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ABSTRACT vibrations reflect the material and geometrical seen
parameters. Hence all sensor parameters can bifieten
Fast identification methods of pressure sensors aregenerally by this indirect approach. The restrictisn
investigated. With regard to a complete accurats@e  given by the accuracy to be obtained - the ideatifon
parameter identification two different measurement accuracy depends on the sensitivity of the modal
methods are combined. The approach consists on onérequencies versus the investigated sensor paresnéte
hand in performing static measurements — an appliedcase of the relative pressure sensor the ideritdita
pressure results in a membrane deformation measure@ccuracy of the membrane thickness is better tBan 2
interferometrically and the corresponding outpultage.
On the other hand optical measurements of the mode
responses of the sensor membranes are performesl. Thg
information is used in an inverse identificatioga@ithm
to identify geometrical and material parametersetamn
a FE model. The number of parameters to be idedtifie
thereby generally limited only by the number of
measurable modal frequencies. A quantitative evialua
of the identification results permits furthermorbet
classification of processing errors like etchinges.
Algorithms and identification results for membrane
thickness, intrinsic stress and output voltage vod
discussed in this contribution on the basis of the
parameter identification of relative pressure senso

1. INTRODUCTION Figure 1: Measurement setup

o _ The identification approach is well suited for the
The development of the two criteria costs and réifgh  identification of whole wafers. The time consuming F
is essential for the further growth of the MEMS n&rk  simulation has to be done only once for each sefyper

Efficient test procedures can reduce costs sigmifigdy Furthermore the algorithm is based on the frequency
the detection of faulty sensors before the subseque response respectively the modal frequency valuesevh
packaging and assembly steps. small number of measurement points (2-3) in theewaf
Up to now there are very few publications concegnin test mode is sufficient. Due to a much longer
wafer level test methods and suitable instrumesraf, measurement time resonant mode shapes are disedgard
2]. The presented indirect parameter identificatimn in the identification procedure.
modal frequencies is taken up for the identificatiof Regular membranes are homogenous. Defects like
pressure sensors. An high precision vibrometer uteas  etching errors cause an inhomogeneity. Such
optically the electrostatic excited out-of-planéraitions. inhomogeneities will be detected by a quantitative

By means of a FE model the sensor parameters ar@valuation of the identification results.
extracted by the measured frequency response. The
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The output voltage respectively pressure sensitivity

X i ; Voltage source
cannot be obtained directly by dynamic measurements g

The static measurement yields the pressure sengitivi Q )
The correlating data of both measurement methods \”/ Electrode carrier
permits an efficient sensor model improvement by

adjusting e.g. piezoresistor parameters. E Electrodes

5 |
&
2. MEASUREMENT HARDW ARE SETUP Fringing field
The measurement setup is based on a semiautomasc Su m < - > (\ \\I

probe station and an optical micromotion analyzer MEMS Resonator
MSA400 by Polytec [3]. Both systems are couplethwi Figure 2: Cross sectional view of fringing field edctrode
regard to an automated measurement of whole wafers.
The static measurements are done with the SusS, 5 prassure Probe Module

Pressure Probe Module. An impact pressure is apple
a nozzle from the topside without touching of tie d

The out-of-plane vibrations with respect to the
dynamic measurements are performed by an eledimsta
excitation unit. Conventional excitation methodgeli
ultrasound or piezoelectric stimulation cannot bedudue
to the expected modal frequencies in the range ldz.M
The specified setup shown in Fig.1 enables the atiait
and measurement of out-of-plane vibrations unfiviz
at wafer level.

The pressure for doing static measurements is applie

a nozzle as a part of the Pressure Probe Modufgubs.

By specifying a set pressureg(pat the base of the
module’s nozzle an air stream with the desiredcffe
pressure (p can be applied to the sensor under test. Via
calibration the effective pressure is kept constant
troughout the test cycle, irrespective of heiglffedénces

on the wafer. The maximum pressure can be realiged b
the module is 7bar.

2.1. Electrostatic excitation

The electrostatic excitation is realized by conmertn
electrostatic probe to a high voltage (up to 40Q@)vo
which is placed above the membrane surface. The gap
between membrane and electrode should be smalganou
to yield a good SNR for an unique modal frequeneskp
detection. This is the only requirement because tmdy
frequency but not the amplitude is used for the
identification. Depending on the sensor type retspely
membrane stiffness the gap size varies between z0am
100pum.

