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Deflection and Maximum Load of
Microfiltration Membrane Sieves
Made with Silicon Micromachining

Cees van Rijn, Michiel van der Wekken, Wietze Nijdam, and Miko Elwenspoek

Abstract—With the use of silicon micromachining, an inorganic
membrane sieve for microfiltration has been constructed having a ‘
silicon nitride membrane layer with thickness typically 1 xm and TPO"e Size

Polymer Track Etched
Membrane

perforations typically between 0.5xm and 10 xm in diameter. Density [
As a support a {100)-silicon wafer with openings of 1000um [Log Scale] [
in diameter has been used. The thin silicon nitride layer is l
deposited on an initially dense support by means of a suitable |
chemical vapor deposition method (LPCVD). Perforations in ?
the membrane layer are obtained with use of standard photo j

Inorganic Tortuous Path
Membrane

> silicon Microsieve

lithography and reactive ion etching (RIE). The deflection and
maximum load of the membrane sieves are calculated in a
first approximation. Experiments to measure the maximum load 1 |
of silicon-rich silicon nitride membranes have confirmed this ‘
approximation. [215]

Index Terms—Filtration membranes, micro filtration, mem-
brane filtration, membrane strength, membrane deflection.

I. INTRODUCTION SIEVE FILTERS 1o 20 5‘20,8 Size:,ommn] ®
EVE filters are characterized by thin membrane layers S , _
ith uniformly sized pores, and for most applicationsf'g' 1. Pore size distribution of various membrane filters.
the membrane layer is sustained by a support. Until now,
lithographic techniques have not been used for the construction
of microfiltration membrane layers made of such inorganic@
materials as silicon nitride and silicon [1].
Inorganic membranes, and in particular ceramic membrane
[2], have a number of advantages above polymeric membrane
such as they are stable at high temperature, relatively ine
to chemicals, applicable at high pressures, easy to steriliz
and recyclable. However, they have not been used extensivel
because of their high costs and relatively poor control in pore
size distribution (see Fig. 1). Also, the effective membrane_g

n/cm¥10

layer is very thick in comparison to the mean pore size™ — / o Poymer Track Eiched Membane
(typically 50—-1000 times), which results in a reduced flow rate. - o Inorganic Tortuous Path Merbrane
A composite filtration membrane having a relatively thin > , Slicon Mirosieve
filtration or sieving layer with a high pore density and a -~ Theoretical Stokes flow rate
narrow pore size distribution on a macroporous support will
02 05 10 20 50

show good separation behavior and a high flow rate (see
Fig. 2). The support contributes to the mechanical strength
of the total composite membrane. The openings in the suppgitt 2. Clear water flux of various membrane filters.

Pore Size [micron] ———»
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in particular microsieves with high flow rates, will result in
an energy- and cost-saving separation technology for present
and future innovative applications, like micro liquid handling,
modular fluidic systems or micro total analysis systems [3].

Il. CONSTRUCTION

Figs. 3—6 show in cross section subsequent stages of a
process for production of the membrane consisting of a sufe. 3. Process step of the microseive.
port and a membrane layer. On a surface of the support 1,
a single crystalline 3-in{100)-silicon wafer with thickness
of 380 ym a layer 2 of silicon nitride with thickness 1
pm is deposited by means of chemical vapor deposition
(CVD). This layer 2 is formed by reaction of dichloresi-
lane (SiKHCl;) and ammonia (Nk) at elevated tempera-
ture 850°C and low pressure (LPCVD). Silicon-rich sili-
con nitride (nonstochiometric) with reduced internal stress
properties may be grown in an excess dichloresilane (70
SiH>Cl, /18 NH3 at 850 °C) ambient. On the silicon ni-
tride layer 2 a photosensitive lacquer layer 3 is formed By 4. process step of the microseive.
spin coating at 4000 r.p.m., as in Fig. 3 (in this example
Shipley Europe Resist S1818 with a thickness of ir8).

The lacquer layer 3 is then exposed to a mask pattern with
the use of a suitable ultra violet source, here with a Karl
Sliss projection system using proximity projection. The mask
pattern is made of a square field of X010 membrane areas
of 1000 zm x 1000 xm. The membrane areas are separated
at spacings of 20:m. Each membrane area has 100100
circular perforations with diameter 4m. The mutual distance
between the centre of the perforations is.d0. After exposure

the lacquer layer 3 is developed for 45 s in a diluted NaOH
solution giving a mask pattern in the lacquer layer 4 on tH@g. 5. Process step of the microseive.
silicon nitride layer 2 (see Fig. 4). In the silicon nitride layer

2, the mask pattern is then etched by means of ZBF

reactive ion etching at 10 mTorr and 75 W for 15 min,

forming the perforations 5 in the membrane layer (Fig. 5).

