture was found in sample E.
Sample F shows a sharp peak at 0� in w-scan of {2 0 0}-
plane whereas w-scans of the {1 1 1}- and {2 2 0}-planes
show two peaks at ±54.5� and ±45.0�, respectively. These
results are in good agreement with the h/2h-measurement
of sample F indicating a strong and less dispersed h2 2 0i-
texture. Both samples show crystallographic anisotropy
resulting from fiber-textures.

The electrochemically etched cross sections of sample E
and F show different structures (Fig. 3). Sample E shows a
fine grained structure with columnar portions in direction
of layer growth. The grain size is much smaller than 1 lm.
In contrast, large crystallites can be found in the cross
section of sample F. The grain size is in the range of some
microns. Etch lines diagonal to the direction of growth can
be observed.

The values for Vickers hardness (HV) are shown in
Fig. 4. Regarding to samples A to D (layer thickness 15 lm
units, HV0.1) the highest value corresponds to the layer
deposited with the lowest mean current density. The
hardness decreases continuously with increasing mean
current density. The obtained values of the 140 lm thick
samples E and F (units HV0.5) fit well to the general
tendency. Sample E has an indentation hardness which is
about two times higher compared to sample F.

In Fig. 5 typical stress strain diagrams of samples E and
F are depicted. The linear diagonal parts of each curve
result from unloading and reloading of the sample. The
Young’s modulus is obtained as slope of these parts by
average. The Young’s modulus of samples E was measured
to be 204 ± 4 GPa, and for sample F Young’s modulus was
found to be 171 ± 4 GPa (see Table 2).

Sample F had a yield strength (r0.2%) of 450 MPa and an
ultimate tensile strength (rUTS) of 670 MPa. By contrast,

Fig. 2. Y-scans from texture analysis of sample
E and F. Depicted are reflex intensities of the
(1 1 1)-, (2 0 0)-, and (2 2 0)-planes with
respect to the tilt angle of the samples

Fig. 3. SEM-photographs of electrochemically
etched cross sections of samples E and F

Fig. 4. Vickers indentation hardness of samples A to F. Units
of indentation hardness A–D: HV0.1 (circles), E and F: HV0.5
(triangles). Standard deviation of 20 single measurements is
indicated
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the yield strength of the sample E was measured to be
995 MPa and the ultimate tensile strength 1385 MPa (see
Table 1).

4
Discussion
The h/2h-measurements of the four 15 lm thick nickel
layers A to D (Fig. 1) show a dependency of their crys-
tallographic properties with respect to the mean current
density [3]. According to the relative peak intensities (see
Table 1) the nickel (2 2 0) peak decreases, whereas the
(2 0 0) peak increases with increasing mean current
density. This indicates a change from a h1 1 0i-texture to a
h1 0 0i-texture with increasing mean current density. For
mean current densities of 10 mA/cm2 and above the
intensities of the nickel peaks show similar values. Sample
F electrodeposited with a mean current density between
sample C and D shows the relative peak intensities of the
(1 1 1) and (2 0 0) peak which are comparable to those of
sample C and D. In contrast, the (2 2 0) peak shows low
intensity compared to C and D. Although samples E and A
were deposited at similar mean current densities h/2h-
XRD of sample E does not show a sharp texture compared
to sample A. But a weak h1 1 0i-texture can be determined
in sample E using texture analysis (see Fig. 2).

The crystallographic properties of the four 15 lm thick
samples A to D agree with the results of Amblard et al. [7].
They observed a relationship between the texture and
current density as well as pH of electroplated nickel layers
from a sulphate based electrolyte (Watts electrolyte). The
texture shift from h1 1 0i-orientation at low current densi-
ties to h1 0 0i-orientation at high current densities was
explained by a mechanism of specific inhibition. At low
current densities the growth of nickel crystallites is inhi-
bited by adsorbed hydrogen while the h1 0 0i-texture at
high current densities is the result of uninhibited growth.
The samples E and F show a similar tendency but sample E
does not show strong h1 1 0i-texture compared to sample A.

As discussed by Amblard et al. [10] statistically oriented
electroplated nickel was observed in cases were stronger
inhibition processes like precipitation of nickel hydroxide
overcome or disturb the mechanism of adsorbed hydrogen
at low current densities. As texture seems to be strongly
related to surface adsorption processes, bath temperature
and electrolyte stirring have strong effect. Also organic
compounds in traces are known to interact with adsorbed
hydrogen as well as raising pH in the double layer. Com-
pared to the experimental set-up of Amblard et al. [7] our
electroplating process is different in some aspects. Wetting
agents are necessary to ensure void free depositions and
wetting even in deep high aspect ratio cavities. The hy-
drodynamic conditions using micro structured 400-wafers
are different to those of small polished rotating disk
electrodes (RDE) as used in [7].

