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Abstract

In this work, Ni and Ni-Fe micro mould inserts with high aspect ratios are fabricated by Si-LIGA. Many analyses
were performed to elucidate the material properties of Ni-based micro mould inserts. The surface properties were exam-
ined using a scanning probe microscope (SPM). Nanoindentation was used to measure the elastic modulus and hard-
ness of Ni-Fe microstructures. When the iron content of Ni-Fe micro mould inserts exceeded 12%, the grain size of the
Ni-Fe alloy was under 15 nm. Additionally, the mechanical properties of Ni-based microstructures obtained by elec-
troforming are superior to those obtained by casting or powder metallurgy. Satisfactory electroforming current densi-
ties for obtaining a mould insert with a fine surface profile ranged from 4 ASD to 6 ASD.

© 2004 Elsevier B.V. All rights reserved.
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1. Introduction

The LIGA process is one of the main methods
of fabricating microstructures, especially those
with high aspect ratios. However, synchrotron
radiation is hard to obtain; the cost of X-ray
masking is high and the process of fabrication is
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very complex [1]. Therefore, a LIGA-like process
that involves altered processes is inevitable. Unlike
the standard LIGA process, the SIGA (Silizium-
Mikrostruktur, Galvanik und Abformung; Silicon
Microstructure, Electroforming and Micromould-
ing) process evolved from the standard Si-process
is very compatible with the integrated circuit proc-
ess and the equipment required is simpler than that
required by the LIGA process [2,3]. Moreover,
microcomponents made of metallic alloys can be
produced using the LIGA or SIGA method. They
are used as sensors or actuators, or more generally,
as parts of microelectromechanical systems.
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In this work, the silicon-based master is fabri-
cated by anisotropic etching and thick-film litho-
graphy; the Ni-based materials are then
electroformed on the silicon-based master. Several
studies have addressed the electroforming of micro
mould inserts as part of LIGA (or SIGA) [4-9].
However, relatively few studies have measured
and reported values of elastic modulus, surface
roughness and hardness of electroformed Ni and
Ni—Fe microstructures [10,11]. Furthermore, the
mechanical and surface properties of micro mould
inserts influence strongly the micromoulding proc-
ess, so these properties must be understood.

The development of scanning tunneling micros-
copy (STM) by Binnig and Rohrer in 1981, led to
various forms of scanning probe microscopy
(SPM). A small probe was employed to measure
the local properties of a sample. Probes have been
developed to detect thermal, electrical, magnetic,
mechanical and optical properties on the nanome-
ter scale. All forms of SPM require that the probe
be close to the sample. The benefit of the SPM
technique in MEMS applications is that it
proceeds more quickly than standard tensile and
hardness testing. Accordingly, the Ni-based micro-
structures obtained under various electroforming
conditions are directly measured and analyzed by
scanning probe microscopy (SPM) to elucidate
the mechanical and surface properties of the micro
mould inserts herein.

2. Fabricating the silicon-based master

All experiments were performed using (1 0 0)-
oriented, 4-in. p-doped (1-100 Qcm) silicon
wafers. Fig. 1 presents the SIGA process. The sil-
icon-based masters could be fabricated by three
various methods individually: wet anisotropic
etching, dry anisotropic etching or thick-film
lithography. The fabricating processes and proper-
ties of the silicon-based master are described
below.

2.1. Wet anisotropic etching

A masking layer of thermal oxide with a
thickness of 0.6 um was used for passivation. Ar-

rays of square elements with 50 x 50 pm were
patterned in an SiO, mask by ordinary photoli-
thography to evaluate the surface roughness
and rate of KOH etching of the (100) plane.
The etching windows were formed by removing
SiO, using buffered hydrofluoric acid (BOE)
solution. The KOH etchant used here was a 25
wt% aqueous solution without added isopropyl
alcohol (IPA). The etching experiments were con-
ducted with an etching temperature of 60-
100 °C.

