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1 Introduction

The working principle of many microelectromechanical de-
vices is based on the use of diaphragms as a flexural part,
usually acting as a passive transducing element. The wide
range of devices incorporating flexible diaphragms includes
micromachined pressure sensors, microphones, and a vari
ety of microfluidic devices such as micropumps and inkjet

printheads.

Abstract. The application of precision grinding for the formation of a
silicon diaphragm is investigated. The test structures involved 2—6 mm
diam diaphragms with thicknesses in the range of 25-150 um. When
grinding is performed without supporting the diaphragm, bending occurs
due to nonuniform removal of the silicon material over the diaphragm
region. The magnitude of bending depends on the final thickness of the
diaphragm. The results demonstrate that the use of a porous silicon
support can significantly reduce the amount of bending, by a factor of up
to 300 in the case of 50 um thick diaphragms. The use of silicon on
insulator (SOI) technology can also suppress or eliminate bending al-
though this may be a less economical process. Stress measurements in
the diaphragms were performed using x-ray and Raman spectroscopies.
The results show stress of the order of 1x107—1x10® Pa in unsup-
ported and supported by porous silicon diaphragms while SOI technol-
ogy provides stress-free diaphragms. Results obtained from finite ele-
ment method analysis to determine deterioration in the performance of a
6 mm diaphragm due to bending are presented. These results show a
10% reduction in performance for a 75 um thick diaphragm with bending
amplitude of 30 um, but negligible reduction if the bending is reduced to
<10 MM. © 2002 Society of Photo-Optical Instrumentation Engineers.
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ural element in inkjet printheads and micropumps was usu-
ally made of stainless stegglass?® or silicon®’

The choice of diaphragm material is dependent on its
compatibility with the overall fabrication process. In stan-
dard micromachining technology based on batch fabrica-
tion, the two main materials used are glass and silicon.
Silicon is preferred since it offers a wider range of accurate
micromachining processes and the possibility of integrating

The geometrical tolerance of the diaphragm during the
fabrication process, as well as its thermal compatibility
with the rest of the device, can have a significant impact on

overall device performance. This is especially true in appli-
cations such as low-pressure sensing or precise picoliter

liquid handling.

Different solutions have been employed in terms of ma-
terials and control of the geometry of the diaphragms. Pres-
sure sensors years ago employed thin silicon diaphragms as
the pressure sensitive eleméntDiaphragms were formed
by anisotropically etching exposed silicon areas, with the
thickness of the diaphragms being controlled either by
timed etching or by etch-stop techniques such as heavy
boron doping or reversp—n junction formation. The flex-
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Fig. 2 Fabrication flow process for thin-diaphragm test structures.

electronic circuitry with microelectromechanical system stages: coarse grinding followed by fine grinding. During

(MEMS) structures. the coarse grinding stage, the wafer and grind wheel rotate
In most cases silicon diaphragms are formed using etch-at 200—250 rpm, the removal rate of silicon is about 250

ing, accompanied by etch-stop techniques. One alternativeum/min, and the wafer thickness tolerancet8 um. The

to this process is precise grinding of silicon, a technique fine grinding stage provides an improved wafer thickness

that has been widely used in silicon on insulat&Ol) tolerance of+0.5 um at a slower removal rate of 20m/

technology? The main advantage of silicon grinding lies in  min. In appllcatlons in which an optically smooth silicon

its purely physical nature and time-saving efficiency. As an surface is required, an additional polishing step is neces-

example, removal of 20@m of silicon using anisotropic  sary.

etching based on KOH aqueous solution in standard condi- The most common use of the silicon grinding process is

tions takes 3—4 h whereas using grinding requires only 5 for the removal of a portion of the active wafer in the

min. In the present paper we investigate the viability of production of SOI substrates for MEMS and high perfor-

precision grinding for the formation of silicon diaphragis. mance electronic circuifs.