In case of sample E a lower mean current density than
in sample A was used. With respect to the discussed as-
pects a competition between statistically and h1 1 0i-tex-
tured growth may lead to the observed weak h1 1 0i-texture
of sample E.

The cross sectional views of sample E and F (Fig. 3)
confirm the assumptions of the discussed inhibition-
growth model as they show typical morphology relating to
Fischer’s classification [11]. According to Fischer sample E
corresponds to a field-oriented texture type which is re-
lated to inhibited growth. Sample F corresponds to a base-
oriented reproduction type related to less inhibited elec-
trocrystallization. Diagonal etch lines can be related to
{1 1 1}-planes 45� towards direction of growth.

Measurement of Vickers hardness (Fig. 4) gives infor-
mation about the plastic flow behavior of the tested ma-
terial. The samples show a relation between indentation
hardness and mean current density. With increasing mean
current density the indentation hardness decreases.

The values of indentation hardness are confirmed by the
values from tensile testing of samples E and F. According
to the high strength values of sample E and the low
strength values of sample F, respectively sample E is found
to behave brittle, whereas sample F shows ductile behav-
ior. Dislocation theory [12] is usually used to explain
plastic flow of metals exposed to shear or tensile stress.
Following this argumentation the unhindered motion of
dislocations is necessary for plastic deformation with
minimum shear stress. The fine grained sample E pos-
sesses more grain boundaries compared to sample F (see
Fig. 3). These obstacles for dislocation motion contribute
to Hall–Petch strengthening. This finding is consistent

Fig. 5. Stress–strain diagrams of samples E and F. The linear
diagonal curve parts are subject to unloading and reloading of the
sample to determine Young’s modulus

Table 2. Results of measurements of Vickers hardness and
tensile testing of samples E and F

Sample E
2.0 mA/cm2

F
15.0 mA/cm2

Indentation hardness
(Vickers)

433 HV0.5 274 HV0.5

Yield strength (MPa) 995 450
Ultimate tensile strength

(MPa)
1385 670

Young’s modulus (GPa) 204 ± 4 171 ± 4
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with the work of Cho et al. [13], who have shown that low
current densities result in finer grain sizes and highly
twinned grains.

An additional effect contributing to the easy plastic flow
of sample F could result from its texture. Indentation
hardness is measured by applying a force perpendicular to
the sample surface. Direction of force and the h1 0 0i-ori-
entation are the same. According to [12] in cubic-face
centered (fcc) metals like nickel {1 1 1} planes slip in
h1 1 0i-direction for plastic flow. In a strong h1 0 0i-tex-
tured fcc metal this slip system has a tilt angle of 45�
towards direction of force which is the ideal case for
plastic flow, according to Schmidt’s law. Because of the
large crystallites grain boundaries have less effect com-
pared to sample E. With respect to the cubic symmetry of
the nickel crystallites also in tensile testing the slip system
can be applied with minimal tensile stress in h1 0 0i-tex-
tured nickel.

The Young’s modulus of the micro tensile samples F can
also be explained by considering the crystallographic
texture of these specimens. The in-plane modulus for
h0 0 1i out-of-plane textured nickel samples has been
shown to vary between 171 and 177 GPa, see for example
[13] and [14], and the values and texture measurements
reported in this paper are in very good agreement with
these previous studies. The modulus of the micro tensile
samples E is consistent with literature values for the
Young’s modulus of random polycrystalline nickel (207
GPa), see for example [14].

Qualitatively, the presented results agree previously
published in [4–6]. Young’s modulus decreases with in-
creasing mean current density. However, Young’s modulus
was determined by a factor approximately ten times lower
compared to the values presented here and values known
from literature. After redesign of tensile samples and
evaluation of the used tensile testing equipment it was
concluded that the testing equipment cannot be used for
measuring metallic samples with sufficient accuracy.

5
Conclusion
The mechanical properties of electroplated nickel strongly
depend on the parameter mean current density used for
deposition. Grain size and crystallographic texture can be
explained by inhibition mechanisms of the electrocrystal-
lization of electroplated nickel. At low mean current

densities brittle layers with high Young’s modulus and
indentation hardness are obtained whereas at high current
densities ductile layers are electrodeposited. For the ap-
plication of movable surface micro structures with elastic
behavior the deposition with low current densities should
be preferred.
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