Next, perforations 6 of 100pm x 1000.m are etched using 5

the backside silicon nitride layer 2 as an etch mask in the

I ! ‘ ) HEBHYERER HHEBEER
silicon support 1 with an anisotropic etch along tfig1)-
planes with a 10% KOH solution at 7@ until the membrane
layer is reached (Fig. 6). \
6

I1l. DEFLECTION AND MAXIMUM LOAD Fig. 6. Process step of the microseive.
OF A CLAMPED RECTANGULAR MEMBRANE

The deflection curvew(z) of a rectangular plate with The general solution symmetrical in = 1/2 following
dimensionl - b - h clamped at two edges = 0,[ stretched Timoshenko [4] is given by
by an axial distributed forc& and uniformly loaded under a

pressure; is given by the well-known differential equation _ gl*
. , 16u3D tanh u
Dd w(f) _ Sd w(f) —gq @ . ] cos hlu(l—2%)] by qd?( — z)z B
dx dx coshu Su?D
with flexural rigidity
with definition «? = SI2/4D.
En3 The deflection near the center of the membrane is mainly
D= 12(1 — 12) determined by the parabolic term, whereas the deflection near

the edge of the membrane is mainly determined by the first
(v = Poisson’s ratio,/ = Young's modulus). term.
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dw(x)/dr < 1, Of wmax < 1. Al Scales then withv? . /1.

max

For a parabolic deflection curve we hadé = (8/3)w? . /1.
Using

u? = (S + AS)%/4D = u2 + ASI? /4D (6)

one obtains

Fig. 7. Deflectionw(x) of a two-edge, clamped membrane stretched with Al = 4D (UQ — ug) (1 _ 1/2)1 = §w12“ax_ (7)
axial distributed forceS and uniformly loaded with pressurg IPhE 3 1
Alternatively wy,, is determined by the deflection curve, for
w>1ate = 1/2, wpax = ql*/32u2D.

For large deflections the inflection parametgrrelated to
the initial axial force density may be neglected, i.eu,>> uo,
hence the following relation using (2) and (7) is found for

WS — 9(1 - 1/2)2q218' ®)
w1 8E2p8

The maximum deflectiom,,, atz = /2 is given by

gt s/ql(l—v2) -
Wmax, 132 Du? = 0,361 Eh u=_.250’3Ol Eh('g)

The constant tensile stress in the plate is then estimated for
large values ofy > 1
._§_4u2D_ Eu? R\ 2
Ttensile = 3 = T2 T 3(1=12)

Fig. 8. SEM picture of microsieve with LPCVD silicon nitride lay#rd xm — 037 10
in thickness and perforations3 pm in diameter. . ? h2 ( )

The points of inflection(d?w/dz?> = 0) of the deflec- and the maximum bending stress at the edge of the membrane
tion curve are determined by the dimensionless paramel@restimated by

u. For small values, < 1 the inflection points are almost E LPw 3¢ 1\ 2
independent of: and given by l Obend = 775 5% q§>& m<ﬁ>
=124+ ——. 3 2=h/2
2v/3 o ?I12E
At a large axial forceS the points of inflection will move V=?251747 2 (11)

toward the edges. For > 1 these points are located at The above expressions are valid for a rectangular plate

c=1/2+(1/2- [Inu (4) clamped at two edges and may be valid for a thin membrane
o u )’ plate under a substantial load at large deflectiops. /A > 1.
For very thin plates or membraneswill be already large at Eduation 10 gives a good scaling relation fog.e for all
moderately values of the axial force type of deflections under the conditian,,,. < [, whereas
The general solution is fully determined by the constanfdl) gives a similar scaling relation f@f...q at the edge of
D,S, and q. For large deflections the axial forcé will e membrane. _ _
increase due to elastic extensiaxl of the plate clamped The actual case to be considered here is a rectangular

between the edges. We will show thtmay be expressed membrane clgmped at all four edges. With the princjple of
as a simple function oD, q,7, and » in the limit for large virtual work Timoshenko [5] has calculated the deflectiofn

values ofu. In this limit S is still a constant (dependent only®f the centre of a square membrane clamped at four edges:

on other constants) and is independentpiso the deflection .[qa ./ ql
curvew(z) is still a solution of the differential equation. wo = 0.802a4/ 7 i) 0.31814/ -+ (12)