2.2. Dry anisotropic etching

After the masking layer was deposited, a pho-
toresist was coated and lithography applied to
define the pattern on the masking layer. Then,
inductively coupled plasma reactive ion etching
(ICP-RIE) was used to etch the single-crystal sil-
icon. In this work, the etching gas was SF¢ and
the passivation gas was Cy4Fg. Two etching
masks, a photoresist and silicon dioxide, were
employed. More residues were obtained when
the photoresist was used as the etching mask;
this problem could be solved by increasing the
amount of reactive etching gas. Furthermore, in
narrow openings, uneven sidewall profiles were
generated because etching and passivation gas
exchange were repeated. The flow ratio and per-
iod of the etching and passivation gases, and the
oxygen inflow could be altered to solve the prob-
lem of uneven surface and residues, as indicated
in Fig. 2.

2.3. Thick-film lithography

Silicon wafers were cleaned in a dilute HF solu-
tion (HF:H,O = 1:20) for 2 min and rinsed in de-
ionized water. A 200 nm layer of copper was
deposited by sputtering onto the silicon wafer as
a seed layer for electroforming before the SU-8
photoresist was coated. An SU-8 photoresist with
a thickness of 100 um was coated on a silicon sub-
strate following initial cleaning. It underwent soft
baking, UV-exposure, post-exposure baking and
developing processes.
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Fig. 1. SIGA (Silizium-Mikrostruktur, Galvanik und Abformung) fabrication process. Bulk micromachining and thick-film

lithography are employed to fabricate silicon-based masters.

2.4. Electroforming Ni-based micro mould inserts

In the SIGA process, the lithographed pattern
plate is a three-layer structure. The bottom layer
of the three-layer structure is an insulating base
plate such as silicon wafer. The middle layer of
the three-layer structure is the conductive metal
used as a seed layer in electroforming. The top

layer of the three-layer structure is the photoresist
pattern that has been lithographed. The seed layer
for electroforming must has low sheet resistance
and strong adhesion to the electroplate metal.
The silicon wafer with seed layer formed by sput-
tering copper or evaporating titanium has a lower
sheet resistance and initial current of electroform-
ing than that deposited with other metals, so the
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Fig. 2. SEM micrograph of silicon microstructures fabricated
by inductively coupled plasma reactive ion etching (ICP-RIE).
The etching mask is silicon dioxide and the etching rate is 3 pm/
min. (a) Aspect ratio of silicon deep holes is 4.3 and the taper
angles are 2.64 £ 0.03°. (b) Aspect ratio of silicon microchan-
nels is 2.5.

processes of sputtering copper or evaporating tita-
nium are extensively used [1]. Ni and Ni-Fe alloys
could be electroformed on a silicon-based master,
following wet etching, dry etching and the thick-
film lithography. Tables 1 and 2 list the electro-
forming solutions used in the electroforming of
Ni and Ni-Fe alloy. Boric acid was employed to

Table 1
Composition of Ni electroforming solution and conditions of
electroforming

Description Concentration
Nickel sulfamate 420 ml/L
Boric acid 40 g/L
Saccharin 1¢g/L

Sodium lauryl sulfate 2 ml/L
Current density 1-5 ASD

pH 3.8-5.2
Temperature 50 °C

Table 2

Composition of Ni-Fe alloy electroforming solution and
conditions of electroforming

Description Concentration
Nickel sulfate 200 g/l

Iron sulfate 8 g/L

Iron chloride 5S¢/l

Boric acid 40 g/L
Saccharin 3¢/l

Sodium lauryl sulfate S ml/L
Current density 1-5 ASD

pH 2.8-4.5
Temperature 50 °C

stabilize the pH of the electroforming solution,
and saccharin reduces the stress between the elec-
troforming layers [12,13]. In the pretreatment
prior to electroforming, the plating cell, the rack,
the anode basket and the S—Ni anode must clean.
Additionally, weak electrolysis must performed at
low current density for 12 h to remove metal ions,
and an active carbon filter was utilized to filter or-
ganic impurities to reduce the number of defects of
coating layers, and thus the internal stress of the
micro mould inserts could be decreased. Fig. 3
shows some micrographs of electroformed Ni
and Ni-Fe alloys. They reveal that the metal was
deposited upward following the sidewall of the
microstructured photoresist.