Potential limitations of the process of diaphragm formation

as well as techniques to overcome them are explained. 3 Fabrication of Test Structures

Two types of test structure were used in this work; those
2 Silicon Precision Grinding based on bonded wafer pairs or those on single silicon wa-

In this work a Shibayama VG-202MKII precision grinder fers. The minimum wafer thickness acceptable by the
was used. The system is capable of grinding 150 mm diam grlnder used in this work was 25@m. To ensure that this

substrates with uniformity of-0.5 um. A schematic cross minimum is not exceeded and to preserve the overall
section of the precision grinding of silicon is shown in Fig- strength and rigidity of test structures with thin diaphragms,
ure 1. The wafer holder may be slightly convex or concave
in shape with a maximum convexity/concavity magnitude

of 2—3 um. The silicon wafer is held in place by vacuum. 8 M

The working mechanism is as follows: the grinding &~ //\ b N
wheel and the silicon wafer are kept in direct contact while 4 / 2 / \
both are rotating. This causes constant removal of the sili- 2 ’/ B : 0 g BN
con material as the result of friction between the diamond o S o 2800 $006"7860
teeth and the silicon. A thickness gauge is used to deter- 2600 5000 7500
mine the amount of material removed. @ ®

The process is purely physical and does not depend onFlg 3 Profile of (a) a 100 um thick diaphragm and (b) a 25 um thick

parameters such as the temperature or wafer doping cONtoncave diaphragm measured using the Alpha Step 200 (Tencor
centration. Precision grinding of silicon proceeds in two Instruments).
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Table 1 Range of bending magnitudes within a wafer for each thickness of 6 mm diam diaphragms.

Wafer A B C D E
Diaphragm thickness (um) ~25 50 75 100 150
Bending magnitude range (um) Semiconcave  25.6-58.3 7.5-36.8 6-13.4 3.4-8.2

a process involving the bonding of two silicon wafers was

and ranged between 3.4 and @0n for the diaphragm

developed. To prevent the bonding process from producingthickness between 150 and 2&m, respectively. Dia-
differential pressure on the diaphragm, a throughhole was phragms with a collapsed shape were observed on one of
etched into the support wafer. The preparation process forthe wafers with a diaphragm thickness of 2. Figures
the bonded test structures is shown in Figure 2. Silicon 3(a) and 3b) show typical profiles of a 10@m thick, 6

wafers, 100 mm in diameter, with either or p-type dop-

mm diam diaphragm and &25 um thick semiconcave 6

ing were used. The initial thickness of the wafers was 525 mm diam diaphragm, respectively. For 6 mm diaphragms

+25um. The process starts with deposition of a 100 nm
thick nitride layer on two wafer§Figures 2a) and 2b)].

Subsequently the nitride on the first wafer is dry etched to

form 2—-6 mm diam circular patterndg=igure 2c)]. The

with thickness<50 um, most of the samples exhibited
cracks after grinding.

The range of bending magnitudes within a wafer for a
measured diaphragm thickness for 6 mm diam diaphragms

second wafer is patterned with square openings and simi-are given in Table 1. The range of bending magnitudes for

larly etched Figure Zd)]. The next step consisted of KOH
etching of the cavitfFigure 2e)] in the first wafer and of
the through holes in the second waféigure Zf)]. The
depth of the cavity was within the range of 25—zn.
After stripping the nitride from both waferg-igures 2g)
and 2h)], the wafers were bonded using a silicon direct

diaphragms 2—6 mm in diameter and bt thick is given
in Table 2.

4.2 Bending Mechanism

Two potential aspects of the grinding process and device
structure that could cause bending stress were vacuum pres-

bonding process in such a way that the opening in the sec-syre acting on the bottom of the diaphragms and/or lack of

ond wafer was in the center of the cavity of the first wafer
[Figure Zi)]. The test structure was then ready for the pre-
cision grinding experimentd=igure Zj)].

The above process was required to enable thin dia-

phragms <100 um to be produced, however, for dia-
phragms>100 um thick it was sufficient to use single
wafers. In that case, 160m deep cavities were anisotrop-
ically etched into the front side of the wafer followed by
grinding from the back of the wafer. The processing of
single wafers is illustrated in Figurega?, 2(c), 2(e), and
2(g) followed by grinding. This process was used to form
diaphragms 100 and 156m thick.

4 Results and Discussion

4.1 Diaphragm Bending

a support for the diaphragms during the grinding process.

In order to investigate the first aspect, the back of the
wafer was tightly sealed before grinding so that the vacuum
did not affect the diaphragms. After grinding the bending
still existed, indicating that vacuum was not the main cause
of the bending.

