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Abstract 

The performance of a smgle-wafer fabrxated &con condenser mxrophone has been unproved by mcreasmg 
the stress and the acoustic hole densrty of the backplate and by decreasmg the rllaphragm tluckness The best 
muxophones show a sensitrvlty of 5 0 mV Pa-‘, which corresponds to an open-cmznt sensrtmty of 10 mV Pa-’ 
for a nucrophone capantance of 6 6 pF The measured frequency response IS flat mtbm &-2 dB from 100 Hz 
to 14 kHz, wluch IS better than the reqmrements for a hearmg-ald rmcrophone. The operahng voltage of these 
microphones IS only 5 0 V, which IS about 60% of the collapse voltage The measured noise level of the microphones 
IS 30 dBA SPL, which LS approxunately as low as reqmred for a hearing-ald nncrophone (<29 5 dBA SPL) 

1. Introduction 

Since 1983, silicon mmomachmmg techniques have 
been applied for the fabncafion of rmmature rmcro- 
phones m silicon [l-17] Plezoelectnc microphones have 
been developed usmg wnc oxide [1,2] and ahunmmm 
mtnde [3] as the plezoelectnc matenal The measured 
sensitlvlties were 250 PV Pa-l [l], 1000 ~.LV Pa-’ [2] 
and 25 PV Pa-’ [3], respectively A plezoreslstnre 
rmcrophone with a sensltrvlty of 25 PV Pa-’ was 
presented by Schelhn and Hess [4] A recent devel- 
opment 1s a s&con condenser microphone with an 
integrated field-effect transistor [5,6] 

Most of the slhcon microphones presented 111 the 
hterature are based on the capacltrve prmclple [7-171 
The capacltwe microphones can be dnnded mto electret 
microphones [7-g], which are blased by a bmlt-m charge, 
and condenser microphones [lO-171, which have to be 
biased by an external voltage source 

A capaciQve nucrophone consists of a thm, flexible 
diaphragm that 1s mounted on a n@d backplate The 
backplate 1s provided wLth one or more acoustic holes 
to allow air to flow m and out of the air gap Various 
methods have been applied for fabncatmg the capacitor 
structure In the mxrophones of Hohm and Gerhard- 
Multhaupt [7], Sprenkels et al [8] and Murphy et al 

[9], the diaphragm is a thm Mylar foil The Mylar foil 
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IS attached manually on the s&con wafer with the 
backplates and fixed by a polymer spray [8] In other 
rmcrophones, the diaphragms and backplates are fab- 
ncated on separate wafers, whxh have to be sealed 
together later on In this way, thm f&n diaphragm 
mater& can be used as a diaphragm Hohm and Hess 
[lo] used a 150 nm tluck low-pressure chemical vapour 
deposited (LPCVD) ahcon mtnde diaphragm, the ten- 
slle stress of which was controlled using ion lmplantatlon 
Bergqvlst et al [11,12] fabncated stixon diaphragms 
by applymg the electrochemical etch-stop techruque, 
whereas Bourouma et al [13] fabncated sihcon dla- 
phragms by usmg the p+ etch-stop techmque 

In all these capacitive rmcrophones, the diaphragm 
and the backplate are fabncated separately Thus some 
kmd of assembly techmque is necessary m order to 
obtain a complete rmcrophone 

The final assembly step can be avolded by fabncatmg 
the mxrophooes on a single wafer, as ongmally proposed 
by Hohm and Sessler [18] This process 1s based on 
the well-known sacnficial layer etching technique With 
thus techmque, the thickness of the air gap 1s determmed 
by the thickness of the sacrlficlal layer, which IS typically 
between 1 and 3 pm We found that the narrow air 
gaps resulted m a very high ax streammg resatance, 
thus causmg a bad nucrophone sensltivlty for audio 
frequencies [14,15] Other authors have solved tlus 
problem by etchmg grooves or holes m the backplate 
[16,171, or by provldmg the backplate wth a large 
number of acoustic holes [12,16] We proposed and 
developed such a rmcrophone usmg a smgle-wafer fab- 
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Fig 1 SchematIc cross-sectIonal view of a smgle-wafer fabricated 
silicon condenser mxrophone wth a thm, highly perforated 
backplate 