The incrementAS is related to the incremenk/ ) ) ) )
AS(1 = 12)l and corresponding tensile stresg in the middle of the

Al=el= ———=— membrane
hE E , g

1 1 _ wy 3/4°G

:/0 dl—1 :/0 [T Fdw@) -1 () o0 = 7046270 = 0.306{/ o5

It can be shown that the latter term is almost indepen- 0.29¢ ¢rE

= (13)
dent onw(z) for all type of deflections under the condition a=l/2 h?
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TABLE |
THE MAXIMUM LOAD OF MEMBRANES (WITH [ = 1 mm, h = 1 mm). VALUES FOR E, Oyicld, ultimate ARE
BuLk VALUES FROM TIMOSHENKO MECHANICS OF MATERIALS, EXCEPT THE VALUES FOR Syich Npoor [9]

Qtens Qy/eld Qoreak Qoreak Bending
Point

Material E Oyield | Outimate | 1€NS. |tens.+bend.|calculated|measured| u | from edge

[G Pa] | [M Pa]|[M Pa]| [bar] [bar] [bar] [bar] [um]
Al 70 50 70 0.1 0.01 > 0.21 1.3 > < 58

28.7

Ni 210 400 500 1.10 0.10 > 1.1 > 74 <29
Cu 110 330 380 1.14 0.10 >1.14 53 > 93 <24
Stainless | 200 450 800 1.35 0.12 >1.35 > 81 <27
Steel
Ti 110 400 500 1.54 0.14 > 1.53 1.5 > 103 <22
w 360 | 2500 | 2500 | 13.3 1.2 1.2 64 32
SinchNpoor | 290 | 4000 | 4000 | 30.1 2.7 27 2.5 89 25
Si 190 | 7000 | 7000 86 7.8 1.7 146 17
AlLO, 530 | 15400 | 15400 168 15.2 14.9 130 19
SizNyg 385 | 14000 | 14000 171 15.5 15.4 145 17
SiO, 73 8400 | 8400 182 16.5 16.4 258 11
SiC 700 |21000 {21000 | 233 21.0 209 132 18
Diamond | 1035 | 53000 | 53000 | 768 69.4 68.9 172 15

The values forw, and oy are reasonably well correspondingnflection parameter then i = 40. The inflection points of
with the values found forw,,,, and ciensiie for the two the membrane are then located at;25 from the edge.
clamped case. The value for the maximum deflectign, In Table | some theoretical estimates for the maximum load
in the two edge clamped case is slightly larger than in the fous,.., have been given for some inorganic materials, including
edge clamped case due to the extra constraint, thus limitisgme metals.
the value of the deflection in the middle of the membrane. For nonductile inorganic materials, the ultimate stress
Becauseopend and oiensite Scale identical at the edge Ofoyiimate at Which the membrane breaks at pressuigax
the membrank [6], it is assumed that the ratio betweercoincides with the pressureyily When the stress in
both stresses remains unchanged for the two clamped ahe membrane reaches in the middle of the edggiy
four clamped case, Moreover, in the four clamped case t(®simate = Oyiela). The maximum loadg,.e.x for these
maximum stress [7] is found near the middle of the edges. Theaterials is calculated here with (14) using beth,.. and
deflection curve will resemble there the most the two clampegl..4 in the middle of the edge of the membrane because for
case. The total tensile stress at the edge is the addition of Huductile (brittle) materials there is no stress regime above
constant tensile stress due to stretching and the bending stegss, for plastic deformation.
near the middle of the edge For ductile metals like Al, Ni, Cu, Stainless Steel, and Ti,
there is a linear relation between the strain and the applied
./ ?12F stress up taryielq. The membrane will not break when the
Ttotal = Otensile + Obend = 0.29(1+147/0.37)4/ 55— pressuregyiaq is reached, and the stress in the middle of
==0 (14) the edge may increase up tQyiimate. BEtwWeENOCyiey and

In above approximate equation (14) internal stresses in thgtimate the strain of the membrane strongly increases. In this
materials are not taken into account. It is well known th&£9ion £ cannot be considered as a constant, in cwill
stochiometric silicon nitride membranes fracture at relativefiMminish as a result of plastic deformation. Interpreting (14),

low pressures due to high intrinsic tensile stress of the ord3iS Meéans thay,c.i will strongly increase in this region.
of 1 GPa [8]. The intrinsic tensile stress in a silicon-

