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This paper discusses tensile testing techniques and results derived as part of a broader
microstructure-properties investigation of structural materials used in surface
micromachined (SMM), and LIGA MEMS technologies. SMM techniques produce devices
on the surface of a silicon wafer, with critical dimensions as small as 1-2 um, using a
subtractive multilayer film deposition process. Two structural materials have been
investigated: SUMMIT™ polysilicon and amorphous Diamond (a-D). Mechanical properties
presented in this paper on these SMM structural materials were obtained from a direct
tensile testing method using the lateral force measurement capability of a nanoindentation
system. LIGA, a German acronym extracted from the words “Lithographie,
Galvanoformung, Abformung,” is an additive process in which structural material is
electrodeposited into a polymethyl-methacrylate (PMMA) molds realized by deep x-ray
lithography. LIGA tensile specimens of several different materials have been evaluated
using a mini-servohydraulic load frame, designed to test specimens of sizes similar to
structural components. In this paper, tensile test results from LIGA fabricated Ni and
Ni-alloys and examples of their correlation to processing and microstructure will be
presented. © 2003 Kluwer Academic Publishers

1. Introduction

Techniques for MEMS materials properties evaluation
have developed concurrently with MEMS processing
technologies. In recent years, several direct tensile test-
ing techniques have been developed that test ligaments
of structural material with gage sections as small as 2 x
2.5 microns [1-6]. This paper discusses two direct ten-
sile testing methods and results for materials processed
with two MEMS technologies: surface micromachining
(SMM) and LIGA.

In the case of testing surface micromachined materi-
als, a direct testing technique that uses the lateral load-
ing capability of an MTS nanoindenter XP has been
developed [5]. Specimens henceforth referred to as
“pull-tabs” have been fabricated that can be engaged
with an appropriately shaped nanoindenter tip. The
simplest specimens contain a test ligament between
a fixed end and pull ring end. When possible, spec-
imens are designed with a pivot end rather than a
fixed end to aid in alignment. A typical sample with
a pivot end is illustrated in Fig. 1. To perform a test,
the pull ring end is engaged with a flat bottomed tip
fixed to a nanoindenter. The primary advantage of this
technique is the ability to efficiently conduct many
tests, thus providing strength data for statistical analy-
sis, important to properties’ characterization of brittle
materials.
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Several successful series of tests have been con-
ducted on polysilicon, fabricated via Sandia National
Laboratories” SUMMIT™ processes, and amorphous
diamond (a-D) pull-tabs [5]. The most recent results on
a-D and on SUMMIT™ polysilicon tabs testing using
a flat-bottomed conical tip will be reviewed. Also, pre-
liminary results on SUMMIiT™ polysilicon tabs tested
with a cylindrical sapphire tip are presented and com-
pared with the conical tip results. Although a statistical
data set has not yet been obtained using the cylindrical
tip, the data indicates that the new tip geometry offers
an improvement in the testing technique.

LIGA component fabrication is a process in which
structural material is electrodeposited into a patterned
PMMA mold realized through deep X-ray photolithog-
raphy [7, 8]. The process permits fabrication of metal
micro-components that range from a few microns to
several millimeters. LIGA processing is different than
surface micromachining, but many consider LIGA a
MEMS technology because of the small size scale and
high precision of typical fabricated components. As
with surface micromachine technology, methods for
testing LIGA materials have developed with evolution
of the technology [9, 10]. This paper includes selected
results from a growing body of data on three Nickel-
based LIGA fabricated materials, including Ni, Ni-Co,
Ni-Fe. Results were obtained using a micromechanical
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Figure 1 Atypical polysilicon surface micromachined tensile specimen.

Figure 2 A typical LIGA fabricated tensile specimen.
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Figure 3 Schematic of surface micromachined pull-tab tensile test pro-
cedure.

tensile test system developed specifically for evaluating
LIGA materials [9]. The load frame accommodates a
miniaturized version of a standard flat dog bone style
tension test specimen with measurement tabs, used for
gage section displacement measurement with a laser
extensometer. A typical LIGA test specimen is illus-
trated in Fig. 2. Materials characterizations conducted
on LIGA fabricated parts relevant to the mechanical
properties testing are also presented in this paper.

