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A summary of the influence of microfabrication processes (wet and dry etching) and crystal
orientation on the effective shear strength of microridges is addressed in this paper. Test
results indicate that both crystal orientation and geometry plays an important role in
determining the strength. The largest shear strengths obtained were for triangular and
rectangular ridges fabricated with wet etching and deep RIE respectively. Both of these
structures had similar crystal orientations. These strength values were approximately 3.5
times larger than the lowest strengths measured for wet etching structures. Using Chlorine
RIE, we were able to demonstrate the influence of crystal orientation on strength, with
microridges of {110} sidewall made on a (100) wafer the largest. For wet etching, we found
that the strength was concentration dependent. For example, a 45% KOH fabricated
structure produced strength values 65% higher than 30% KOH fabricated ones (note crystal
orientation the same). This was attributed to a geometric effect, that is the 45% KOH
solution had a “V"” shaped bottom while the 30% KOH had a flat bottom. EDP and TMAH
values had similar strengths to the 30% KOH solution (note similar crystal orientation).
Therefore, microcomponent strength is strongly dependent upon fabrication process as
well as crystal orientation. © 2000 Kluwer Academic Publishers

1. Introduction on strength. For example, a component made by an
Strength and durability are two important issuesanisotropic wet etching method may provide strengths
for engineers using micro-electro-mechanical-systemsistinctly different from a component fabricated by
(MEMS) components, in particular those supportingan isotropic wet etching or an anisotropic dry etching
mechanical loads. One example is a mesoscale inchmethod (as discussed in this paper).
worm motor using microfabricated microridges to  Another phenomenon associated with the chemical-
transfer mechanical loads in excess of 500 N [1]. Loacetching process is the dependence of etching rate on
bearing applications such as this raise the question agystal orientations (anisotropic). The crystal orienta-
to the strength and fatigue life associated with micro-tion dependent etching rates vary greatly among crys-
fabricated components. tal directions (e.g. 150 time’s difference in etching
Silicon is the predominant material currently be- between(111) and (110 for KOH solution [2]). The
ing used in the MEMS field. This is due to the well- etching rate and the crystal orientation on the wafer de-
understood microfabrication processes that are bortermine the final three-dimensional profile. Therefore,
rowed from integrated circuits (IC) manufacturing. different alignments (crystal orientation) during fabri-
Fabrication of micro components often involves carv-cation (etching rate dependent) may produce different
ing out three-dimensional shapes from the silicon wafestrengths of a component structure.
by a series of lithography and etching steps. In gen- Notable studies of microscale strength testing in-
eral, anisotropic etching (i.e., directional etching) tech-clude those (not limited to) by bending a micro
nigues are widely used to obtain the three-dimensionatantilever with a stylus [3, 4], by resonating thin
geometry from single crystal silicon. Since etchingbeam structures [5, 6], by using micromachined
is the result of a chemical reaction between the mabuilt-in levers [7], and by tensile test [8]. While
terial (silicon) and the etchant, the surface geometryhese test data provide useful information, the vast
varies significantly among different etchants and pro-majority was intended to provide the intrinsic prop-
cessing conditions. While some data are available oerties of the material rather than strength proper-
strength properties of micro components made fronties that are due to either processing or architec-
specific processes, they are incomplete for understandiure. Therefore, very little data is available detailing
ing the influence of different micromachining processthe influence of manufacturing processes and crystal
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orientation on strength of the microfabricated compo-top surface{110} plane) and vertical plan¢X11}) that
nents. form the microridges’ sidewall ofL11} plane; in other

The objective of this study is to investigate the influ- words, the microridges will be formed byl10} top
ence of different microfabrication methods (wet and drysurface and111} vertical surfaces (sidewall).
etching, e.g., KOH, EDP, TMAH, reactive ion etching The general processing steps for wet etching are as
(chlorine RIE and deep RIE) and crystal orientationsfollows.
({111, {110}, and{100} sidewall surfaces) on the ef- .
fective shear strength of single crystal silicon micro- (1) Deposit 1500 thick silicon nitride (SiN4) on
ridges. The microridge’s geometry was chosen baselL10) or (100) type silicon wafer by LPCVD.
on both the of micromachining techniques used to fab- (2) Spin coat photoresist and define the microridge
ricate the geometry and the proposed use in a mesoscabattern with lithography.
inchworm motor [1]. (3) Etch and pattern g\, with RIE (CF; + O,