So, a more elongated membrane may be loaded more before

rich silicon nitride membrane with thickness;an is much 't Préaks, resulting ipccax > gyiera. For ductile materials
smaller [9], ranging from 0.8 10° to 1.6 - 10° Pa. The therefore only an under-estimate of the maximum lgadax

maximum tensile stressy;.q before rupture occurs is for €@ be given. The under-estimate for the maximum Ipady
silicon-rich silicon nitride [10] about 4.010° Pa. The intrinsic 0" these materials is calculated here with (14) using only
tensile stress may according to the above safely be neglecfedsile in the middle of the edge of the membrane. For ductile
in calculating the maximum pressurge... before fracture materials, the local stress originating from bend|.ng will be
oceurs(u > ug). Using Young’s modulug for silicon nitride released due to local plastic deformation (in the middle of the
2.9. 10! Pa and = 0.25 we find gy = 2.7 bar for a dense edge) when this local stress reaches a value abgyg!.

square silicon nitride membrane with width= 1000 xm. The Also,_ for ductile materials Fhis. under-estimate is mainly
determined by ther,.i. contribution in (14). Whernsyeiq

1 - . . is reached near the edge of the membrane local plastic de-
For round membranes similar scaling relations &@J.,,q and cicnsile

have been proposed at the edge of the membrane for large deflections bJ‘Rﬁ.ma_mon ("e"E drop.s) of this material will occur and the
P. Di Giovanni. bending stresgy,..q Will severely reduce.
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Sealing Ring Membrane under test 25
X x
5 X ox
s x -
o .
. 3 ] X
Pres§ur|zed 2 414 *
Airin o § ¥
S X
= 05
/ :
\ Pressure Sensor / o L , , . . .
) i . 0.00 0.50 1.00 1.50 2.00 2.50 3.00
Aluminum Test Device membrane width [mm]
Fig. 9. Test setup. Fig. 10. Results obtained from maximum load measurements (silicon nitride

membrane: 0.5:m thick) for square membranes with width Drawn line

. . Lo corresponds Withryiciq = 4000.
Applying a higher load such that the lateral strain increases

aboveoyieqq, the membrane will then break whefyimate iS i6
reached. Equation (14) is still valid although the diminished ' x
value of £ is not known. The under-estimate of the maximum _ '
load ¢1,.cax in this case is therefore higher than the pressure § *2 X g
qiens defined as the pressure necessary for creating plasticZ. 11 xx
deformation due to tensile stresses only, g4 is calculated 0.8 X
from (14) leaving outoy,epnq. 06 % 5
For a perforated membrane, the above equations may be& 4, ¥ X x
used choosing a different value fBrandoy;c14. In a first-order T gx
approximation, botlE’ andoy;e1q are smaller and proportional o L . . , , .
with the unperforated fraction of the membrane [11]. This will 0.00 0.50 100 150 200 250 300
result in a smaller maximum load that is also proportional membrane width [mm]
to the unperforated fraction and which can be obtained frogy. 11. Results obtained from maximum load measurements (silicon nitride

scaling equation (14) fobttz1. membrane: 1.Qum thick) for unperforated square membranes with witith
Drawn line corresponds withy;.jq = 4000.

/bar]

essure

02+

IV. EXPERIMENTS

To determine the maximum load of membranes, a small test-
device has been made in which membranes can be clamped_ 1] X
(see Fig. 9). With pressurized air, the membranes can beg 0 | X x
deflected to a certain load. This maximum pressure can be= x X &
measured with a pressure sensor (Honeywell, 24PC, 7Bar)§ 06 1 O
connected to a digital multimeter with a peak-hold function § 04 X xx )
to memorize the maximum applied pressure before fractureg- ' ;EX
occurs. 02
A. Silicon Nitride Membranes 0o.oo 050 1.00 150 200 250 3.00

The dependence of the maximum loag,.,. on the

membrane width [mm]

membrane width, membrane thickness, membrane perforatipig_, 12. Results obtained from maximum load measurements (silicon nitride
membrane shape, and some membrane materials has beeibrane: 2.:m thick) for unperforated square membranes with witith
determined. Drawn line corresponds withry;c1qg = 4000.
In Figs. 10-12 the dependence of the maximum lgag.;,
on the membrane widtl is shown for various membraneapproximately 25%. The yield strength and Young's Modulus
thicknessesh. g2 S€EMS to be reasonably well inverselpf the material silicon nitride will decrease upon perforation. If
proportional tol in accordance with the earlier presentethe yield strength and Young’s Modulus decrease 25% (both in
theoretical equation (14). first-order proportional to the perforated fraction) the estimated
In the three figures, straight lines have been drawn cormeaximum load will decrease about 15% according to (14).
sponding withoyieq = 4000 MPa. These lines correspondThe enlarged decrease of the measured maximum load (nearly
quite well in all three figures with the data, herewith verifyind0% reduction) can not be explained herewith. Apparently, the
that also the thicknesk scales according to (14). perforated fraction is too large for a first-order approximation,
As can be seen in Fig. 13, the maximum load of a perforatedcond- and higher-order terms probably have a larger effect
membrane is nearly two times smaller than the maximum load the maximum load.
of an unperforated membrane. The perforations are here circuin Fig. 14 it is seen that the maximum load values are
lar holes with a diameter of pm. The total perforated area isnearly constant for unperforated rectangular membranes with
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0.00 0.50 1.00 1.50 2.00 2.50 3.00