ncatlon process [15] Tbls nucrophone design IS shown 
schematically m Fig. 1 A smnlar construction is found 
m the capacltlve pressure sensor design of Petersen 
[19] The diaphragm is a 1 pm thick LPCVD slhcon 
mtnde film The backplate 1s a 1 pm tluck plasma- 
enhanced chemical vapour deposited (PECVD) s~hcon 
mtnde film, which 1s provided with 120-525 acoustic 
holes per mm2 The au-gap spacmg 1s between 1 and 
3 pm A sensitlvlty of about 1 mV Pa-l and a flat 
frequency response between 100 Hz and 14 kHz have 
been measured The equivalent noise level was about 
40 dBA SPL 

The condenser nucrophone, which 1s bemg developed 
at the Umverslty of Twente, 1s meant for apphcatlon 
as a hearmg-ad microphone For this application, the 
measured senntlvlty at the output of the preampltier 
should be 10 mV Pa-‘, the noise level should be lower 
than 29 5 dBA SPL and the frequency response should 
be flat from 100 Hz to 7 kH.z [20] It can be concluded 
that the recently developed condenser mlcropbones, as 
described m ref 15, do not meet these specifications 

The obJectwe of this paper 1s to show the systematic 
nnprovement m the performance of the microphones 
First, the effect of nucrophone parameters on the 
sensitltlvlty and the frequency response is discussed 
(Section 2) In Section 3, the nnprovement m the 
nucropbones due to systematic changes m the nucro- 
phone parameters 1s demonstrated Finally, conclusions 
are drawn m Sectlon 4 

2. Theory 

The open-circuit sensitl\nty of the condenser micro- 
phone shown schematically m Fig 2(a) 1s considered 
to cons=t of the two components S,,, and S,, which are 
the mecbamcal and the electmxl sensltMty of tbe 
nucrophone, respectively 

The mechanical semutwlty 1s defined as the mcrease 
m the deflection of the nucrophone diaphragm, dw, 
resultmg from an mcrease m the pressure, dp, actmg 
on the diaphragm 
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- rpaccr 
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X3g 2 (a) SchematIc cross-sectional stew of a condenser nu- 
crophone (b) The condenser rmcrophone, co~ectcd to an ex- 
ternal d c buts voltage source, loaded by a parasitic capacitance 
C,, a bias resrstor I&, and a preamplifier with an mput capacitance 

C, 

Note that dw= -ds,, because a diaphragm dls- 
placement decreases the ax-gap thickness The rmcro- 
phone diaphragm is a stressed membrane with a neg- 
hgble bendmg stdTness By mtegratmg the membrane 
amphtudes over the surface and takmg the average, 
an eqmvalent ngd piston can be defined that behaves 
the same acoustically The mechamcal sensit&y of the 
piston is equal to [21] 

R2 sm= 8u& 

where R is the radius of the diaphragm, u, the diaphragm 
stress and h, the daphragm thickness In eqn (2) it 
1s assumed that the compression of ax 111 the back- 
chamber does not mfluence the diaphragm movement 

Note that eqn (2) describes a cucular mxrophone, 
whereas the actual nucropbones have a square geometry 
However, a model of a square nucropbone would qual- 
itatlvely gwe the same results, but would lead to more 
comphcated equahons that have to be solved numer- 
ically 

The relation between a change m the thickness of 
the air gap, CLP.,,, and the resultmg change m the voltage 
across the an gap, dv, IS gwen by the electrical sensltmty 
of the mlcrophone 

(3) 



The rmcrophone capacitance changes wth the dla- 
phragm movements Hence, if the charge 1s kept constant 
(which 1s the case for fast diaphragm movements), the 
voltage across the condenser plates vanes with the 
&aphragm movements Note that m the case of a piston 
diaphragm, the electnc field strength E, m the air gap 
1s homogeneous The electrical sensltlvlty 1s then given 

by 

S,=E,= 2 

where Vb IS the d c bias voltage of the nucrophone 
The quasi-static open-circuit sensltmty SO,, of a 

condenser microphone IS defined as 

S open = -s,s, (5) 