In order to verify the second hypothesis the following
experiment was implemented. Three plain wafers were
thinned to 25Qum by precision grinding. Since no cavities
were present, the underlying bulk silicon constantly and
continuously supported the surface during the grinding pro-
cess. After grinding, 6 mm diam cavities were etched ac-
cording to stepsa), (c), (e), and(g) in Figure 2. The cavi-
ties in each wafer were etched to a different depth using
KOH aqueous solution. The cavity depths were measured
using the Alpha Step and the diaphragms were determined

It was observed that the grinding process induced bendingto be 25, 50, and 150m thick. After etching the cavities it

in the diaphragms. The magnitude of bending was mea-was observed that, irrespective of their thickness, no bend-
sured using a surface-profiling instrume@#tipha Step. ing of the diaphragms occurred. This reinforced the pro-
Bending occurred in the case of both bonded and single posal that the bending was due to a lack of support for the
wafers, which precluded the bonding process from being diaphragms during the grinding process. Vacuum, however,
the cause. The magnitude of bending depended on themay enhance diaphragm bending.

thickness of the diaphragm and its location on the wafer. In ~ The forces that induce bending could have acted either
all but one wafer the diaphragms had a convex shape andparallel or perpendicular to the wafer surface or a combi-
distortion magnitude, defined as the perpendicular distancenation of both. It was assumed that the distribution of those
between the top of the diaphragm and the wafer surface,forces was symmetrical with respect to the center of the

Table 2 Range of bending magnitudes for 2—6 mm diam, 50 um thick diaphragms.

Diaphragm diameter 6 4 3 25 2
(mm)
Bending magnitude 25.6-58.3 8.8-13.3 1.8-5.6 0.8-3.6 0.7-17

range (um)
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Non-uniform removal of silicon experimental results were in good agreement with an aver-
witiin the dephoygrnaec: age ratio of 2.1330 diaphragms were measuyed

] N\ Forces parallel to the surface occur when there is a mis-

. T _ . . match in the area of the top and bottom of the diaphragm

‘ ALAAAAAAAS AAAAAAALAL ALY caused by shrinking of one side or/and expansion of an-

other. Such a mismatch is induced during the process of

/ grinding by nonuniform removal of the silicon material in
Diaphragm bends during grinding the diaphragm region because of the reduction in force ex-

erted by the silicon on the grinding teeth. This is illustrated
in Figure 4. Due to the increasing flexibility of the dia-
phragm and because of the lack of support underneath it,
the diaphragm will deflect, with the largest deflection being
at its center and the smallest near the edges. This in turn
will cause nonuniform removal of the silicon material from
the diaphragnimore material removed near the edges, less
near the centg¢rand as a consequence will induce a differ-
diaphragms because of the bending symmetry. ence between the area of the top and bottom of the dia-

I the forces that induce bending act in the plane perpen- Phragm and result in bending of the diaphragm.

dicular to the wafer, the bending magnitudeshould be ) )
given by® 5 Bending Prevention

The most straightforward way in which to prevent dia-

Cavity

Silicon wafer

Fig. 4 lllustration of the mechanism of diaphragm bending forma-
tion during grinding.

1 phragm bending is to grind the wafers before etching cavi-
Weeas @ ties and the formation of a diaphragm. This solution how-
ever applies only to the cases in which the total cavity and
whereh is the diaphragm thickness. diaphragm thickness is large enough for the wafers to be
Alternatively, if the forces act parallel to the wafer sur- handled as single ones. In cases in which the diaphragms
face, then the bending magnitudeshould be given bY are thin and/or it is necessary to perform silicon wafer
bonding before grindindsee Figure 2 an easily remov-
1 able support must be provided for the diaphragms. Two
W“ﬁz- 2 techniques, based on SOI technology and porous silicon,

respectively, were investigated.