2. Testing and results

2.1. Surface micromachined materials

A schematic of the test procedure used for surface mi-
cromachined materials is shown in Fig. 3. During an
experiment, the flat bottom conical tip engages the pull
ring end of the specimen and a normal force is applied
to keep the tip engaged with the sample. The prescribed
normal force is maintained throughout the experiment
and recorded along with lateral force and lateral dis-
placement. Typical lateral force vs. lateral displacement
data is illustrated in Fig. 4. Fig. 4a illustrates an ex-
periment using a flat bottomed conical tip to test an
a-D pull-tab with a nominal gage section of 10 um x
2 pum. Fig. 4b illustrates two experiments performed on
polysilicon pull-tabs, one using the flat bottomed coni-
cal tip, and the other using a new cylindrical tip shown
in figure 5. Locations where the tip is engaging the
pull-tab, or simply making contact with the substrate
surface beneath the pull-tab are easily distinguishable
on the plots. To determine a fracture strength, lateral
force data is offset by the amount of force required to
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Figure 4 Lateral force vs. lateral displacement data from typical: (a)
amorphous diamond (a-D) and (b) SUMMIT™ polysilicon pull-tab ex-
periments.

drag the tip along the substrate surface then divided by
the cross sectional area of the ligament. An additional
geometrical correction accounting for the angle of en-
gagement between the tip and the pull-tab is applied to
data generated from tests using the conical tip [5].
The data shown in Fig. 4 illustrates two improve-
ments over the original testing technique [5]. First, lat-
eral displacement, used as the x-axis in Fig. 4, repre-
sents the difference between the relative motion of the
nanoindenter column (in the real experiment the sample
stage moves laterally while the column remains station-
ary) and the lateral tip deflection. The lateral tip deflec-
tion is measured by an optical system mounted within
the nanoindenter column. Original published data
using this technique plotted an ill-defined lateral dis-
placement which was not simply relative column
displacement and did not correctly account for tip de-
flection. The second improvement is enhanced normal
force control. Normal force must be applied to maintain
tip engagement with the pull-tab throughout the experi-
ment. The normal force applied in previously published
results [5, 6] typically exceeded 350 mN, a value that
previously could not be carefully controlled, and re-
sulted in a 20 mN frictional force caused by the tip
rubbing against the substrate surface during the exper-
iment. Data illustrated in Fig. 4 uses a normal force of
100 mN for the a-D pull-tab experiment, 75 mN for the
polysilicon pull-tab experiment using the conical tip
and 3 mN for the polysilicon pull-tab experiment using
the cylindrical sapphire tip shown in Fig. 5. Each suc-
cessively lower applied normal force resulted in a much
lower frictional force. Referring to Fig. 4, the 100 mN
normal force in the a-D pull-tab experiment resulted in
a ~10 mN frictional force. The 75 mN normal force
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Figure 5 SEM image of cylindrical sapphire nanoindenter tip.

applied in the polysilicon pull-tab experiment using a
conical tip resulted in a frictional force of 6 mN. The
3 mN normal force applied to the polysilicon pull-tab
experiment which used the cylindrical tip resulted in a
frictional force of less than 1 mN.

Fig. 4billustrates a difference in compliance between
a test performed using the cut-off conical tip and the
cylindrical sapphire tip. The cylindrical sapphire tip
adds compliance to the test configuration, as shown by
the lower stiffness response measured during the en-
gagement portion in the experiment in Fig. 4b. This ad-
ditional compliance is thought to be from the relatively
long and thin saphirre tip flexing during engagement
with the pull tip. If this is the case, a more rigid cylin-
drical tip geometry should decrease the compliance of
the test configuration. Also, a more rigid cylindrical
tip may permit an additional reduction in normal force
required for the tip to maintain engagement with the
pull-tab during an experiment.

2.2. Surface micromachined polysilicon
pull-tabs

Fig. 6 illustrates, in gray, the fracture strength distri-
bution of ninety-seven 2 um wide SUMMIT polysil-
icon pull-tabs using a flat-bottom conical tip [S]. The
data set is compared with a smaller data set of pull-tab
experiments using the cylindrical tip shown in Fig. 5.
The x-axis in Fig. 6 represents failure probability, P,
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Figure 6 Failure Strength vs. Probability of SUMMIT™ polysilicon
pull-tabs tested using a conical and cylindrical tip.

estimated by using the following equation [11]:
P=((—0.5)/n (1)

where, n is the total number of samples, and j is the
sample number when the sample data set is ranked in
ascending order of fracture strength. Consistantly lower
strengths were measured in the data set tested with the
cylindrical tip.