Note that a minus sign has been introduced m eqn 
(5), because ds,, = - dw Thus the microphone sensltlvlty 
has a negative value For clarity, when we compare 
rmcrophone sensitlvltles, we shall compare the absolute 
values of the sensltnntles 

To measure the senwtmty, the microphone 1s con- 
nected to a preamphfier, which acts as an impedance 
converter (see Fig 2(b)) The source follower IS a 
commonly used preamphfier It has a gain Ha, which 
is close to unity, and an mput capacitance C, The 
measured rmcrophone sensitivity S,,,, 1s equal to 

where H, IS the capaatlve signal attenuation due to 
the mput capacitance of the preampllfer and the par- 
asitic capacitance C,, which is due to the bondpad of 
the microphone 

H,= cm 
c,+c,+c, (7) 

where C,,, 1s the nucrophone capacitance 
Thus the measured value of the rmcrophone sensltrvlty 

1s also determmed by the gam and the input capacitance 
of the preamptier Therefore, a more reasonable com- 
parison of rmcrophones can be made If open-crrcmt 
senntlvlties are compared However, m that case the 
microphone capaatance must also be gven, so that 
every author can calculate the capacltlve signal atten- 
uation for his or her specfic preamphfier 

As can be Seen from eqn (4), the electrical sensitlvlty, 
and thus the open-arcult rmcrophone sensmwty, m- 
creases d the bias voltage mcreases However, the d c 
bias voltage cannot be mcreased without lmut At a 
certam bias voltage, the microphone diaphragm col- 
lapses to the backplate For a piston diaphragm, with 
a mechanical senntivlty gwen by eqn (2), the collapse 
voltage is equal to [22] 

v 

max 
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(8) 

Note that the collapse voltage 1s mversely proportional 
to the square root of the mechamcal sensltivlty Thus, 
if the sensltlvlty of a condenser rmcrophone IS improved 
by mcreasmg the mechamcal sensltlvlty of the dla- 
phragm, this gam 1s partially reduced because the 
collapse voltage has decreased If the d c bias voltage 
1s always kept at a fixed fraction of the collapse voltage, 
it can be concluded from eqns (2), (4), (5) and (8) 
that the open-cmxut sensltivlty of a condenser rmcro- 
phone 1s proportional to the square root of Its mechanical 
sensitivrty 

Note that m eqn (8) it IS assumed that the backplate 
1s rl@d For nucrophones Hrlth a thm backplate [12,15,16] 
that is not perfectly ngd, the collapse voltage 1s lower 
than that predicted by eqn (8) 

A well-known method for calculating the frequency 
response of a mechamcal-acoustlcal system mvolves 
usmg an analogous electrical arcult Current 1s then 
analogous to volume flow and voltage 1s analogous to 
pressure Properizes such as mass, fnctlon and com- 
pliance (the mverse of the mechamcal sensltlvlty) are 
represented by then electncal equivalents, 1 e , m- 
ductance, resistance and capacitance, respectively [23] 

The eqmvalent clrcmt of the rmcrophone shown m 
Fig 1 is gven in Fig. 3 The resistance R, describes 
the fnctional force due to radlatlon of sound back mto 
the surrounding medium The mductance L, describes 
the mass of the air close to the diaphragm that 1s 
vlbratmg m phase with the diaphragm [23] 

In our expernnents, the microphones are not mounted 
on small backchambers and thus the backchamber 
volume can be considered to be mfimtely large In the 
analogous electrical nrcmt, the capacitance C, can 
thus be shortcxculted Note that the thm backplate IS 
modeled as a thm diaphragm with a large untlal stress 
Therefore, the mechamcal sensltrvlty of the backplate 
IS gwen by eqn (2) 

Note that no shunt capacitance is added to account 
for compression of ax m the air gap, as can be found 
for instance m the nucrophone model of Bergqvlst et 
al [12] This capacitance has been omitted, since It IS 

