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Abstract

This paper mainly presents the expermmental determimation of the small deflection behaviour of boron-implanted
sithcon-nitnide and highly boron-doped sihicon diaphragms for micromachimmed siicon subminiature microphones
The additional implantation of boron into silicon-nitnide diaphragms reduces the intrinsic stress m the deposited
amorphous films The mmmum detectable deflection, using a Mach-Zehnder interferometer, 1s about 0 02 nm
for dynamic measurements (A-weighted filtening) The largest measurable deflection (where nonhneanties of the
mterferometer are neghgible) 1s strongly influenced by the wavelength of the laser and 1s about 10 nm Thus,
applymg this method to pressure sensors and gas flow meters, the pressure range 1s restricted In order to achieve
a high sensitvity of the measurning apparatus and a low detectable deflection amplitude a feedback configuration
stabilizes the interferometer 1 the most sensitive operation points

1. Introduction

In order to reduce the geometric dimensions of
physical, biological, electrochemical and medical sen-
sors, microelectronic and micromechanical fabrication
technologies are required In the last 15 years a great
variety of sensors using the fabrication procedures
mentioned above has been developed, especially pres-
sure sensttive stlicon sensors as microphones, pressure
sensors and gas flow meters (see, e g, refs 1-3) Com-
mon to all these sensors 1s the use of a very thin and
small silicon or silicon-mtride membrane In order to
determine the mechanical behaviour of these mem-
branes, measurements of the deflection behaviour n
the case of applied pressure or airborne sound must
be performed

Several experimental investigations were previously
developed n order to determine the technological and
elastic parameters and, therefore, the mechamcal be-
haviour of silicon and silicon-nitride membranes, e g,
determmation of the bending of the wafer [4], deter-
mination of the resonance frequency of silicon beams
and measurements of the deflection amphtude of silicon
beams and silicon diaphragms [5] In order to achieve
a nearly full understanding of the mechanical behaviour
of siicon and sihcon-nitride diaphragms, the exact
determunation of the deflection behaviour 1s absolutely
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necessary Especially the mvestigation of the combmed
action of apphed pressure/airborne sound and m-plane
stress due to thermal mismatch and intrinsic stress due
to dislocations, etc, 15 of great interest (see, e g, refs
6 and 7)

The determination of the elastic constants and/or
the in-plane stress requires special conditions during
measurements (e g , high pressure [5, 8]) in combination
with curve-fitting procedures Furthermore, the com-
bined action of plate-like or membrane-like deflection
behaviour 1s difficult to separate With respect to the
deflection behaviour, special optical displacement mea-
surement techmques (e.g, measurements of the de-
flection with a modified Michelson mnterferometer {9])
are quite pronusing A different possibility 1s presented
here A stabilized Mach-Zehnder interferometer 1s used
to meet the following requirements- accuracy of mea-
surement, bandwidth, sensitivity, low noise level

Since the sensitiity of a Mach-Zehnder nterfero-
meter 15 very high, very low deflection amplitudes
the low frequency range (up to 100 kHz) are detectable
The low noise level and the high accuracy are obtamed
by the use of the stabihizing feedback configuration
‘D c-deflection’ measurements are always influenced
by thermal dnft effects or hgh noise level due to
vibration disturbances Therefore, dynamical measure-
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ments are favoured due to the possibility of compen-
sating for the undesired effects mentioned above

In order to compare the measurement results with
theoretical predictions m the second section of this
paper some basic theoretical considerations about the
deflection behaviour of diaphragms for silicon micro-
phones are given Assuming static or quasi-static pres-
sure changes, these considerations are also valid for
pressure sensors and gas flow meters Especially the
deflection amphtudes i the case of pure plate and
pure membrane behaviour are presented The main
part of the paper deals with the description of the
measuring principle to determine the deflection be-
haviour of the thin diaphragms In Section 4 the fab-
rication of sithcon-mitride and silicon membranes by
wet-etching m KOH solution 1s described A special
boron implantation process 15 used 1n order to reduce
the n-plane stress of the silicon-mitride layers Exper-
mental results concerming the measurements of the
deflection amplitudes are presented m Section 5 Es-
pecially the nfluence of the additional boron implan-
tation of the sihcon-mtride membranes 1s shown

2. Deflection behaviour of the diaphragms

The deflection behaviour of a sticon diaphragm below
1ts resonance frequency can be determined by applying
standard plate theory This leads to the following dif-
ferential equation for the displacement w(x, y) of an
orthotrophic plate (here E,=E,=E) mcluding m-plane
stress [10]

