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Abstract. Electron beam induced current (EBIC) is a semiconductor analysis technique
performed in a scanning electron microscope (SEM) or scanning transmission electron
microscope (STEM). It is able to sense defects beneath the surface even invisible by
SEM. This paper presents the results of a trial to observe the defect growth inside silicon
MEMS structures under fatigue loading by applying EBIC technique. The tests were
performed on two specimens fabricated from an n-type single crystal silicon wafer. While
the test region of the specimens was repeatedly subjected to compressive stress, EBIC
images were obtained to visualize damage evolution which presented by the growth of the
dark region on EBIC images. It was proved that the damage is not due to the growth of
oxidation layer on the surface of the specimens but due to the growth of intrinsic defects
of silicon crystal. The results would be evidences to elucidate that the fatigue damages
grow inside silicon MEMS structures but not in oxidation layer.
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1. INTRODUCTION

Microelectromechanical systems (MEMS) are devices with highly miniaturized me-
chanical components fabricated using batch processing techniques inspired by integrated
circuit (IC) technologies, which have been among the fastest growing technologies, open-
ing new frontiers of microtechnology [1, 2]. They have already been applied to various
fields such as medical treatment and aerospace equipment where the reliability of MEMS
structures is of serious concern. The mechanical reliability of MEMS has recently been
attracting more and more interest.

Silicon is the most common structural material for MEMS. Since the end of the
last century, many evidences have been found that they are susceptible to fatigue, which
is the weakening of a material caused by repeatedly applied loads. Up to now, fatigue
mechanism of micro-scale silicon structures is still under the debate. The most commonly
accepted model of fatigue process has been the reaction layer model [3, 4], where the
surface oxide layer is thickened with cyclic stress and subjected to corrosion cracking.
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However, this theory could not explain for the case of low-cycle fatigue [5, 6], where the
time was not enough for oxygen to diffuse into silicon. In contrast, however, it was also
claimed that the thickening of a surface oxide layer due to cyclic stress was not observed
until fatigue fracture on polysilicon devices with 3 nm thin native oxide [7] showing a
counter evidence against the reaction layer model. Another mechanism was proposed that
subcritical crack growth in silicon itself assisted through wedging of asperities on the crack
surfaces [8, 9]. On the other hand, recent indirect evidences from the researches in Japan
[10, 11] suggested another possibility of fatigue mechanism on the basis of dislocation
mobility. For example, steps approximately 5 nm in height indicating dislocation slip lines
were observed on the surface of 200 nm wide doubly supported beams made of single
crystal silicon when bent with an atomic force microscope at 373 K [12]. Ductile behavior
of nano-scale silicon at room temperature was also observed in other studies [13-15]. The
fracture toughness of single crystal silicon films with 4 pum thickness was also reported to
sharply increase above 70°C from 1.3 to 2.5 MPam'/? [16]. In other words, the increase
of fracture toughness of single crystal silicon films at room temperature corresponds to
the decrease of specimen thickness. This suggested that the increase in the dislocation
mobility is related to the thickness reduction [11]. Dislocations emitted from the fracture
surface created at room temperature in 1-um-thick specimen were also directly observed
with a transmission electron microscope [11]. The current understanding about the fatigue
behaviors of silicon up to now is from the accumulation of experimental results and the
observations on specimens after fatigue tests. Therefore, direct evidences to elucidate the
fatigue mechanism of silicon structures in MEMS are necessary.

Electron beam induced current (EBIC) is known to be a semiconductor analysis
technique performed in a scanning electron microscope (SEM) or scanning transmission
electron microscope (STEM) [17]. It can be used to identify buried junctions or defects in
semiconductors, or to examine minority carrier properties. It measures the current gen-
erated by the electron beam through a junction potential, which is able to sense defects
beneath the surface even invisible by SEM. In this paper, EBIC technique is applied to see
whether the defects eventually grow inside silicon under fatigue loading corresponding to
the equivalent crack extension as modeled in our previous study [18]. Since it is expected
that compressive stress accumulates the damage more efficiently [19], the observation in
this study is performed with single crystalline silicon specimen tested with cyclic compres-
sive stress. EBIC pictures should give direct evidences to elucidate fatigue mechanism of
silicon MEMS structures.