5:1), Strip off photoresist.
(4) Wetanisotropic etching (30% KOH or 45% KOH

2. Specimen preparation _at70°C, 25% TMAH at 85°C, or EDP at 100C)
The architecture shape of microridge (made of single (5) Dice wafer to 3 mmx 5 mm chips

crystal silicon) is rectangular in cross section with the

size of 4.5um in wide, 5um in height, 3 mm long, The wet-etchin . .

i : ) 2 - g processes described above with a
a_nd a pltc_h of 1Qum (F|g_. la gnd b). Th'$ SPecific (110) silicon wafer produce essentially the same trans-
size was dictated both by limitations of our Ilthographyverse section shape (rectangular) microridges with the

faC|tI|ty fn(\jNLe_zlquwerr;lents_ for a mesos_gflleﬂl]nchworlrgsame crystallographic orientation (ridges along with
motor [1]. l€ Smaller Sizes are possible, théy wou 110}/{111} intersection). However, there is a discrep-

cause additional complications that may not add furthe ncy in the trench surface that requires comment. Three

insight into_ Fhe proposgd investigatio_n. A pair of 3 mm of the four wet etchants (30% KOH, TMAH and EDP
?hy 5 rrT:m S|I|tcon CthhlpT |sdert1)gag_ed (Fig. lbt?l).tto rEetasure'solution) produce rectangular ridges with vertical side-
he S earh.s renAg (loa id er?rlng capa 'ldl y) be Wele(}valls mounted on a flat bottom base as shown in Fig. 2.
e e 3 ovever. e 155 KOH solion produces recngl
the size of ridge is 2:m on top and 9.m at bo.ttom ar ridges with vertical sidewalls mounted on a s_Ioped
. i ; . (“V” shaped) bottom surface that resembles a triangu-
W'th a pitch of 11um. The test setup is described later lar cross section as shown in Fig. 3 and reported in [9].
in this paper. An additional concern is the variation in microridge
size for different etching processes. It is known that
2.1. Fabrication by wet anisotropic etching the lateral etching rate of KOH and EDP are roughly
Three different wet anisotropic etchants were useadomparable under certain condition [2]. For EDP, the
to study different etching conditions. These are KOH{110}/{111} etching rate ratio is 30:1-150:1; while
(30% and 45% at 70C), EDP (Ethylenediamine and for KOH it is 50:1-160: 1, with exact values depend-
Pyrocatechol, PSE-300 of Transene Co. at 1), ing on the composition and temperature [2, 9]. For
and TMAH (Tetramethylammonium Hydroxide, 25% TMAH, the {110}/{111} etching rate ratio is 36:1—
in water, Moses Lake Industries, at85). Duringeach 59:1[10, 11]. Based on these numbers, the variations
of these fabrications processes the microridge pattern is microridge width due to lateral etching are between
oriented parallel to the intersection between the wafer0.1 um (KOH) to ~0.3 um (TMAH and EDP) for

a P
.

10 pm

@ (b)

©

Figure 1 Test specimen. (a) Rectangular ridges; (b) Microridges under load; (c) Engagement under load; (d) Trapezoid ridges.
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Figure 2 Microridges made on (110) wafer by 30% KOH at 70. Figure 4 Trapezoid shape microridges made 30% KOH on (100) wafer
(top view).