A previous comparison of SUMMIi polysilicon
strength measurements using five independently devel-
oped methods revealed that using a conical tip and the
lateral loading capability of a nanoindenter to test pull-
tabs gave higher strengths when compared with the
other four methods [6]. Results from this current study
suggest that, in fact, using the conical tip may cause
an error in the strength measurement. A reason for the
error may be the angular engagement of the conical tip
with the pull-tab. Although a correction was applied
to account for the engagement angle [5], it is conceiv-
able that the tip drives the tab into the substrate in a
fashion that creates additional frictional force during
the experiment. The cylindrical tip does not engage the
pull-tab at an angle, thus will not tend to drive the pull-
tab into the substrate. The results in Fig. 6 suggest that
higher strength measurements in the experiments using
the conical tip are caused by additional frictional force
being captured in the measurement.

Tensile testing of pull-tabs using the lateral loading
capability of a nanoindenter also provides an opportu-
nity to measure Young’s modulus of the ligaments. By
testing pull-tabs of several different gage lengths, one
can separate the system compliance from the pull-tab
ligament compliance, i.e., the gage section compliance
of the tension test. In turn, Young’s modulus can be
extracted from the gage section compliance. Previous
attempts to extract the modulus from pull-tab tests us-
ing compliance correction did not provide consistent
results. However, in the only case where the compliance
of the pull-tab ligament was so much greater than the
system compliance that the system compliance could
be ignored, a Young’s modulus value of 160 GPa was
measured. This case was from a test on a pull-tab with
1000 pum long gage section.

Compliance corrected data obtained from pull-tab
experiments using the cylindrical tip are given in Fig. 7.
The corrected data is more consistent than that obtained
using the conical tip, but still shows considerable scatter
in specimens with gage sections less than 200 pm.

TTM

2.3. Surface micromachined a-D pull-tabs

The a-D pull-tab is a fixed-end type design that resem-
bles the schematic illustration in Fig. 3. Considerable
strength data crossing a range of sample sizes have been
collected from a-D pull-tab experiments. Fig. 7 illus-
trates the fracture strength data vs. gage volume and
Fig. 8 provides a graphical Weibull analysis, where P
represents the probability of failure, defined in Equa-
tion 1. The data reveals an obvious volume dependence
and exhibits the probabilistic nature of failure com-
monly associated with brittle materials. SEM analyses

4083




MECHANICAL PROPERTIES OF MEMS STRUCTURES

300

ST/ B S ———
200

150

100

Young's Modulus (GPa)

) S - —
0 x | l |

0 2000 400 600 800 1000
Gage Length

Figure 7 Compliance corrected Modulus vs. Gage Length data from
SUMMIT™ polysilicon pull tab tests using cylindrical tip.
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Figure 8 Fracture Strength vs. sample volume size data from a-D pull
tab testing.
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Figure 9 Weibull plot of a-D data.

of the fracture surfaces on larger gage section samples
revealed two modes of fracture. One mode was associ-
ated with obvious defects on the surface of samples. The
other mode was associated with edge defects thought to
be caused by surface roughess. If a sample contained a
processing defect, it failed at a lower strength. Samples
with processing defects exhibited fracture strengths of
less than 6 GPa whereas samples that failed at edge
defects exhibited fracture strengths greater than 6 GPa.
An example of each type of failure mode is illustrated
in the SEM fractographs in Fig. 9. The figure illustrates
mirror and hackle regions classically associated with
brittle fracture. When these features were clearly delin-
eated, quantitative fracture analyses of the experiments
were performed.

2.4. LIGA mechanical testing
Fig. 11a shows tensile test results from LIGA Ni fabri-
cated from sulfamate and Watts bath chemistries, and
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Figure 10 SEM micrographs of a-D fracture surfaces illustrating failure
initiated by (a) a large defect and (b) a small edge defect.

ONit40Co T

Ni-Watts bath .
80Ni-20Fe

Stress (MPa)

Ni-Sulfamate bath
| | |

00 0.05 0.1 0.15 0.2
Strain
(@)
600 T T T T
500 60Ni-40Co

Stress (MPa)

Ni-Watts bath ]
Ni-Sulfamate bath
80Ni-20Fe

| | | | | |
('0 005 0.1 0.15 02 025 03

Strain
(b)

Figure 11 Tensile stress-strain response of (a) as-deposited and (b) an-
nealed 700°C/1 h. LIGA fabricated materials.

two LIGA fabricated binary Ni-based alloys, 60%Ni-
40%Co and 80%Ni-20%Fe. Fig. 11b shows the ten-
sile stress-strain response of the same materials after a
700°C/1 h annealing treatment. The stress-strain curves
in Fig. 11a show significant differences in the response
of the LIGA Ni alloys relative to the pure LIGA Ni
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Figure 12 Optical micrographs of (a) as fabricated Watts bath, (b) as
fabricated sulfamate bath, (c) annealed 700°C/1 h. Watts bath and (d)
annealed 700°C/1 h. sulfamate bath LIGA Ni.