The electrostatic force depends on the capacitance
between the electrodes, the displacement between th
membrane surface and the electrode as well apfiied
voltage. Hence any MEMS resonator is excited Figure 3: Pressure Probe Module

independent from the material it consists of. The pressure nozzle has to be adapted for eachrsenso
Measurements are done with grinded probe needlestype' With regard to an high accuracy the size haf t
and intertwined finger electrodes which have been ressyre nozzle and the membrane have to match each
fabricated on glass substrate. Indium tin oxide {Ih@s other. Furthermore a minimum distance of 150um
been used as electrode material and patterned tQeonveen contact pads and the membrane has to be

electrodes by photolithography and etching.  Such garanteed to place the nozzle above the membrane
electrodes are well suited for the excitation dmuehieir surface.

transparency for the laser and the observation by Tpe developed pressure module permits the

microscope. Furthermore a large capacitance can b&jmyitaneous measurement of the bridge voltagetiamd
obtained due to the extensive electrode form. membrane displacement in z-direction by an integrat
glass window at the top of the nozzle.
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2.3. Topographic and out-of-plane velocity = The term EIE is introduced with regard to a quantiati
measurements evaluation of the identification results. Considgrithe
presented example of a relative pressure sensaevithe
The optical measurements are performed by the MSA400wo parameters membrane thickness and stress of the
Micro System Analyzer. In the measurement heacdef t passivation layer have to be identified. Four modal
Micro System Analyzer are integrated amongst otherfrequencies are chosen for the identification. Hepix
things a laser-Doppler vibrometer for fast and dizand combinations of modal frequencies exist for doihg t
out-of-plane dynamics as well as a white light optimization. For each of the frequency combinagi@n

interferometer for high resolution topography. Byfting parameter sgg is obtained. Then EIE is defined as
an interference objective with nanometer precisigtn EIE = max p) — mn(p)

respect to the sample, a high resolution X-Y-Z magjis and the normed ENecorrespondingly

generated. The objective focuses the interferentterpa max( ) — min(p)

on to the camera. EIE, = meanp)

For the out-of-plane measurements the laser beam or
the vibrometer is scanned automatically over a user
defined grid at the surface of the MEMS device. &ach
scan point an velocity measurement is performed by
using the Doppler effect within some milliseconds
internal generator controls the excitation of thespgure Two different modes exist for the identification by

sensor by the electrostatic excitation unit and ,,qa) frequencies — the characterization and thiewa
synchronizes the phase between the measuremets.poin (o<t mode. The identification of a new sensor tyipets
within the characterization mode. A fine grid of
measurement points permits an unique assignment of
) L . frequency peaks to the corresponding mode shapes.
The identification ~ system based on dynamiC g itaple " modal frequencies are chosen for the
measurements  is  subdivided into the modules jjentification. Furthermore a maximal K/&s defined as
measurement unit, simulation unit and the real it for valid dies based on the measurementsoohies
identification module with the submodules peak yo,en devices. Devices with a bigger EIE have defects
detection, polynomial approximation and optimizatio not implemented in the FE model like etching errams!

The automated identification process can be 4o declared as faulty dies. The identification m#nown
controlied by the parameters but constant model parameters like stress is ddttenw

The EIE reflects the measurement and modeling errors
and can be considered as a quantity of the ideatidin
accuracy. Typically EIE values depend on the number of
identified parameters and the sensor type respmigtilie
corresponding FE model.

3. IDENTIFICATION ALGORITHM

» Polynomial approximation accuracy, the characterization mode t0o.
e Sensor parameter range and
« Maximal Estimated Identification Error (EIE) q N ( N ( h q )
(9] Tl (9]
= 5@ < Static =
“é g 09 g displacement v g
Measurement FE simulation s 9 =2 w £ o
unit S 3 T © o= o 3
asl|2s = Pressure ‘ 8
Frequency Parameter £ e T sensitivity €
response matrix n
(8 J O J J (S J

Figure 5: Correlation of dynamic and static measurenents
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detection B | Based on the results of the characterization mode
measurements of full wafers are done in the wadet t
mode. With regard to a minimal measurement time 2-3
measurement points are chosen. In the current
configuration the measurement time per die is al2e8t
seconds. An improvement of the communication betwee
prober and measurement system should reduce the
Sensor measurement time to 1 second.

parameter The output voltage respectively pressure sensitigity
not reflected directly in the measured modal fremigs.
Figure 4: Identification structure Like shown in Fig. 5 the pressure sensitivity is et

by the identified sensor parameters by means détic s
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FE model on the one hand. On the other hand thetdire  In such a case a recalculation of the parameterixnat
measurement of the static parameters permits theobtained by FE simulation with closer reference t®is
correlation of both measurement methods. indicated.