. ous difference in etching rate between crystal planes
“V” shaped bottom facing the ion beam. In other words, microridges can
2 be made in any predefined crystal orientation on the
wafer with little variation in shape. This provides an
opportunity to determine the influence of crystal orien-
tation on structural strength properties. In this study, we
used two different wafers ((100) and (110)) to produce
microridges along with three different crystallographic
orientations: intersections ¢£00}/{100}, {100}/{110},
and{110}/{111}. Therefore, thg¢110}/{111 alignment
Figure 3 Microridges made on (110) wafer by 45% KOH at . was identical to the wet etching approach. The fabrica-
tion process is as follows.

etching depths of mm. Using Kirchoff beam assump- (1) Spin coat photoresist and define microridge pat-
tions and modeling the influence of width on stresstern with lithography.

distribution, the variations in physical size cause stress (2) Evaporate 1008 nickel in thickness on silicon
changes are less than 9%. During the fabrication prowafer.

cess of samples, the microridge height variations were (3) Remove photoresist and complete microridge
controlled to be less than 0;2m. Using a similar ap- patterning by lift-off process.

proach, the stress changes are predicting to be less than(4) Chlorine RIE etching of silicon using nickel pat-
8%. Therefore, one expects negligible disparities (lesgern as etching mask.

than 10%) in strength caused by the variations in the (5) Dice wafer to 3 mmx 5 mm chips.

cross sectional dimensions of the ridges.

In addition to rectangular shapes, wet etching can Every batch of wafers (including those patterned
also produce trapezoid shape microridges. Fundamendigned with{100}/{100}, {100]{110}, and{110}/{111}
tally, all the wet etching methods described above couldrientation) were etched at the same time in one cham-
produce trapezoid shape ridges but we focused on Ber, therefore processing conditions were identical for
30% KOH solution in this document. The fabrication the wafers. When reviewing the microridge geometry
process is the same except that the crystal orientation sroduced with each orientation, there was no obvious
different. In the trapezoid case, ridges are aligned withsize difference between samples and the size was com-

the intersection of110} and {100} on a (100) silicon  parable with the wet etching approaches.
wafer instead of aligning witkil11}/{110} intersection

on a (110) wafer. The microridge is formed (00}
plane (top surface) anfd11} sidewall. The size of this 2.3, Fabrication by deep RIE

microridge structure are Bm in height, 2umontop A deep RIE process based on inductive coil plasma
and 9um on bottom with a pitch of 1um (Figs 1d  (ICP) technology (PlasmaTherm) was also used in this
and 4). The lateral etching is smaller than previouslystudy to investigate strength issue. The microridges
mentioned. While the shape is fundamentally differentyere aligned with the intersection ¢£00}/{110}, an
with a different crystal orientation, the results provide zligning that was similar to one of the chlorine RIE
an indication of strength variation that might be ex-case but different from the wet etching structure. The
pected from different structures. fabrication process is as follows.

(1) Spin coat photoresist and define microridge pat-
2.2. Fabrication by chlorine RIE tern with lithography.
Chlorine RIE was also used to fabricate rectangular mi- (2) Deep RIE etching.
croridges in this research. One advantage of using RIE (3) Strip off photoresist.
over anisotropic wet etching is that there is no obvi- (4) Dice wafer to 3 mmx 5 mm chips.
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: ‘** 3 - A ball joint built into the cross head is used to minimize
jl Round and lateral loading forces on the specimen. A minimum of

dissiolane five samples per group is tested. The ultimate load di-

w E vided by the engaged cross sectional area (3 mim
o 5 mm) defines the effective shear strength values pub-

lished in this document. For each specimen tested the
engaged cross-sectional area is identical. While other
approaches exist to define strength values for such com-
ponent, we believe that the adopted definition is an ap-
propriate one for structural application.

Figure 5 Microridges made by deep RIE. . .
g g v deep 3.2. Results and discussion

A summary of strength data is presented in Table | and
: ; Fig. 7. We begin the discussion by evaluating the results
The rectangular shape ridges were fabricated by deegbtained on the wet etching techniques using KOH so-

RIE and the morphology is shown in Fig. 5. Arounded . . .
- : Jutions. Second we will compare the strengths obtained
shape and smooth surface at bottom obtained with thlgjith EDP and TMAH solutions. Third we will dis-

deep RIE process is visible. The size of deep RIEY . o .
fabricated microridges is very uniform with little due CUSS the strength difference between microridges with

L ; . o 111 sidewall on (110) wafer, and both10} and{100}

to the negligible lateral etching during fabrication. The {. . . .