In comparing bending magnitudes for diaphragms of dif-
ferent thicknesses, it was observed that in most cases the-1 SO! Technology
dependence followed EQ) reasonably closely which sug- SOl technology has been used to prevent diaphragm bend-
gests that bending stresses act in the plane of the wafering. The process steps are shown in Figure 5. Silicon diox-
Equation(2) would suggest that the bending ratio between ide, 0.2—0.3um thick, was grown on two batches of silicon
100 and 150um thick diaphragms would be 2.25. The wafers[Figures %a) and 3b)]. Subsequently the wafers

s (b) Oxidation

(a) Oxidation l i/
K Silicon

© Bonding @

(e) Etching cavity () Fast etching from the back

Single wafer route ¢ ¢ ¢
ﬂ Bonded pair route

(9) (h) Fast etching from the back

vV

"

Fig. 5 SOl technology process for diaphragm bending prevention.
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Fig. 6 Apparatus for porous silicon formation and schematic cross section of the cavity region of a

silicon wafer.

were directly bondedlFigure 5c)] and the oxide removed
from the back of the wafers. Precision grindifgigure
5(d)] was used to form a SOI layer of desired thicknegs,

corresponding to the depth of the cavity and the thickness

of the diaphragm. Cavities were etched into the SOI layer
[Figure 5e)]. For single wafer test structures, this was fol-
lowed by etching from the badlFigure 5f)] with the oxide

acting as an etch-stop layer. If bonded structures are re-

quired, chemical mechanical polishing of the SOI is neces-
sary to ensure a smooth surface at stdp Following
bonding[Figure 5g)], the excess silicon would be removed
by etching to give the structure shown in Figur@)s

No bending should occur, in either single or bonded wa-

fer structures, because in both cases the diaphragm region

is supported by silicon during the grinding steps.

An experiment was performed using the single wafer
process on a 10@m SOI layer with the cavities etched to
a depth of 75um. Subsequently isotropic etching from the
back of the wafer took place using 48% hydrofluoric
acid:70% nitric acid:glacial acetic acid, 10:25:18NA)
solution to remove approximately 200m of the silicon
followed by KOH etching until the oxide layer was

reached. During the etching stages the front surface of the

wafer was protected either by a special jig or by coating
with wax. Even without removal of the oxide, no bending

of the diaphragms was observed. Although employing the
SOI method totally eliminates diaphragm bending it is not
cost-effective because it requires an additional silicon wa-
fer. A more cost-effective technique that employs the for-

mation of porous silicon in the cavities before grinding was
investigated.

Light regions of
cavities where porous
Si was etched

Dark regions of

cavities filled wnh
porous Si

| / 6
® ¢
‘!? Ve

Fig. 7 Infrared images of parts of the bonded wafers with (a) porous

silicon removed from the cavities before bonding and (b) cavities
filled with porous silicon.

(a)
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5.2 Porous Silicon

A process that employs porous silicon was investigated to
prevent diaphragm bending. The fabrication process started
with the dry oxidation of two batches of silicon wafers to
form a 6—15 nm thick protective oxide. Silicon nitride,
300-400 nm thick, was then deposited on both batches.

On batch 1, the front nitride and oxide was patterned to
create a cavity windowsee Figure @)] and the back
nitride/oxide removed by dry etching. Porous silicon was
formed in the exposed silicon using an electrochemical re-
action that converts the exposed bulk silicon into porous
material. The nitride was subsequently removed using or-
thophosphoric acid.

Processing of the second batch followed stéps (d),

(f), and (h) in Figure 2, and in stegh) the nitride was
removed and the underlying oxide left in place.

Wafers from batch 1 were bonded to those from batch 2
using an aligned silicon direct bonding process. Precision
grinding resulted in the formation of silicon diaphragms
above the porous silicon regions. The fit@btiona) step is
the removal of porous silicon from underneath the dia-
phragms; the high etch selectivity of porous silicon com-
pared to that of bulk material means that this can be
achieved with little effect on the diaphragms.

Porous silicon was formed using 1:1:2 HF:ethanol:water
and 4:1 HF:ethanol solutions. The wafer was illuminated
from the back using a 240 W tungsten—halogen lamp,
shown in Figure 6. The current densities applied ranged
from 4 to 9 mA/cn? and the depth of porous silicon ranged
between 7 and 1mm. After porous silicon formation and
before bonding, the porous silicon was removed from some
cavities by a short immersion in aqueous KOH soluii4d

Ve /7

N

N o N & o3

5000

2500 7500 pm

(b)

80007500 pm 0

()