BACKPlATE ~_____________‘_______, 

RADIATION 

Pig 3 Analogous electrical cucmt of a condenser mlcrophone 
with a thm backplate, mounted on a backchamber 
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m contradlctlon with the assumption of mcompresslble 
air, which has been made m order to calculate the air- 
streammg resistance of the air gap [24] Smce the typical 
air-gap volumes are very small, the shunt capacitance 
would be very small Only neghgble currents would 
flow through this capacitance for audio frequencies, 
thus havmg no effect on the calculated frequency re- 
sponses 

It can be shown that the unpedances of C,, C, and 
R, are dominating and determme the frequency response 
of the microphone [25] C, and C,.,, represent the 
compliance of the diaphragm and the backplate, re- 
spectively R, represents the air-streaming resistance 
of the air gap The value of R, has been calculated 
by &vor [24] 

B(A)= i ln$ - i + iA-- fAz 1 

(9) 

where r], 1s the vlscoslty of an (17 IX 10m6 Pa s), n 
1s the number of acoustic holes per umt area (acoustic 
hole density) and A 1s the ratio of the area of the 
acoustic holes to the total backplate area (OGAG 1) 

Note that the system 1s a second-order system op- 
eratmg below its resonance frequency However, smce 
the nucrophone is strongly damped, it shows the fre- 
quency dependence of a first-order system with a cutoff 
frequency fc 

3 
%O 

fc= ~~G(A)(S,~+S, bp) 
(11) 

where Smd and S,,, are the mechanical senatlv@ of 
the diaphragm and the backplate, respectively It can 
be concluded from eqn (11) that a thm, movable 
backplate causes a decrease m the cutoff frequency 
The cutoff frequency can be unproved by mcreasmg 
the acoustic hole density n or the air-gap thickness sao 
Smce an increase m the mechanical sensltlvlty of the 

diaphragm, S, d, causes a decrease m the cutoff fre- 
quency, an optimum must be found between sensltlvlty 
and frequency response of the microphone 

3. Measurements 

The frequency responses of the microphones were 
measured with a Bruel and KJaer 4219 ‘artificial voice’, 
at a sound pressure of 4 Pa The bias voltage was 
provided by a d c voltage source m senes with the 
nucrophone The microphone signal was measured usmg 
a source follower with an input capacitance of 25 pF 

and a gain of 0 83, and a Bruel and I@er 2610 mea- 
surement amplifier 

All measurements were performed on microphones 
that were still part of a complete wafer The wafer 
was placed directly on the ‘art&iclal voice’ wth a slhcone 
rubber seal, guaranteemg a negh@ble an leak 

The performance of the microphone shown m Fig 
1 is unproved by systematically changing its parameters 
The starting point 1s a batch of microphones with 2 
mmx2 mm diaphragms and vvlth ax-gap thicknesses 
of 1, 2 and 3 pm The dependence of the quasi-static 
sensltlvltles of three nucrophones, with ddferent au+ 
gap thicknesses, on the d c bias voltage 1s shown m 
Fig 4 The thicknesses of the diaphragm and backplate 
were 1 ,um The backplate and diaphragm stresses were 
about 1 X10’ and 15X10’ N m-‘, respectwely 

It can be seen that the nucrophone sensltrMy mcreases 
close to the d c bias voltage where the diaphragm 
collapses owmg to electrostatic attraction between the 
diaphragm and the backplate Collapse occurred at d c 
bias voltages of 2 5, 7 2 and 13 2 V, respectively The 
charactenstlcs are strongly dependent on the air-gap 
thickness of the nucrophone It can be concluded that 
the sensitrvltles of different nucrophones cannot be 
compared fairly when all nucrophones are biased with 
the same voltage, although this 1s often done m the 
literature [13,16] A more reasonable comparison LS 
made when the microphones are brased at the same 
fraction of the collapse voltage Commercially available 
rmcrophones are biased at about 60% of the collapse 
voltage [26] This relative bias voltage 1s used for all 
of the followmg measurements 

Figure 5 shows the typical measured frequency re- 
sponses of the three nucrophones The microphones 
are biased with 15, 4 0 and 8 0 V, respectively It can 
be seen from Fig 5 that the frequency responses of 
the nucrophones show the expected behavlour of a 
first-order system, with a slope of - 6 dB/oct for higher 
frequencies The measured cutoff frequencies of the 