2. EBIC TECHNIQUE

EBIC technique is based on the two schemes of setup as shown in Fig. 1 for the
cases of plan-view and cross-section-identification. Plan view means that the p-n junction is
perpendicular to the electron beam, whereas in cross-section-identification the p-n junction
is parallel to the SEM beam. When an electron beam strikes a semiconductor sample, it
will generate electron-hole pairs in an interaction volume. If they are near the p-n junction,
they will diffuse to the junction. Electrons and holes will be drift to the n- type and p+
type, respectively. When the p+ and n- types are connected to a picoammeter or current
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Fig. 1. Schemes of EBIC observation for (a) plan-view and (b) cross-section-identification

amplifier, they will produce an EBIC. This current can be used as the imaging signal
for SEM or STEM. By connecting the EBIC signal scanned on observation region, EBIC
image is obtained. For the case of plan-view, defects such as dislocations tend to strongly
decrease the minority carrier in their vicinity, so the EBIC signal is strong in areas without
the defects and weak in areas around the defects. Therefore, it should figure out the defects
in silicon in terms of contrast change on its image.

3. SPECIMEN AND EXPERIMENTAL SETUP
3.1. Specimen

Fig. 2 shows the design of specimen used in EBIC observation experiment. The
unit of dimensions is mm. The length and the thickness of the specimen are 18 mm and
0.38 mm, respectively. It was designed with a small test section in the upper part as a
horizontal beam which is supported at both the ends by the two vertical arms connected
to the base plate in the lower part. The length of the horizontal beam is 4 mm. Specimens
were fabricated as schematically illustrated in Fig. 3 out of a n- type single crystal silicon
wafer (thickness 380 pm, dopant Sb, conductivity 0.1 Qcm) by applying a deep reactive
ion etching (DRIE) process starting from the top surface of the wafer. The etched side
surface has an inclination of 3 degrees, because of the characteristics of DRIE. Therefore,
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Fig. 2. Specimen used for EBIC observation
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Fig. 8. Schematic illustration of fabrication process for the specimens

the heights of the cross section on the top and bottom surfaces of the wafer are 0.25 mm
and 0.21 mm, respectively.

Boron was ion-implanted on the upper etched surface of the test section to compose
a p+ layer, with the accelerating voltage of 5 kV and dosage of 1.0x10' cm™2. The
junction underneath the p+ layer was utilized for the EBIC observation to explore the
damage. For an ohmic contact to the n- type area, Au-0.5%Sb was deposited on the lower
part of the specimen. The specimen was then annealed for 5 minutes in nitrogen at 900°C
for the activation of dopants. Finally, two notches with 15 pym tip radius were created
with a dicing saw, which were tilted by +45 and -45 degrees to the surface. The distance
between the two notches was designed as 0.01 mm.

3.2. Experimental setup

Fig. 4 shows the experimental setup for EBIC observation of the specimen tested
with cyclic loading. An environmental scanning electron microscope (ESEM) shown in
Fig. 4(a) was used to perform EBIC observation. Specimen was kept by a state mounted
on the holder inside the chamber of the ESEM as shown in Fig. 4(b). A piezo-positioner
actuator (PI P-841.20, travel: 30 um, resolution: 0.6 nm) was used to drive the setup as in
Fig. 4(c). The applied load was measured by a load-cell LUR-A-100NSA1 manufactured by
Kyowa Electronic Instruments Co., LTD. with a rated capacity 100 N. They were controlled
by the equipments such as the computer, the function generator, etc., and monitored by the
oscilloscope from outside of the chamber as shown in Fig. 4(a). The horizontal actuation
given by the actuator was converted into the vertical stroke of loading rod indenters via
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Fig. 4. Experimental setup for fatigue test in ESEM

an elastic torsion spring indicated in Fig. 4(c). These rod indenters pushed downward
the upper surface of the test section at the two points indicated in Fig. 2 because of the
inclination of the etched surface. The specimen was fixed to stand up vertically as shown
in Fig. 4(d). By this way, the upper etched surface of the test section (indicated by EBIC
observation region in Fig. 2) was facing to the electron beam while being subjected to a
compressive stress. The EBIC cables shown in Fig. 4(d) are connected to the specimen
and SEM display as illustrated in Fig. 2

3.3. Evaluation of applied stress

The stress distribution on the EBIC observation region was analyzed by the finite
element method (FEM) with ANSYS 14.0 software. In design, maximum compressive stress
on the EBIC observation region was 75.6 MPa when the load applied to the specimen was
1 N. The distance between the two notches was expected to be 0.01 mm, but it was not
able to be fabricated exactly. Therefore, FE analysis was performed individually for each
specimen with the actual size of notches measured after creating the notches in order to
obtain the exact value of the applied stress. Fig. 5 shows the stress distribution on the
EBIC observation region of a specimen tested in this study. In this model, applied load
was 20N, and thus the maximum compressive stress is 1.57 GPa. The results obtained
from FEM were used to calculate the maximum stress on the observation region when the
load applied to specimen in the tests was known.
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Fig. 5. Experimental setup for fatigue test in ESEM

4. RESULTS AND DISCUSSION

In this study, two specimens were tested by applying the cyclic loading with fre-
quency of 50 Hz. The fatigue tests were occasionally interrupted to obtain EBIC images
with an acceleration voltage of 30 kV as shown in Figs. 6 and 7. The properties and
implemented conditions of these specimens are summarized in Tab. 1.