3. Quality of electroformed Ni-based micro mould
inserts

3.1. Mechanical properties

The metal microstructures were fabricated to
serve as micro mould inserts, which must have fine
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Fig. 3. SEM micrograph of various electroformed Ni-based microstructures. (a) Ni microstructures; micropyramids and
microchannels. (b) High aspect ratio Ni-Fe microstructures; microchannels and honey comb microstructures.

mechanical properties. Tensile tests and micro-
Vickers hardness tests of the electroformed
Ni-based microstructures were conducted; the
silicon-based masters of electroformed Ni-based
microstructures could be fabricated using thick-
film lithography. For comparison, Rockwell hard-
ness tests were performed on the electroformed
samples. Fig. 4 plots the tensile stress-strain curves
of electroformed Ni and Ni-Fe microstructures
using standard tensile tests. The tensile strength
of the electroformed Ni-Fe microstructures is

50% higher than that of Ni microstructures.
Table 3 compares the mechanical properties of
Ni-based products obtained by various processes.
This table implies that the mechanical properties
— hardness and tensile strength — of metal micro-
structures obtained by electroforming are superior
to those of parts obtained by casting and powder
metallurgy.

However, traditional mechanical testing meth-
ods, such as standard tensile tests or Rockwell
tests, are unsuited to micron/submicron-sized
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Fig. 4. Stress-strain curve of electroformed Ni and Ni-Fe
microstructures. (@ Ni-Fe alloy; A Ni; presented result is
equalized by several experimental data.)

Table 3
Comparison of mechanical properties of Ni-based products
obtained by various methods

Tensile strength  Hardness  Hardness
(MPa) (HV) (HR-B)
Casting parts® 420 132.8 -
Powder metalurgy 280 75 -
parts®
Electroforming 862 (Ni) 483 (Ni) 98.4 (Ni)
microstructures
1274 541 > 105
(Ni-Fe) (Ni-Fe) (Ni-Fe)

# Engineering Properties of Nickel and Nickel-Alloys, Ple-
num Press, New York, 1971.

samples, so various studies have been undertaken
over the last few years to development a technique
for elucidating the mechanical properties of mate-
rials on the micron/submicron scale. In this study,
the combination of a scanning probe microscope
(SPM) and a nanoindenter was employed to visu-
alize microstructures. An indent was then made in
the microstructures using a precisely placed inden-
ter tip. The nanoindenter monitored and recorded
the load and displacement of a three-sided pyram-
idal diamond (Berkovich) indenter during indenta-
tion with a force resolution of approximately 1 nN
and a displacement resolution of about 0.2 nm.
After the indentation was made, this indenter tip
was used to capture the impression of the indenta-
tion on the microstructures. The hardness and

elastic modulus were determined from the load-
displacement data obtained by nanoindentation.

The electroformed Ni-Fe microstructure was
indented by nanoindentation herein. The elastic
modulus of an electroformed Ni—Fe microstruc-
ture can be evaluated as follows.
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Fig. 5. Nanoindentation load-depth curves (force curves) of
electroformed Ni-Fe microstructures at various current densi-
ties. (Current densities in electroforming process: £ 0.25 ASD,
€ 0.5 ASD, @ 2 ASD, A 4 ASD.)
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Fig. 6. Effect of current density in the electroforming process
on the Young’s modulus and hardness of electroformed Ni-Fe
microstructures. (@ Young’s modulus; A hardness; presented
result is equalized by several experimental data.)
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Here, ¢ is the experimentally determined stiffness
of the upper part of the unloading data, as indi-
cated in Fig. 5; E.q is the reduced modulus (previ-
ously defined) and A. is the projected area of

elastic contact. The modulus can thus be derived

(b)

by measuring the initial unloading stiffness and
assuming that the contact area equals the optically
measured area of the impression [14,15]. The
parameters £ and v are the elastic modulus and
Poisson’s ratio of the specimen and E; and v; are
those of the indenter, which are 1141 GPa and
0.07, respectively. The Poisson’s ratio of the elec-
troformed Ni-Fe microstructures is 0.27 here.
Fig. 6 plots the influence of the electroforming
current density on the Young’s modulus and hard-
ness of the electroformed Ni—Fe microstructures.
The figure demonstrates that the elastic modulus
and the hardness increase with the current density,
perhaps because increasing the current density in-
creases the rate of reduction of metal ions at the
cathode yielding finer grains of the electroformed
metal, which is thus strengthened. Additionally,

Fig. 8. SPM analysis of electroformed Ni—Fe microstructures.
Defects on the lateral side of the microstructure are observed
and analyzed directly using SPM.