: : - A ._sidewalls on (100) wafer fabricated with chlorine RIE.
Zléigl?igcgggirnag:?dmteﬁ ggﬁir%réesﬁitmimloned InNext we will discuss the strength obtained from deep

' RIE method with{110} sidewall on (100) wafer (note

different crystal orientation than wet etching). Finally
. . we will discuss the strength of trapezoid shape ridges
3. Test results and diccussion with tilted {111} sidewall on (100) wafer. The trapezoid
3.1. Loading test setup , o _shape is discussed last due to the distinct difference in
The test setup is schematically depicted in Fig. 6. A Pailyeometry when comparing with the other fabrication
of 3 mm by 5 mm sample chips containing interlocking processes.
microridges is engaged. The maximum gap between en-
gaged ridges is &m, while the length of each ridge is
3 mm. When engaged, approximately four hundred setg 5 1. Strength of microridges made with
of 3 mm long microridges transmit the load from one KOH solutions
set of ridges to the other. While it may appear that eny, general the strength of the microridges obtained by
gaging these ridges is time consuming due to allgnmerﬁsing KOH as etchant on (110) wafer is dependent
problems, previous research has demonstrated that this, the concentration of KOH solution (see Table |
can be dpne in arelatively short pe_rioq withoutimpact-5 44 Fig. 7). The 45% KOH produces a substantially
ing the rld'ge structure [1]. Precision issues related tonigher strength value (16.1 MPa), or 65% higher when
lithographic techniques suggests that contact betweegympared with 30% KOH (9.6 MPa). We attribute the
engaged ridges is fairly uniform from ridge to ridge and gyrength difference to the stress concentration that arises
along the length so that each ridge supports & compgyear the corner between the sidewall and base [9]. The

rable load when engaged. . 30% KOH solution produces a sharp bottom corner
An electromechanical load frame (Instron 5544) is

used to apply mechanical load to the specimen and a

data acquisition system records both load and displace 2
ment. Inthese tests a vertical force is applied to the spec
imen until failure occurs (loading rate is 26n/min). %1
20 4
: }
engaged samples &
Ball-joint type loading 2 !
O
10 .
L 7 ¢
54
connected to E connected to
manipulator ‘ [ manipulator e R ' X & B 8
3 2 o & E 2 £
' I 5§ 8 fF £ g2 38
4 x = e = Rt
w w w
z T T
Figure 7 Strength values made by different fabrication process and crys-
Figure 6 Setup for micro interlocking strength test. tal orientations.
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TABLE | Average strength values for different fabrication processes and crystal orientations (MPa)

30% KOH  45% KOH EDP TMAH RIE RIE RIE DRIE Trapezoid
(111/(110)  {111/(110)  {111/(110)  {111/(110)  {111/(110)  {110/(100)  {100/(100)  {110}/(110)  {111}/(100)

9.62 MPa 16.13 MPa 9.46 Mpa 11.08 MPa 18.78 MPa 26.39 MPa 14.63 MPa 34.1 MPa 37.4 MPa

Note: {111}/(110) means that microridges are made on a (110) wafer with sidewllldf. Loading is perpendicular to the sidewall, i.e. (il 1)
direction.

16 a combination of machine, fixture, and specimen dis-

1] placements, therefore stiffness cannot be inferred from
—— KOH 45% this plot. The fairly smooth loading profile indicates that

12 1 T Konso the ridges do not fail until ultimate strength is reached.

Initials minus load drops are simply related to seating
the specimen. If the ridges were breaking during the
loading sequence, the curve should display distributed
: load drops but this was not observed in any of the sam-
ples. For the 30% KOH etched sample (Fig. 8), the
41 strength rises to a maximum of 9.5 MPa at which time
failure of the ridges occurs. Prior to this load level, no
apparent damage was found. For the 45% KOH etched
"o o1 oz as o4 o5 o5 o7 as os 1o Sample, thestrengthrises to 15 MPa.