0 2500

Fig. 8 Profiles of the diaphragms after grinding: (a) 75 um thick
without porous silicon and (b) <75 um thick with porous silicon un-
derneath.
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Fig. 9 Profile of a diaphragm with porous silicon support. we

wt. %). This allowed evaluation, within the same wafer, of Fig. 10 Infrared image of the fully and partially bonded diaphragms
the effect of porous silicon on diaphragm bending. Figure 7 With the diaphragm bending magnitude indicated.
shows infrared images of parts of a bonded wafer pair be-
fore grinding where four of the cavities are filled with po-
rous silicon and the other four are not. area. This is further confirmed by the fact that in samples in
After the grinding stage and before removal of the po- which the throughhole was toward one side of the cavity,
rous silicon, the amplitude of bending was measured. It was no tip was noticed in the profile.
observed that the presence of porous silicon during grind- It was also observed that the diaphragm quality strongly
ing strongly suppresses diaphragm bending. Figure 8 showsdepends on the bonding quality in the vicinity of the dia-
bending profiles of two 6 mm diam diaphragms. The first phragm’s edge. Any voids resulting from bonding which
one [thickness 75um, Figure 8a)] was formed without come into contact with the cavity area usually cause a sig-
porous silicon and the second drkickness<75 um, Fig- nificant increase in the diaphragm postgrinding bending
ure 8b)] with porous silicon. It can clearly be seen that the magnitude as illustrated in Figure 10.
use of a porous silicon support reduced the bending ampli- The bending magnitude of the diaphragms supported by
tude by a factor of 4, from>20 to 5um. The profile of the porous silicon depends mainly on two factors: the interfa-
diaphragm is also noticeably different, with the unsup- cial oxide thickness between the wafer surface and the ni-
ported diaphragm having a dome shape and the one thatride mask, and the structural properties of the porous sili-
was supported being much flatter. It is believed that this is con used. Figure 11 illustrates the dependence of the
due to the porous silicon allowing some movement in the diaphragm bending magnitude on the two factdr3he
diaphragm during grinding but the movement is restricted presence of an interfacial oxide creates a gap between the
when the porous silicon becomes compressed against thesurface of the porous silicon and the surface of the opposite
supporting wafer. wafer. During grinding this allows some deflection of the
Some profiles of the diaphragms with porous silicon un- diaphragm and consequently postgrind bending of the dia-
derneath showed a small tip at the center of the profile, like phragm. Figure 1) shows that when the thickness of this
in Figure 9. The existence of the tip in the center of the interfacial oxide is reduced the diaphragm bending also be-
diaphragm may be explained by the fact that in the center comes reduces. With no interfacial oxide, diaphragm bend-
of the bottom of the cavities there are openings etcheding is minimal. In comparison to unsupported diaphragms
through the bottom wafer. During grinding there is less bending suppression was up to a factor of 300, demonstrat-
support provided for the area of porous silicon above the ing that use of porous silicon can virtually eliminate post-
opening. Thus the area of the diaphragm above the openinggrinding diaphragm bending. Macroporous silicon with
will bend more during grinding than other parts of the dia- pore size 1-3um was found to be the most effective in
phragm and lead to higher postgrinding distortion in that suppressing diaphragm bendifigigure 11b)]. Even dia-

6 g
8
Ee P—— e
£
£5 ¢ £5¢
o /0/ 6 _ 5
g5 3 g c
T .2 T L2 4
58 2 S8 3
s P}
] 4 SO 2
z ! E
o 0! =
0 1000 2000 3000 4000 5000 I i ii iv
Interface oxide thickness [nm] Type of porous silicon

(a) (b)
Fig. 11 Effect of (a) interface oxide thickness and (b) type of porous silicon on the diaphragm bending

magnitude: (i) nanoporous, (i) mesoporous, (iii) macroporous (pore size 1-3 um), and (iv)
macroporous (pore size 3 to over 10 um), diaphragm thickness 50 um (Ref. 11).
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] ) ] Fig. 13 Dependence of the shift of the Raman phonon line (at ~520
Fig. 12 Dependence of the shift of the Raman phonon line (at ~520 cm™1) on the position on the diaphragm for a SOI based diaphragm.
cm™1) on the position on the diaphragm (the diaphragm edges are Virtually no stress is observed.