5r 

0 5 10 15 

dc bias VdtaQe [VI 

Fig 4 The measured sensdwty of microphones with a 2 mmX 
2 mm diaphragm as a function of the d c btas voltage for ddferent 
air-gap tiucknesses (a) 1 pm, (b) 2 m, (c) 3 j.6m 



183 

01' “““” “““” ““““’ 
10 100 1000 10000 

frequency [HZ] 

Fig 5 Measured frequency responses of the three nucrophones 
with a 2 mmx2 mm diaphragm mth iur-gap th&nesses of (a) 
1 pm, (b) 2 e and (c) 3 pm, applymg a d c bias voltage of 
15, 4 0 and 8 0 V, respectwely 

TABLE 1 The parameters of the mlcrophones of type. A, B, C 
and D 

Parameter tvkophone 

A B C D 

obp (xl08 N m-*) 026 18 18 18 
h, (pm) 10 10 024 024 
n (mm-*) 121 121 121 242 

‘Fxed parameters for alI mzrophones are diaphragm area 
2 mm X2 mm, diaphragm stress ad = 15 X 10s N m-‘, backplate 
thickness h,= 1 m, air-gap thickness so-3 1 pm and acoustic 
hole area 40 pm x 10 km 

microphones ullth air-gap thicknesses of 1,2 and 3 pm 
are 175 Hz, 17 kHz and 3 2 kHz, respectively 

It can be concluded from Ftg 5 that the nucrophone 
~th the 3 pm air gap shows the highest sensltlvlty 
(18 mV Pa-l) as well as the highest cutoff frequency 
(3 2 kHz) However, both values are too low for a 
hearmg-aid microphone 

The performance of this type of microphone 1s em- 
proved by systematically changmg the backplate stress, 
the diaphragm thickness and the acoustic hole dens@ 
of the backplate For thus purpose, a new batch of 
mlcrophones was made The parameters of the ddferent 
microphones, which are mdlcated by A, B, C and D, 
are given m Table 1 

Microphone A was made under the same expermental 
conditions as the previous batch MIcrophone B was 
provided with a backplate havmg a higher stress The 
stress of the backplates was measured with the bulge 
test [27,28] on slhcon mtnde diaphragms on separate 
dummy wafers and was found to be 2 6 x lo7 N me2 
and 18x 10’ N m-’ for the low- and high-stress sdlcon 
mtnde, respectwely 

The collapse voltage of the nucrophones mth the 
low-stress backplates was 7 V, whereas 18 V was 
measured for the microphones mth high-stress back- 

plates In Fig 6 the measured frequency responses are 
shown for two nucrophones with a high- and low-stress 
backplate, indicated by curves a and b, respectively 
The measured quast-stahc sensltlvltles of the nucro- 
phones were 2 5 mV Pa-l (curve a) and 0 7 mV Pa-l 
(curve b) at d c bias voltages of 110 and 4 0 V, 
respectively The measured cutoff frequency was 2 kHz 
for the microphone with the low-stress backplate, 
whereas the rmcrophone with the high-stress backplate 
showed a cutoff frequency higher than 14 kHz 

It can be concluded that mcreasmg the stress of the 
backplate increases the collapse voltage, thus mcreasmg 
the electrical senntlvlty of the rmcrophones Further- 
more, the cutoff frequency increases if the backplate 
stress is increased 

Note that the collapse voltage (7 V) and the cutoff 
frequency (2 kHz) of microphone A were both lower 
than the values for the corresponding nucrophones of 
the previous batch (13 2 V and 3 2 kHz, respectively) 
This may be due to nonreproduclblllty of the backplate 
deposltlon process, which causes changes m the back- 
plate stress 

The sensltlvlty of microphone B, with a 1 e thick 
diaphragm, is unproved by using a 0 24 pm thick 
diaphragm (mIcrophone C) Microphone C IS also pro- 
vlded wth a high-stress backplate The frequency re- 
sponses of microphones B and C are shown m Fig 7 
The low-frequency sensltlvlty has been mcreased from 
2 5 to 5 4 mV Pa-l However, the cutoff frequency of 
microphone C has decreased to 3 kHz, and the collapse 
voltage decreased to 8 6 V 