SEM micrographs of failure surfaces are presented
in Fig. 9 for 30% KOH etched samples and Fig. 10 for
Figure 8 Measured stress curve versues normalized extension for 30%5% KOH. Fig. 9a is a pair of mating chips tested. Re-
KOH and 45% KOH etching. sults indicate that all engaging microridges on the bot-

tom piece were broken off and remain within the top

(Fig. 2), while the 45% KOH produces a corner with piece. The magnification of broken ridges on the bot-
a wider angle (“V” shaped, Fig. 3). The wider angle tom piece shows that tH&11} crystallographic planes
(by 45% KOH solution) dramatically reduces the stressdefine the failure surface (Fig. 9b). The adjacgritl}
concentration [12] and thereby increases the strength qflanes cover the failure surface and form repeating tri-
the microridge structure. angular shapes, as shown in Fig. 9b, where the bottom

In Fig. 8, strength test results versus normalized dispiece of Fig. 9a has been rotated to reveal the presence
placement for two representative samples etched withf these triangular shapes. The angle between the actual
30% KOH and 45% KOH are presented. The dis-loading vector (Fig. 1b) and the inclin¢ti1 1} (forming
placement values are normalized to the displacementiangular shape in Fig. 9b) is 19.mdicating that 95 of
recorded at failure for each etching process. The tothe load applied is distributed in shear along th#1}
tal displacements recorded during the test represenjsiane. The{111} crystallographic plane is reported to

-
[=]
L

Stress (MPa)
@

Nornalized Extension

Failure surfaces
{111} planes

Top piece chip 27 [ 2

e M R

o WA e e = dib

x111@ 20kVY
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Figure 9 (a) Morphology of broken microridges prepared by 30% KOH after fracture, two pieces. (b) Enlarged views of bottom piece. Triangular
shapes are formed K11} planes.
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i i - . 4 : : 7 Figure 12 Morphology of broken microridges made by EDP.

10FM 20KV

Figure 10 Morphology of broken microridges with 45% KOH after frac- than thos_e obtained from the 30% KOH V\_”th a Slmlléf.l‘
ture, bank shape basement. bottom/sidewall corner geometry. The differences in
strengths between EDP and TMAH fabricated micro-
ridges as well as the statistical strength variation ob-
be the sliding plane with a low shear strength value [13}ained on TMAH samples can be explained by the mor-
suggested a low shear strength value. Based on this fagthologies obtained from the fractured surfaces shown
one would expect failure along{d11} surface due to in Figs 12 and 13. EDP produces a flat bottom with a
this small incidence angle between the loading direcelatively reproducible sharp corner (Fig. 12) that ap-
tion and{111} plane. Fig. 10 shows the morphology of pears similar to the geometry produced by 30% KOH
atypical failure surface obtained on a 45% KOH etchedFig. 2). Therefore, one would expect consistent results
sample. As with the 30% KOH etched sample, failurebetween EDP solutions and 30% KOH solution. On
occurs along thgl 11} planes forming triangular shapes the other hand, TMAH produces a bottom (Fig. 13)
but on a bank shaped base. covered by an irregular “ridge” pattern ¢h10} plane
slightly rougher and perpendicular to the sidewall as
explained by Tabatat al. [11]. One may argue from
3.2.2. Strength of microridges made with this irregular “ridge” pattern that the strength values
EDP and TMAH solutions should vary more significantly for TMAH samples than
Sample made with EDP and TMAH have the same crysthe KOH or EDP, as indicated by this experimental
tal orientation and overall geometry as did the sample irflata.
the previous section. Samples made by EDP produce an
average strength value of 9.46 MPa while samples mad . . .
with TMAH produce 11.1 MPa (see Fig. 7 or Table I). 5.23. Strength of microridges made with
Representative shear strength versus normalized dis- chlorine RIE and effects

placement curves for these samples are presented | ofcry s(al orientations . .
Fig. 11. Results are similar to those trends reported®’Y tching using chiorine RIE produced ridges with

in Fig. 7 for KOH with the exception that values of substantially higher strengths than those with wet etch-