Fig. 7. Analysis by scanning probe microscopy (SPM) of
electroformed Ni microstructures. (a) Grain size of electro-
formed Ni. (b) RMS transformation of (a).
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Fig. 9. SPM images of electroformed Ni—Fe microstructures obtained at various current densities. (a) 2 ASD; (b) 4 ASD; (c) 6 ASD;
(d) 8 ASD.
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increasing the current density can also increase the
fraction of iron precipitated, increasing the hard-
ness. Moreover, a high current density induces
the formation of Ni—Fe alloy with a (11 1) pre-
ferred crystallographic orientation, increasing its
hardness. In fact, in this work, when the iron con-
tent of the electroformed Ni-Fe alloy, measured
by using electron probe microanalysis (EMPA),
exceeded 12%, the grains of the electroformed
Ni-Fe microstructures were smaller than 15 nm
and the elastic modulus could be as high as 316
GPa according to a qualitative analysis.

3.2. Surface properties

The surface properties of Ni-based micro mould
inserts directly influence the demoulding proper-
ties and the quality of the moulded polymer micro-
structures. Herein, a scanning probe microscope
(SPM) was used to elucidate the topography of
the Ni-based micro mould inserts. Fig. 7(a) dis-
plays SPM images of the electroformed Ni micro-
structures. The sizes of the grains of electroformed
Ni microstructures are observed directly to be sev-
eral sub-microns — smaller than those of Ni parts
manufactured by casting or powder metallurgy.
The actual features of the surface of a microstruc-
ture can be obtained by root mean square (RMS)
transformation, as shown in Fig. 7(b). According
to the Hall-Petch equation

O'y = 0y —|— k}vd71/27 (3)

where o, is the yield strength, d is the average grain
diameter, and g, and k are constants for a partic-
ular material [16]. Therefore, the mechanical
strength of the microstructures obtained by elec-
troforming is greater than that obtained by casting
or powder metallurgy. Maintaining cleanliness and
sharpness of the tip is very important because
these factors influence the resolution of the images.

The defects in electroformed Ni—Fe microstruc-
tures were observed directly by SPM, and are pre-
sented in Fig. 8. This figure reveals that the cracks
in the microstructure are perpendicular to the
direction of deposition of the metal because other
species are present in the deposited metal during
electroforming. The microbubbles of hydrogen
can result in a non-uniform surface profile during

electroforming, as indicated in Fig. 8(b) (triangu-
lar regions). Hence, quickly excluding hydrogen
is a key to improving the condition of the surface
profile during the electroforming of microstruc-
tures with high aspect ratios. Demagnetization is
important for performing this experiment because
Ni-Fe alloy is a magnetic material and magnetism
strongly affects scanning. Fig. 9 present the topo-
graphic map, elucidated by SPM, of Ni—Fe micro-
structures electroformed at various current
densities. This figure reveals that a fine surface
profile, which is favorable for mould inserts, can
be obtained when the density of the electroforming
current is between 4 ASD and 6 ASD.

4. Summary

This work investigated Ni and Ni-Fe micro-
structures produced using the SIGA process. Tests
were conducted on mechanical properties to deter-
mine parameters such as elastic modulus, tensile
strength and hardness, which were compared with
corresponding values for nickel parts formed by
casting and powder metallurgy. The results show
that the mechanical properties of microstructures
obtained by electroforming are superior to those
of microstructures formed by casting or powder
metallurgy; the tensile strength of the former can
be up to 1274 MPa. Also, the elastic modulus of
Ni—Fe microstructures was determined by nanoin-
dentation and the elastic modulus increased with
the density of the electroforming current. With re-
gard to the surface properties of the Ni-based
microstructures, the grain size and surface condi-
tions were observed directly by scanning probe
microscopy. The observations indicate that the size
of grains in electroformed Ni microstructures can
be up to several tens of nanometers; however, the
fine surface profiles of Ni-Fe microstructures were
obtained at current densities of between 4 ASD
and 6 ASD.
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