&w Fw o'w w Pw

P +2Haxzay2+Day4 +7h(ax2 + Qyz) p (1)
with D=ER¥12(1-+*), D,=Dv, D, =Gh12 and
H=D,+2D,, the thickness A, Powsson’s ratio v, the
elastiaty modult E and G, and T the homogeneous mn-
plane stress For a square siicon membrane of area
a* this equation can only be solved numerically by
satisfying the following conditions for a rigidly clamped
plate

D

wix=0,ay)=0, wixy=0,a)=0
i [ - @
x=0ay ayxy-o,a

Several methods are applicable, such as FEM simulation,
Rayleigh-Ratz method, finite difference method, etc
(a comprehensive overview of the methods mentioned
above 1s given 1 ref 10) Neglecting in-plane stress,
good consistency between experimental and theoretical
results 1s achievable by applying a ‘direct-solution
method’ [11] Including in-plane stress, the results ob-

tained by the latter method are more or less accurate,
depending on the amount of in-plane stress

Much simpler, but still with sufficient accuracy, the
deflection behaviour of a square diaphragm of area 4
can be approximated by the deflection of a circular
diaphragm with the same area [12] For an isotropic,
circular, clamped diaphragm with plate behaviour and
additional in-plane stress, the static deflection amplitude
of pure plates (low tension) and pure membranes (ligh
tension) as a function of in-plane stress can be expressed
by [13]
(a) Pure plate behaviour

wplne(r)= gfb- [1 - (2) ] (3)
(b) Pure membrane behaviour
e @

where D =Eh*12(1— 1) 1s the flexural strength of the
diaphragm, a the radius and r the distance from the
centre of the membrane

3. Mach~Zehnder interferometer

31 Basic configuration

The basic configuration of the present interferometer
18 shown m Fig 1 The mterferometer 1s based on a
standard Michelson interferometer extended by an ad-
ditional beam sphiter, an additional photodetector and
a feedback configuration n order to stabilize the m-
terferometer 1n the most sensitive operation point Just
prior to passing the primary beam splitter, the emutted
laser hight (He/Ne laser, 633 nm wavelength) 1s diverged
mn order to allow a better focusing of laser hght onto
the silicon sample 50% of the laser hight, crossing the
first beam sphtter, 1s dvided agam mto two separate
laser beams by the second beam splitter One of the
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Fig 1 Mach-Zehnder interferometer with active phase-tracking
system (lenses and microscope objectives are omitted)



beams (sample beam) 1s focused onto the silicon dia-
phragm, the other one serves as a reference beam and
1s reflected by the piezo-driven mirror From each laser
beam, one part1s deflected m the direction of photodiode
amplifier 1 (primary laser beam), the other part passes
the secondary beam splitter and 1s deflected in the
direction of photodiode amphfier 2 (secondary laser
beam) They superimpose and an mnterference pattern
1s visible on the front side of the photodiode amphfiers
Since the secondary beam 1s phase-shifted by an amount
m, the output signals of the two current—voltage con-
verters are also phase-shifted by an amount =

32 Contrast transfer functions of the interferometer
and determination of the deflection amplitude of the
diaphragms

The contrast transfer functions of the interferometer
are shown 1n Fig 2 Since the deflection of the silicon
diaphragm of a silicon submimature microphone 1 the
case of apphed airborne sound 15 much smaller than
the wavelength of the laser, the dynamic phase shift
of the sample beam leads to a ‘small-signal operation’
of the mterferometer

The total intensity at one photodector 1s given by

L1 =Io(1+cos ¢) &)

where ¢ 1s the static phase difference between the
beam deflecting on the sample surface and the reference
beam For the other photodetector the following equa-
tion for the total mtensity 1s vahd

Ligin11 =Io[1 +cos(¢+7)] (6)

The dervative of the transfer function with respect
to the phase shift of the first detector leads to

aI total 1
3

Its maximum value I, 1s obtamned for ¢=(2n+1)n/2,

=—I,sin ¢ )
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Fig 2 Contrast transfer functions of the Mach-Zehnder inter-
ferometer photodetector 1, ———, photodetector 2
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differences, which 1s allowed 1n the quadrature point)
AI total 1
I,

where A¢ 1s the dynamic phase sft The deflection
amplitude w of the diaphragm may be obtamned by

_
2w= - A¢ )

=Aé ®

since a deflection amplitude of w results 1 a difference
of 2w 1n the optical path length
Finally, the deflection (in nm) 1s

AItoml 1 (10)

w=2515A¢=2515
I,

where A=633 nm, Al 15 the peak-to-peak value of
the ac component of the output signal and 2I, the
difference between the maximum and the minimum
d ¢ output voltage of one photodetector