TMAH are slightly larger (also with more variation) NdProcesses (Fig.7and Tablel). In one comparison the
crystal orientation was identical to the wet etching ap-

proaches (30% KOH, EDP or TMAH) discussed in the
20 preceding section. Furthermore the bottom/sidewall an-
gle (i.e. 90) is the same (i.e{110} bottom surface and
{111 sidewall made from (110) wafer). While the geo-

L T™AH metry and crystal orientation were identical, the sam-

1 ples made by chlorine RIE etching produce 95% higher
g 124 strength values (18.8 MPa) than those by 30% KOH (or
2, ‘ EDP and TMAH, previous described). In fact, it's 16%
g 6 higher than those associated with the “v” shaped bot-

tom fabricated by 45% KOH. We attribute the higher
strength to the textured bottom with relative roundness
corner produced by RIE etching (Fig. 15a, lower right
hand corner).

R Chlorine RIE was also used to fabricate microridges
00 01 02 08 04 05 06 07 08 09 10 11 with different crystal orientations. We found that crys-

Nomalized Extension tal orientation of microridges influence strength obvi-
Figure 11 Strength versus normalized displacement of EDP andOUSIlY (F'g- 7 and Table I). Microridges containing a
TMAH. {111 sidewall manufactured from a (110) wafer and
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Figure 13 Morphology of broken microridges made by TMAH.

%0 A SEM micrograph of failure surfaces from a (110)
—  mE (10400 | wafer and a (100) wafer are shown in Fig. 15. Ft1} .
25 1 " 2 RIE {100}(100) a sidewall (from (110) wafer), the fracture morphology is
3 RIE {111)K110) 2 similar to the wet etching methods. That is, triangular

shapes formed by thgl11} planes represent the fail-
ure surface (Fig. 15a, upper left hand corner). For the
(100) wafer with a{110} sidewall, tilted{111} planes
(Fig. 15b, bottom left hand corner) formed the frac-
ture surface. Th¢l11} plane is inclined at an angle of
54.7 with the loading vector and the shear component
on {111} plane is 58% of the applied load, a substantial
reduction from the (110) wafer with sidewall (f11}.
Since the{111} plane is regarded as the sliding plane
- (or weak plane) of silicon, the (100) wafer with10
00 01 02 03 04 05 06 07 08 09 10 11 direction loading provides the highest shear strengths
for the cases studied here.
For the (100) wafer with §100} sidewall the{100}
Figure 14 Strength versus normalized displacement of microridgessweeping plane intersecting with the tilt€Hl1} edge
made by chlorine RIE{110}/(100) means ridges are made on (100) plane defines the fracture surface. This can be observed
wafer and aligned t¢110} plane, etc. in Fig. 15¢ in the upper right hand corner. This ridge
orientation produces the lowest shear strength among
the specimens tested for chlorine RIE dry etching. This
either a{100} sidewall or{110} sidewalls manufactured is due to the lowest tensile strength(i00 direction
from a (100) wafer were tested. Test results show thaf7] and large fracture surface ¢100} plane is visible
a {110 sidewall plane provides the highest strengthin Fig. 15c.
(26.4 MPa), followed by th¢111} sidewall (18.8 MPa,
29% lower), and finally th¢100} sidewall was the low-  3.2.4. Strength of microridges made with
est (14.6 MPa, 45% lower). The strengths versus nor- deep RIE
malized displacement curves (Fig. 14) display similarWe discussed in preceding section that ridges aligned
trends to those reported for the wet etching methodsvith the {110 plane produced greater strength than
KOH (Fig. 8 and Fig. 11). These results clearly indi- the other planeg111} or {100}) studied in this paper.
cate that crystal orientation play a prominent role onBased on this result, we fabricated ridges aligned
determining strength. with the {110} plane (largest strength) using deep RIE

20

Shear Stress (MPa)

Normalized Extension
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Figure 15 Morphology of broken microridges made with chlorine RIE: (a) (110) wafer with side w&lltf} and loading direction of111), broken
surface intersected by flal11}; (b) (100) wafer with side wall 0{110} and loading direction 0f110), broken surface formed by tilted 11};
(c) (100) wafer with side wall of100} and loading direction of100), broken surface intersected by eddéd1} and large{100} plane.