membrane width [mm} Fig. 15. Results obtained from maximum load measurements (titanium

membrane: 1.gem thick) of an unperforated square membrane with width
Fig. 13. Difference in maximum load of an unperforated membrane and a

perforated membrane (silicon nitride membraneMbthick) for unperforated

square membranes with width Drawn lines correspond toy;.1q = 4000 25
MPa (dotted) andryiciq = 2500 MPa (solid). A
T 21
H -
14 s}
2 a A
12 ¢ F
= A X 2 4]
g X 0 e [
8 1 o = e
T ] L5 a
T o8 A = &
§ 0.6 é M
o O 0 + + ‘ + ‘
@ 4] 0.00 0.50 1.00 1.50 2.00 2.50 3.00
a -
= 02 membrane width [mm]}
0 Fig. 16. Results obtained from maximum load measurements (aluminum

0.00 1,60 2_230 3_;)0 4_60 5_230 5_;)0 membrane: 1.gem thick) of an unperforated square membrane with width
membrane length [mm]

Fig. 14. Dependence on membrane shape; maximum load data of a rect- 06
angular membrane (silicon nitride, 1/m thick), with a fixed width of 1 05}
mm. g a @
;0.4 n
. gos a
sizel mmx 2 mm, 1 mmx 3 mm, up to 1 mmx 6 7 B
mm. The square membrane with size 1 muml mm has a §°»2*
Qureak foughly 30% higher. Qualitatively this difference may =1 |
easily be understood as the difference in maximum load for a
membrane clamped at four edges (good model for a square 050 100 150 200 250 300

membrane) and a membrane clamped at two edges (good membrane width [mm]

r_nOdeI f_or a reCtangma_r me_mbrane with an infinite Iength andF‘?g. 17. Results obtained from maximum load measurements (copper mem-

fixed width; an approximating model for a square membran@}ane: 1.04m thick) of an unperforated square membrane with widtfihe
pressure of our system (4 bar) was not high enough to break membranes
smaller than 1.75 mm.

B. Ductile Membranes

Maximum load values for breaking of the membranes of the

ductile materials titanium, aluminum, and copper are depicted

in Figs. 15-17. The data indicate also a linear relation betweerMaximum load valuesy,.c.x for silicon nitride membranes

the maximum breaking load and the widthAs discussed in have been experimentally determined by varying the width,

the former section for ductile materials the maximum breakirfje thickness, and the shape of the membranes. The results

load may be much higher than the maximum lagg,q for ~are in accordance with the theoretically predictions ¢gtiq

reaching a stressy;q at the middle of the edge in thebased on the derived formula (14). The maximum load values

membrane. Qureak fOr perforated membranes are found to be smaller than

In comparing the experimental found maximum breakindie values for the unperforated membranes.

load for these ductile materials with the calculatggl., as  The maximum load values,..x for unperforated mem-

presented in Table | (membrane widthl mm) it is found that branes composed of a ductile material are higher than the

the maximum breaking load for titanium membranes is slightstimated values fogyi.lq. For ductile materialsyclq may

higher and that for aluminum and copper membranes it lie considered as a save under-estimategfQuy.

much higher thanmy,...;.. Apparently, the materials aluminum In a next study, the theory of plastic deformation will be

and copper have a broader plastic deformation regime thanorporated in order to estimate more precise the maximum

the material titanium (Fig. 18). load valuegy,...x for these materials. Also, some more results

V. CONCLUSION
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Fig. 18. An aluminum membranemm x 1 mm with thickness Jum after
loading aboveyyiciq (0.03 bar) showing plastic deformation. The arrow in
the figure indicates the middle of the edge of the membrane.
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. I

on the influence of the pore size and density @p..;; will sl
be presented.

The authors are indebted to M. de Boer and E. Berenscl
for valuable suggestions for the processing of the microsiev
and to H. Jansen for many stimulating discussions.
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