Table 1. Summarization of the specimens

Specimen number #1 #2
Measured distance between the two notches 27 18
(pm)

Gas pressure (Pa) inside ESEM chamber during 560 40
fatigue test

Relative humidity (%) 20 4
Gas pressure (Pa) inside ESEM chamber when 40 40
taking EBIC pictures

Applied maximum compressive stress (GPa) 0.89 0.82
Total number of cycles in fatigue test 2x10° cycles | 5x10° cycles
Results of EBIC observation Fig. 6(c) Fig.7

For the first specimen (specimen #1), fatigue test was performed in the environment
with gas pressure of 560 Pa which corresponds to 20% of relative humidity. Its SEM picture
before the fatigue tests is shown in Fig. 6(a). Firstly, the maximum compressive stress
applied to the EBIC observation region of the specimen was 0.62 GPa. EBIC pictures
shown in Fig. 6(b) were taken during this test at gas pressure inside the ESEM chamber
of 80 Pa. There was no noticeable change in the EBIC pictures from before the fatigue
test (0 cycles) to after 5x10° cycles as shown in Fig. 6(b). This is consistent with the
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Fig. 6. Observation results of Specimen #1 with (a) SEM picture before the test,
(b,c) EBIC pictures the during fatigue loading process when the applied compressive
stress was (b) 0.62 GPa and (c) 0.89 GPa, and (d) after HF treatment

previous trial where the same stress level was applied to specimen but it was not able to
see any clear change [20]. By increasing the maximum compressive stress to 0.89 GPa, the
EBIC pictures were obtained as shown in Fig. 6(c). These EBIC pictures were taken at
gas pressure inside the ESEM chamber of 40 Pa. The change in the EBIC pictures was
clearly observed. The dark region was seen to expand as the cycle number of applied load
increases. After these fatigue tests, the specimen was etched by using 10%HF solution
in 10 minutes, whose etch rate against thermal oxide is estimated to be 23 nm/min [21].
Therefore it should remove whole the silicon oxide layer, even if it would be so thick as 100
nm as presented in the other reports [4], locally exists at areas with stress concentration.
If there would have been a locally grown silicon oxide layer on the surface to reduce
EBIC, the image after HF treatment should have returned to the original image before
fatigue loading. Fig. 6(d) shows the SEM and EBIC pictures of this specimen after etching.
There was no marked difference between the EBIC images before and after HF treatment.
Therefore, the changes in EBIC images were not due to the growth of surface oxide layer
but growth of defects inside silicon.
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Fig. 7. Observation results of Specimen #2 when the applied compressive stress was 0.82 GPa

For the second specimen (specimen #2), fatigue test was performed in the envi-
ronment with gas pressure of 40 Pa. The maximum compressive stress was 0.82 GPa. Its
SEM and EBIC pictures were obtained as shown in Fig. 7. Gas pressure when taking
those pictures was 40 Pa. The change in the EBIC pictures was also observed as the dark
region gradually widening with the increment of number of cycles. With gas pressure of
40 Pa in this fatigue test corresponded to 4% of relative humidity, the effect of oxidation
is negligible, and therefore HF treatment is not necessary for this specimen. On the other
hand, the results show that the velocity of the dark region growth on the specimen #2
was slower than that of the specimen #1 due to the lower level of applied stress. It means
that the expansion of the dark region presents an accumulation process of recombination
defects generated in crystal during fatigue loading, which reduced the EBIC signal.

5. CONCLUSION

In this study, EBIC technique was applied successfully to observe the growth of
defects inside silicon MEMS structures. The changes of local contrast were successfully ob-
served at the notch tip of the specimens, which remained the same through the hydrofluoric
acid treatment after the experiment. The damage, which caused the local contrast changes,
was not the thickened surface oxide layer but the evolution of intrinsic defects being likely
dislocations inside the crystal of silicon. These are the first direct evidences of fatigue
mechanism in silicon. However, the resolution of the obtained EBIC pictures in this study
is not high enough to estimate the structure of damage. To further elucidate the fatigue
mechanism in silicon MEMS structures, experiment with EBIC observation is necessary
to be improved to obtain the pictures at atomistic scale by using EBIC technique with
high resolution SEM or STEM.
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