Shear fracture Rounded fracture edge

Figure 16 Morphology of broken microridges made by deep RIE.

method. Results for deep RIE indicate that the strengtifwider bottom angle, Fig. 16, implying lower stress con-
datais 29% higherthan chlorine RIE method (34.1 MPacentration [12]). A rounded fracture boundary is visible
for deep RIE and 26.4 MPa for chlorine RIE, Table I). in Fig. 16. The fracture ridge in the figure is from the
We attribute this increased strength to the rounded botop piece of the engaging pair and shows a pure shear
tom corner produced during this fabrication procesdracture surface with the stagétil1} planes.
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3.2.5. Strength of trapezoid shape of {110 sidewall (made on (100) wafer) has the higher
microridges strength than those ¢100; and{111} sidewall due to
In this section we will focus on two issues influencing the loading direction (vertical to sidewall) inclining at
strength values, they are crystal orientation and gecthe largest angle to thgl11} plane -sliding plane of
metry of microridges, The trapezoid shape has crystailicon. Microridges made with §100} sidewall pro-
orientation similar to that discussed for deep RIE, i.e. duce the lowest strength values among the three. The
aligning ridges with the intersection (00}/{110; ona  highest strength was produced with a rounded bottom
(100) wafer. We begin the discussion by comparing thestructure fabricated by deep RIE witf{B10} sidewall
crystal orientation based on similar fabrication proces®n a (100) wafer. Trapezoid shape microridges with in-
(30% KOH) described in Section 2.1. Trapezoid ridgesclined {111} sidewall on a (100) wafer also produce a
were fabricated by using a (100) wafer and aligningsimilarly large strength value (Fig. 17).
with {110} plane. While rectangular ridges were fab- The effective shear strength of microridges fabricated
ricated using a (110) wafer and aligning with11} by commonly used anisotropic wet etching (KOH,
plane. The tested strength value of trapezoid ridges i§MAH and EDP) and dry etching (chlorine RIE and
37.4 MPa (Table 1), a value 4 times greater than rectdeep RIE) was measured. The strength values obtained
angular microridges made on a (110) wafer (9.6 MPafrom KOH etchants are concentration dependent. A
with 30% KOH. This difference is attributed to both 45% KOH fabricated structure produced strength val-
crystal orientation effects, and local stress concentrades 65% higher than 30% KOH fabricated one. This
tion (discussed later). was attributed to the fact that the former has a tilted
Next we will discuss the results based on similar crys-bottom (“*V” shape, wide-angle corners) resulting in
tal orientation. They are a composition of 30% KOH smaller stress concentrations in this critical region. EDP
(trapezoid ridges) versus chlorine RIE and deep RIHabricated structures produce strength values similar
(rectangular ridges). Trapezoid ridges produce 34%o0 the 30% KOH structures, while structure made by
higher strength than those fabricated with chlorine RIETMAH has slightly higher strength values and signifi-
(Table | and Fig. 7), and it's similar to those fabri- cantly more variability.
cated with deep RIE method (Table 1). We attributed Chlorine RIE produces 95% higher strength values
these differences in strength to the difference in geoof microridges compared to wet etching with similar
metry that will result in different stress concentration geometry of microridges ((110) wafer witfi11} side-
level. Simulation results verified also the large differ- wall).
ence in strength between trapezoid ridges and rectan- Future work will focus on fatigue tests and environ-
gular ridges (chlorine RIE) and less difference betweermental effects on structural properties.
trapezoid and rounded rectangular ridges (deep RIE)

being attributed to the local stress concentration [14].
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4. Summary and conclusion

A summary of the influence of microfabrication pro-
cesses and crystal orientation on effective shear streng
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