Accordmg to eqn (2), the mechamcal sensltlvlty of 
microphone C 1s four tunes larger than that of nucro- 
phone B, because the diaphragm thickness has been 
decreased from 10 to 0 24 pm The observed mcrease 
m the nucrophone sensltwlty by a factor of two 1s 111 
good agreement with the expectation that the mlcro- 
phone sensltlvlty mcreases wth the square root of the 
mechanical sensltlvlty Accordmg to eqn (ll), a strongly 
decreased cutoff frequency is expected, because of the 

(a) 

frequency [HZ] 

Fig 6 The measured frequency responses of typa A and B 
mlcropbones (a) type B, 110 V d c bras, (b) type A, 4 0 V d c 
bias 
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Fig 7 The measured frequency responses of type B and C 
microphones (a) type C, 5 0 V d c. lxas, (b) type B, 110 V d c 
bias 

(b) 

frequency [Hz] 

Fig 8 The measured frequency responses of type C and D 
nucropbones (a) type D, 5 0 V d c bias, (b) type C, 5 V d c 
txas 

increase m the mechanical sensltnMy by a factor of 
four 

The frequency response of nucrophone C 1s improved 
by usmg a backplate ~rlth a higher acoustic hole density 
(mlcrophone D) In Fig 8 the measured frequency 
responses are shown for type C and type D nucrophones 
Both rmcrophones are provided with a 5 0 V d c bias 
voltage The collapse voltage of the type D nucrophone 
1s 8 0 V The effect of makmg the backplate acoustically 
more transparent can be seen m Fig 8 The type C 
microphone has a cutoff frequency of 3 kI-Iz (curve b), 
whereas the type D nucrophone shows a frequency 
response that 1s flat from 100 Hz to 14 kHz within 
f 2 dB (curve a) For none of the SIX type D microphones 
tested did the sensitmty devlate more than 10% from 
the value of 5 0 mV Pa-’ that is shown m Fig 8 Note 
that the quasi-static sensltnrlty of the type C microphone 
(5 4 mV Pa-‘) IS slightly higher than that of the type 
D microphone (5 0 mV Pa-‘) This was observed for 
all microphones tested This IS due to the fact that the 
capacitance of the type C nucrophones is higher than 
that of the tyPe D microphones, because the area 
occupied by the acoustic holes 1s smaller (about 20% 
and 40% of the total backplate area for types C and 
D, respectively) Consequently, the capacitive atten- 

uation of the mxrophone signal 1s smaller for the type 
C nucrophones, resulting m a shghtly higher low-fre- 
quency sensitivity 

The sensitlvrtles that have been dtscussed up to now 
were measured at the output of the source follower 
The capacltlve attenuation can be calculated if the 
microphone capacitance 1s known The capacitance of 
a type D nucrophone, which IS provided mth a 3.1 pm 
air gap and dlelectrlc layers of 0 24 and 10 m, 
respectively, with a relative dlelectrx constant of 7, IS 
about 6 6 pF The reduction of the nucrophone ca- 
pacitance by the 40% acoustic hole area 1s taken mto 
account With the capacitance of the 200 km X 200 pm 
bondpad (2 0 pF) the theoretical microphone capaa- 
tance becomes 8 6 pF Since the mput capaatance of 
the source follower 1s 2 5 pF, the capacltlve attenuation 
becomes 0 59, according to eqn (7) With the source 
follower gam of 0 83, the total slgnal attenuation IS 
0 49 Thus the open-circuit senmtlvlty of mxrophone 
D LS 10 mV Pa-’ 

In previous expenments, noise measurements were 
carned out on microphones that were mounted on 
epoxy carriers [15] One disadvantage of this method 
was that extra parasitic capacitances were Introduced 
Another disadvantage was that the soh&ty of the largest 
microphones, with 2 mm X 2 mm diaphragms, did not 
allow mechamcal dicing of the wafer and their mounting 
on the epoxy carriers Therefore, it was deaded to glue 
a source follower on the wafer The gate 1s connected 
to the microphone bondpad Hrlth a thm gold wire The 
noise measurements were carried out m a shielded 
environment 