33 Active phase-tracking

In order to obtamn a stabihzed interferometer an
active phase-tracking system 1s used [14] It 1s based
on the fact that at the most sensitive operating points
(see Fig 2 pomts A and B) the d ¢ output values of
the photodiode amplifiers are the same Subtracting
the output signals of both photodiode amphfiers leads
to a vamshing dc value and doubles the ac value
due to the phase shift of = Therefore, the vanishing
d ¢ value can be used to stabilize the interferometer
by the feedback configuration seen mn Fig. 1

The output signal of the differential amplifier passes
a proportional plus floating plus dervative control (PID
control) and 1s amphfied by a high-voltage amplifier
Applyng 1t to a high voltage piezo-translator, the ref-
erence murror 15 moved 1n such a way that the output
signal of the differential amphifier 1s regulated to zero
This feedback configuration increases sigmficantly the
mummum detectable deflection amplhitude of the m-
terferometer, since thermal dnft effects and low fre-
quency disturbances are reduced Furthermore, a much
better lineanty 1s achieved

4. Fabrication of silicon-nitride and silicon
diaphragms

41 Fabncation of the sticon diaphragms

The silicon diaphragms consist of a highly boron-
doped silicon layer, formed by a predeposition process,
masked by a thick silicon-dioxide layer After etching
away this masking siicon-oxide film, a thm stress-
reducng layer of silicon dioxide 1s fabricated by a dry
thermal oxidation On top of this layer (rear and front



290

side of the wafer) a sihicon-mitride layer of approximately
150 nm thickness 1s deposited This composite layer
system 1s used 1n order to prevent a cracking of the
siicon-nitride film The top side 1s covered with a
hardened photoresist and on the rear side photohth-
ography 1s performed usmg a two-sided mask aligner
After patterning of the sihicon-mitride/silicon-dioxide
layer system inside the open photoresist window on
the rear side of the wafer, the membrane 1s fabnicated
This 1s done by a wet-etch mn potassium hydroxide
Now the silicon-nitnide/silicon-choxide layer system on
the top side of the wafer 1s removed and the diaphragms
are metallized with a 100 nm thick aluminum layer
The resulting silicon diaphragm has a thickness of about
1 pm and an area of about 1 mm?

42 Fabnication of the sthcon-nitnde diaphragms

The sihcon-mitride diaphragms consist of an APCVD
or LPCVD silicon nitride  First a stress-reducing layer
of sihicon dioxide (which 1s under compressive stress)
1s fabricated by a dry thermal oxidation On top of this
layer (rear and front side of the wafer) a sithicon-nitride
film of approximately 150 nm thickness 1s deposited
(APCVD T=23x10° N/m? LPCVD T=3x10° N/
m?) The top side 1s covered with a hardened photoresist
and on the rear side photolithography 1s performed
using a two-sided mask aligner After patternmg of the
sthicon-nitride/siicon-dioxide layer system inside the
open photoresist window on the rear side of the wafer,
the photoresist 1s etched away and a boron implantation
1s performed on the top side of the wafers Thus special
process step 1s introduced 1n the fabrication procedure
m order to reduce further the total in-plane stress of
the diaphragms [15] Subsequently the diaphragms are
fabricated by a wet-etch procedure 1n potassium hy-
droxide and finally they are metallized by a 100 nm
alumimum layer

5. Experimental results and discussion

51 Capabibties of the measurement apparatus

The measurement of the deflection amphitude of a
thin diaphragm requires a good sensitvity, low noise
level and good Lineanty of the interferometer

Its sensitivity (output voltage of one photodetector)
1s about 7 mV/nm This high value allows a further
amplification without any problems concerning noise
level

In addition to the sensiivity another important pa-
rameter influencing the performance of a measuring
apparatus 1s the mimmum detectable signal (MDS)
level in dB) The MDS level for a given bandwidth
may be wrtten as

MDS level =L, —20 log 1%

=L,—20 logg'(—wl (11)
U
where U/(w) 1s the signal voltage, L, the deflection
level with respect to an amphtude of 1 nm and U, 15
the noise voltage For a deflection amphtude of 1 nm
(measuring frequency 1 kHz) an A-weighted signal-
to-noise ratio (S/N) of about 50 was measured From
these values a mimmum detectable signal level of about
~33 dB (ref to 1 nm, A-weighted) and therefore a
mimmum detectable deflection amphtude of about 0 02
nm were achieved This may be increased by the use
of bandpass filters and/or lock-in-detection techmques
Using eqn (10), an A-weighted phase shift A¢ of
8x107* rad was detectable
The hinearity of the interferometer was measured by
exciting the piezo-driven reference mirror sinusoidally
to vibrations with different amplitudes and observing
the unfiltered output signal of the photodetectors with
a spectrum analyser An excellent lineanty could be
achieved for deflection amplitudes less than 5 nm
{nonlinear distortion factors 025 and 18% for a de-
flection amphtude of 05 and 5 nm, respectively)