shown by the vertical lines) for a porous Si supported diaphragm
after removal of porous Si. The positive shift corresponds to com-
pressive stress, which varies from ~1x 10’ Pa at the center of the

diaphragm to 1.4X10® Pa at the edges. L . . .
phrag g tive in the microscope and Ar ion laser with a 514 nm

excitation line allows Raman imaging of the surface with

) . spatial resolution 0f~0.6 um.
phragms with thickness 2bm or less supported by porous

silicon exhibited no cracks or damage after grinding.
6.1.1 Results and discussion

6 Stress Measurements in the Diaphragms The crystalline silicon Raman spectrum in a phonon region

Stress measurements in the both unsupported and supporte@ainly consists of a narrow peak around 520’&rwith a

troscopies and the results are reported here in Sec. 6. Scatterin s by long-wavelength transverse optical
phonons:?13With a state-of-the-art spectrometer it is pos-

. sible to identify a shift in the Raman band of the order of
6.1 Stress Measurements Using Raman ~0.01 cm 1.2 Removal of the background baseline fol-
Spectroscopy lowed by line fitting using a Lorentzian function allows
Raman spectroscopy has recently been successfully usedhree components of the Raman spectrum to be determined,
for stress measurements in silictn’Its main advantages  namely, the intensity, the half width, and the position.
are its nondestructive character, the simplicity of its setup, These variations are related to the composition, defect den-
and the short time required for obtaining data. sity, and magnitude of stress, respectively. A relationship
In the present work Raman spectra were registered inexists between the stress, (in P9 and the Raman shift,

backscattering geometry using a Renishaw 1000 micro- Aw (in cm™%):121%
Raman system equipped with a Leica microscope avid
motorized stage. The use of a M0nagnification objec- Aw=-2X10 Y0, (3
Si-| sio:)
520
/ 7000 Measured points
— at distance (um)
=) 6000 70
< B 5000 ——6940
g Si-I' T
’5,' Amorphous 8 4000
s 8
£ 5 2 o]
~150 8 20007
£
10004
Vet i R |8
0 200 400 600 800 1000 0 200 400 600 800 1000
Wavenumbers, cm”' Wavenumbers (cm”')

(a) (b)

Fig. 14 Raman spectrum obtained (a) before and (b) after removal of the top surface layer after
grinding.
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Normal stress i}llzzz 720 jiSk
o1 | i — 4 N -
81 — Silicon reference
7 ------ Diaphragnls
g .| - -~ Diaphragm 13
g
i 5 (b)
5] Fig. 16 Two basic actuation diaphragm modes: (a) normal and (b)
shear stress.
5]
1
0 , ‘ ‘ ‘ ‘ ‘ BN : respect to the reference sample indicates compressive stress
68 682 634 686 688 6 92 @4 B B8 1 in the diaphragms, which is in agreement with the results

2 Theta obtained by Raman spectroscopy.

Fig. 15 X-ray stress analysis of the 100 um thick diaphragms. 7 Simulation
In order to evaluate the performance of the bent dia-
phragms, three-dimension&BD) finite element method
WhereA © = (@syess~ re) (iN €M ™Y, wyyessis the peak fre-  (FEM) analysis of the diaphragms was carried out using the
quency of the phonon band of silicon under stress,@pd ~ CFD-FEMSTRESspackage. The main emphasis was given to
silicon wafer. A positive or negative shift in the Raman Pared to that of an ideal flat diaphragm. The two most com-
peak position corresponds to compressive or tensile stressmon diaphragm operating modes were simulated: normal
respectively? assuming uniaxial stress only, i.e., within the Stress mode and shear stress mode, shown in Figure 16.
plane of the wafer. Figure 12 shows the dependence of theNormal stress is most commonly encountered in pressure
shift of the Raman phonon linéat ~520 cni'l) on the sensors and in inkjet printheads that use stacked piezoelec-
position of the diaphragm which corresponds to distribution {ric actuators. Shear stress mode occurs when a piezoelec-
of stress across the diaphragm. tric device is attached on top of the diaphragm due to lat-
As one can see from Figure 12 porous silicon-supported €ral shrinkage during actuation. It was assumed in the
diaphragms exhibit compressive stress that decreases fron$imulations that the diaphragms have uniform thickness af-
the edge of the diaphragm towards its center and similar tr grinding. _ _
results for unsupported diaphragms. For unsupported 50_ The simulated diaphragms were 75 and 4@ thick.
um diaphragms, stress was in the range obQLEP—1.25 The graphs_ in Figure 17 _show the percentage ratio betwgaen
x 10% Pa, with most of the stress being relieved during the deflection of bent .dlaphr'agms and that of a flat dia-
diaphragm bending. For porous silicon-supported dia- Eggz?trigncs)faf)%zirggrzgg?ll?r?etgilggEE:Sh;— Tne rgsarr)giti?/gusri‘g?iry
phragms stress was in the range of X72%f-1.8 : . i
x 10% Pa before porous silicon removal and in the range of lation modes. The geometry of the diaphragms was taken