Figure 13 SEM microprobe Sulfur map in LIGA fabricated 80Ni-20Fe.
Light-colored regions indicate sulfur concentrations.

and significant differences in the LIGA Ni deposited
from different bath chemistries. These differences in
mechanical response are attributable to processing and
microstructure. In the case of LIGA Ni fabricated from
the different bath chemistries, cross-section optical mi-
crographs, illustrated in Fig. 13, show that the Watts
bath nickel has a fine grain size relative to the sulfa-
mate bath nickel. The micrographs indicate that the
increased strength in Watts bath nickel resulted from
the grain size refinement. The microstructural refine-
ment in the Watts bath LIGA Ni, relative to the sulfa-
mate bath LIGA Ni, was attributed to saccharin and
coumarin additives present only in the Watts bath chem-
istry [12]. The differences in as-deposited microstruc-
ture and properties disappeared with annealing. LIGA
Ni fabricated from the two different bath chemistries
has an almost identical tensile stress-strain response af-
ter a 1 h annealing treatment at 700°C. Optical metallo-

graphs of annealed samples from both bath chemistries,
illustrated in Fig. 11c—d, show that samples have similar
microstructures with nearly identical grain sizes.

Tensile stress-strain curves of as-deposited 80Ni-
20Fe and 60Ni-40Co exhibit significantly higher
strengths than the as-deposited LIGA Ni. As with the
LIGA Ni, microstructure and processing affect the
stress-strain response of the LIGA Ni alloys. The mi-
crostructures of the LIGA Ni alloys in the as-fabricated
condition were too fine to be revealed by optical metal-
lography. TEM analyses were conducted on the LIGA
80Ni-20Fe alloy and suggested a grain size of approx-
imately 100 nm. This further refinement in grain size
contributed, at least in part, to the increased strength
of the LIGA fabricated alloys relative to their pure Ni
counterparts.

Annealing the alloys dramatically affected their me-
chanical response. The expected response to annealing
is a decrease in strength and an increase in ductility.
However, rather than exhibiting an increase in ductil-
ity, Fig. 11b shows that after the 700°C/1 h annealing
treatment, the 8ONi-20Fe alloy embrittles to nearly 0%
ductility. SEM microprobe analyses revealed the cause
of the embrittlement. Fig. 13 illustrates a sulfur concen-
tration map obtained from microprobe data. Concen-
trations of sulfur at the grain boundaries, indicated as
light regions in Fig. 13, greatly weakens the boundaries
causing the alloy to become susceptible to intergranular
fracture at very low tensile strains.

Previous researchers have noted the deleterious ef-
fects of Sulfur in Ni-based electrodepositions [13]. The
sulfur present in bath chemistry additives used to reduce
the stress of the Ni-Fe deposition is co-deposited with
the Ni and Fe. The as-deposited 80Ni-20Fe alloy does
not experience deleterious effects from the presence of
sulfur, because it is uniformly distributed within the
deposition. Annealing is required to sweep the sulfur
to grain boundaries through diffusion and grain growth
processes.

The stress-strain curve of the LIGA fabricated + an-
nealed 60Ni-40Co alloy shows a response more typical
of annealed alloys, i.e., a decrease in tensile strength and
a corresponding increase in ductility. After annealing,
the LIGA Ni-Co alloy still retains a respectable yield
strength suggesting this alloy may be useful in higher
temperature applications. Also the annealed LIGA Ni-
Co sample experiences yield point effects, common to
solid solutions, suggesting some interaction between
the cobalt solute atoms and defects in the alloy mi-
crostructure during the annealing treatment.

3. Conclusions

e A new cylindrical nanoindenter tip has been used
to engage polysilicon “pull-tab” tensile samples.
The cylindrical tip seems to overcome differ-
ences in fracture strength measurements previ-
ously obtained using the nanoindenter—pull-tab
test method relative to other direct testing methods
of MEMS polysilicon.

e Amorphous Diamond (a-D) pull-tab microtensile
specimens showed failure distributions consistent
with flaw distribuitions.
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