The noise of a condenser microphone that IS con- 
nected to a source follower is found to be dominated 
by the noise of the source follower [12,13] In this case, 
the only microphone parameter that determmes the 
noise IS the microphone capacitance 1291 The measured 
noise of the type C and D mxrophones was 2 9 and 
3 3 pV(A), respectively With the sensltmtles bemg 5 4 
and 5 0 mV Pa-‘, the equivalent noise levels become 
29 and 30 dBA SPL, respectively The measured eqmv- 
alent noise level of mlcrophones with 15 mm X 15 mm 
diaphragms, havmg a smaller capacitance, was typically 
33 dBA SPL 

4. Disenssion and conclusions 

The smgle-wafer fabncated s&on condenser nucro- 
phone, which was introduced m 1992 [U], showed 
promlsmg results for application as a hearmg-aid ml- 
crophone The performance of this microphone has 
been improved by increasing the backplate stress, de- 
creasing the diaphragm thickness and mcreasmg the 
acoustic hole density of the backplate The best ml- 



crophones show a sensitivity of 5 0 mV Pa-‘, which 
corresponds to an open-arcmt sensmvlty of 10 mV 
Pa-l for type D rmcrophones with a capacitance of 
6 6 pF The measured frequency response was flat 
w~thm i-2 dB from 100 Hz to 14 kHz, which 1s better 
than the requuements for a hearmg-aid nucrophone 

The operating voltage of the nucrophones IS only 5 0 
V, which 1s about 60% of the collapse voltage A 5 0 
V d c bias voltage can also be obtained from a 12 V 
battery, as commonly used m heanng alds, using a 
CMOS voltage multlpher [30] Therefore, the condenser 
rmcrophones presented do not need an electret and 
wdl therefore not suffer from the problem of long-term 
mstatuhty due to charge decay m the electret In 
addition, the technologcal dlfficultles that are involved 
m the fabncation and charging of an electret m an 
all-&con condenser nucrophone are avoided 

The sensitmty at the output of the source follower 
should be mcreased by a factor of two to meet the 
requirements for hearmg-md nucrophones This can be 
achieved by further mcreasmg the mechamcal sensltlv@ 
using thinner diaphragms or diaphragms Hrlth a lower 
tensde stress Another posslbihty for mcreasmg the 
mechamcal sensltlvlty may be the apphcatlon of a 
corrugated nucrophone diaphragm These chaphragms 
have been shown to have a larger mechamcal sensltlvlty 
than flat diaphragms of equal size and thickness [31,32] 

Furthermore, the sensltlvlty can also be increased 
by nearly a factor of two by decreasing the area of the 
backplate electrode, as shown by several authors [33-351 
The capacitance changes are much smaller near the 
edge of the diaphragm than m the centre, smce the 
vibration amplitude IS largest m the diaphragm centre 
Therefore, the electrode near the diaphragm edge acts 
as a capacttlve loadmg of the actlve diaphragm centre 
capacitance Reduction of the electrode area leads to 
a reduction of this loadmg capac&nce Of course this 
electrode reduction must be optlmlzed, to avold ex- 
cessive signal attenuation caused by the (external) par- 
asitic capacitance The backplates of the rmcrophones 
that have been tested were metalhzed over about 90% 
of the total backplate area 

The measured noise level of the microphones was 
30 dBA SPL, which IS nearly that reqmred for a heanng- 
aid nucrophone (<29 5 dBA SPL) If the microphone 
sensltlvlty 1s increased by a factor of two, the noise 
level will become 6 dB lower, which IS much better 
than required 

Summanzmg, the performance of the sdlcon rmcro- 
phones has been improved considerably The sensltlvlty 
needs to be mcreased by a factor of two, enough tools 
are avalable for this If the senatlvlty IS mcreased by 
tins factor of two, the noBe level ~11 be lower than 
the requirement for commercially available heanng-aid 
microphones Therefore, we think that It IS possible to 

185 

fabricate silicon condenser nucrophones for hearmg 
aids that can compete v&h the present conventlonally 
fabricated ones 
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