. - from the Alpha Step profile by probing the profile at 8—10
1X10°-1.4x 10? Pa after porous silicon removal. Raman points and subsequently applying interpolation. Residual
spectra of the diaphragms based on SOI technology, shownyjjjt-in stress in the bent diaphragm was not taken into
in Figure 13, show virtually no stress, as expectdue account in the simulation.

deviations from 0 shown in Figure 13 are within the accu- In comparing curves corresponding to normal and shear
racy of the method ) modes in Figure 17 it is seen that bending causes greater
Surface damage on the ground diaphragms was observedyeterioration in the performance of the diaphragms when
to consist of phase transformation into amorphous silicon, ysed in normal mode than when in shear mode. Also, for
which is in agreement with that reported in Ref. 16. Figure the same bending magnitude the performance deteriorates
14 shows Raman spectra for, respectively, diaphragms aftéimore with a decrease in diaphragm thickness. In the case of
grinding and after subsequent removal of the top surface. 75 ,m thick diaphragms it is seen that for small distortions

~The spectrum in Figure 14) shows the existence of (<10 4m) performance deterioration in terms of deflection
Si—1 amorphous phase in the top ground layer. This phase

disappears after the removal of the top several microns

thick surface layer from the diaphragm and the spectrum 100 % ~————e | 10 r———
shows silicon crystalline phase as illustrated in Figure g9 TR | g b el
14(b). 80 g80 ¢ o

270 £ [—o— shear 5 70 [ —o—Shear

2.k 260 | - - Normal "

!3:360 E - - Normal k> E 'x..x
6.1.2 Stress measurements using X-ray &s0 t A% X

SpeCtroscopy 40 0 1‘0 2‘0 3‘0 0 10 20 30 40 50 60
. . . . " N Bendi itud

Figure 15 illustrates the results obtained using x-ray spec- pending mapins i) M o tm

troscopy. Three samples were analyzed: a plain silicon ref-

erence sample and' two 1@0n thick bent diaphragms. The_ Fig. 17 Simulation of the deflection of bent diaphragms actuated in
negative phase shift of the bent diaphragm samples with normal and shear modes for (a) 75 and (b) 50 um thick diaphragms.
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is marginal. The magnitudes of deflection in this range 11. A. Prochaska, S. J. N. Mitchell, and H. S. Gamble, “Porous silicon as

were observed in thick>10 um) diaphragms, which sug-
gests that no support during grinding is needed in the case
of thick diaphragms. In applications in which thinner dia-
phragms are required, the use of SOI technology or a po-
rous silicon support layer has enabled diaphragm bendingis.
to be reduced te<10 um at which it will have a minimal

effect on diaphragm performance.

8

Precision grinding of silicon has been demonstrated for pre- 16
cise formation of silicon diaphragms. Diaphragms 2—6 mm
in diameter and 25-15@m thick were produced. It was
observed that the process induces bending in the dia-
phragms if they are not supported during grinding. The use
of SOI technology can virtually eliminate bending since the
diaphragm is always supported by underlying silicon dur-
ing the grinding steps, however, the process is less eco-
nomical since an additional silicon wafer and a bonding
step are required. The use of porous silicon as a support
layer has been shown to significantly reduce the amplitude
of bending by a factor of up to several hundred. Stress
measurements of the diaphragms were performed using Ra:
man and x-ray spectroscopies and indicate the existence o
compressive stress of the order ok10'—1x10° Pa in
unsupported diaphragms and in those supported by porous
silicon, whereas the diaphragms based on SOI technology:
are stress free. Simulations of the bent diaphragms were
performed using 3D FEM analysis. The results for 6 mm
diam diaphragms indicate that deterioration of the perfor-
mance, in terms of deflection, is negligible for diaphragms

Conclusions

with convex bending 010 zm.
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