52 Deflection amplitudes of the diaphragms

The deflection amplitude of a silicon-mtride mem-
brane with a tensile stress of about 5 8 X107 N/m? (the
stress values have been determined by using a me-
chanical profilometer [16]) as a function of frequency
of the airborne sound pressure was measured A flat
frequency response in the whole audio frequency range
was obtained

Furthermore, the deflection amphtude as a function
of sound pressure (seec Fig 3) at a frequency of 1 kHz
1s shown, which 1s highly hinear for silicon-mtride mem-
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Fig 3 Deflection amphtude of silicon-mtride and siicon dia-
phragms as a function of airborne sound pressure (measurement
frequency 1 kHz)



branes and silicon diaphragms Due to a lower m-plane
stress of the silicon-mtride diaphragms and a smaller
thickness they show a much higher deflection amplitude

In Fig 4 the centre deflection amplitude as a function
of in-plate stress of a silicon-mtride membrane 1s shown
It is compared with simulation results based on the
equations of Section 2 and using a value of the total
centre deflection (r=0) amphtude of

1
1 .. (12)

wplale wrnernb

Wiotal

or usmg eqns (3) and (4)

at 1
Wiow= %5 — QT (13)
1+ ig 3

Good agreement between the measured and simulated
results was obtained The differences may be explamned
by the measurements of the in-plane stress and of the
thickness of the diaphragm (210 nm, considering the
aluminium layer on top of the silicon-nitride membrane)
and by the assumption of a circular diaphragm of the
same area (radws a of 0564 mm leads to 1 mm?)
compared to the real square shape of the diaphragms
The nfluence of the assumed values for Young’s mod-
ulus (209% 10" N/m?) and Posson’s ratio (028) [17]
must not be considered, since the measured membranes
are in the high tensile stress region, where plate effects
may be neglected

The different values of in-plane stress mentioned
above could be achieved by performing different boron
mmplantations 1nto or through the silicon-mtride mem-
branes In Fig 5 three different implantation energies
with different implantation doses are shown The upper
curves correspond to an APCVD-deposited silicon-
minde film, whereas the two other curves represent
measurements of LPCVD-deposited silicon-nitride
films Both layers were fabricated using silicon dioxide
as a stress-reducing support Obviously, the reduction
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Fig 4 Deflection amplitude of a silicon-nitnde diaphragm as a
function of m-plane stress 7 at a constant pressure p
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Fig 5 In-plane stress of siicon-mtride diaphragms (LPCVD
lower curves, APCVD upper curve) as a function of boron
mplantation dose, parameter E 1s the implantation energy

1n 1n-plane stress 1s larger for higher implantation doses
The dependence on mmplantation energy 1s not so
mmportant (comparmg the two lower curves) Thus, to
achieve a low n-plane stress i order to obtain more
flexible membranes, 1t 1s very important to choose proper
implantation conditions

6. Conclusions

A method to measure very small deflections (down
to 002 nm) of siicon and siicon-mtride diaphragms
was presented The measurements of the diaphragms
were performed n the audio frequency range 1n order
to achieve a good signal-to-noise ratio during the mea-
surements This 15 much easier, since thermal dnft
effects and low frequency disturbances are reducible
sunply by filtering

Furthermore, the nfluence of boron implantation
mto sihicon-mtride diaphragms on the in-plane stress
of such layers has been shown Low stress values could
be obtained by high dose implantation Nevertheless
the total n-plane stress (intrinsic stress, stress due to
thermal mismatch of the layer system mentioned above
with respect to the silicon substrate and the additional
compressive stress which is incorporated by the boron
mplantation) s still tensile For most sensor applications
this 1s a desirable result, in order to avoid buckhing of
the mucromachined structures Especially for sihicon
microphones a net amount of tensile stress 1s necessary
to achieve resonance frequencies of about 20 kHz

The present interferometer set-up provides the pos-
sibility of the determination of n-plane stress with a
high accuracy over a wide dynamic range (002 up to
10 nm) up to frequencies of about 10 kHz

The goal of future work 18 the refinement of the
present imterferometer set-up by using more enhanced
filter techmques (e g, lock-in amplfication) m order
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to achieve a lower mimmum detectable deflection am-
plitude — especially for measurements 1 the edge
region of the membrane and for measurements of the
shape of the diaphragm deflection — and therefore a
hgher signal-to-noise ratio This allows much better
predictions of the mechanical properties of microma-
chined sthicon sensors with thin diaphragms, especially
with respect to the elasticity coefficients (plate region),
the mn-plane stress (membrane region), etc
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