3.1. FE modeling and simulation 3.3. Peak picking

A common pressure sensor FE model implemented inThe measurement system provides a frequency response
Ansysis the base for different simulations — a modal, a of the membrane structures. Two different peak pigki
static and a harmonic analysis. algorithms were investigated with respect to spaed

The modal analysis is a nonlinear prestressed oae durobustness — a fitting by a nonlinear least square
to the stress in the passivation layer. In casethef algorithm with Gaussian or Lorentzian functions and
relative pressure sensor the modal analysis iopeed conventional local maximum search algorithm. Du&to
with the membrane thickness and the stress asnepryi faster peak detection the local maximum searchrisfoo
parameters. The parameter matrix obtained by theis implemented in the submodule.
simulation is the base of the identification praoed

The static analysis is done with regard to the 3.4. Optimization and parameter adaption
membrane displacement and the stress distribuiaretl
as the correspondingly piezo resistor changes. Identified peaks do not correspond necessarily with

An additional harmonic analysis is done in order to modal frequencies due to stochastically occurringyn
investigate the influence of the lateral electrpdsition peaks. The unique assignment of modal frequencies to
to the modal frequency value. Due to the small dagyp frequency peaks is done within the linear optiniirat
the modal frequencies can be considered indepdgdent where the minimization of the EIE is the objective
from the lateral electrode position which was conéd function.

by measurements. The submodule yields the sensor parameter and the
corresponding EIE values. Furthermore a failure $it i
3.2. Polynomial approximation initialized if the parameter or EIE limits are exceed

The parameter matrix given by the FE simulations is 4. APPLICATION EXAMPLE — RELATIVE

polynomially approximated with regard to a fast and PRESSURE SENSOR

accurate parameter identification by the least mxjua

method. Measurements are done at relative pressure senbers
The polynomial approximation results usually in the membrane is processed by KOH etching. For the

polynomials of higher orders. In case of an identification 200 stochastically chosen dies aleded

approximation of frequencies versus sensor paramete with a membrane size of 1300umx1300um. The

the polynomials of higher order will cause a time membrane is covered by a passivation layer witlersdy

consuming nonlinear optimization. The inverse sublayers.

approximation — parameters versus frequencies idseo

nonlinear optimization. In case of the presented-tw 4.1. Identification by dynamic measurements

dimensional problem the automated approximationligs

in a set of polynoms of"2 degree for each of the six Two types of parameters to be identified can be

frequency combinations (four modal frequencies are distinguished. A constant but unknown FE model

used) parameter is the stress in the passivation layéchwis
zi = Gao+ Gufi1+ Gaofiz + Gaafiafiz + Gaafis® identified within the characterization mode. On ttker
+G15fi22 + Gaefin?fio + Ga7firfio® + Gasfiafio? hand there are parameters which vary due to the
S = Goo+ Goifi1 + Goofiz + Gosfitfio + G2afit? fabrication process like the membrane thicknesserAf

the measurements of some test chips it seemethtbel
membrane dimensions have to be considered too éy th
identification process [4]. The measurements of die@
did not approve that so the membrane thicknes$es t
unigque process varying parameter to be identified.
Depending on the number of measurement points up to
10 modal frequencies can be measured in the freguen
range until 1MHz. With regard to a minimum numbér o

+a25fi2% + Gosfiafiz + G2rfiafiz? + azsfia?fiz?
with z as membrane thickness andas stress of the
frequency set i.

Based on an user defined accuracy (default value
0.1%) the degree of the polynomial is selected hmy t
approximation module. A warning is generated by the
module if the required accuracy is not reached ror a
oscillation occurs between the calculated refergmdets.
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measurement points in the wafer test mode thetfirse peaks (type 1). The second group of faulty dies dras
modal frequencies are used for the identificati unsymmetric membrane probably due to an etchiray.err

x10*
File: 90807AAWO1_ 048 5vd =108k
_ |
f,,=231 kHz| |
— |
f, =330kHz| |
|

f[kHZ)

Figure 7: I\_/Iea_sured shape of 2nd modal frequency Figure 6: Frequency response of a valid die
(characterization mode)

Such an unsymmetry reflects in the splitting of 2ffeand

the 3 modal frequency, whereas th&" 2zand the %
frequency of a quadratic membrane vary only inphase

but not the frequency value. The identification atls
defect dies is realized via the maximal EIE criteRar
security reasons all defect identified membranes ar
checked by an additional mode shape test. The fdrm o

the mode shapes approved the classification asctdefe

Fig. 7 shows the identification results of the mesnie
thickness including a passivation layer of 4um. The
corresponding EIE of regular dies is less than 0.25um
within the characterization mode the EIE limit foulty
dies is defined at 0.25um. Hence the relative awyuis
about 2%. The EIE reflects beside the measurementerro
model simplifications too. The FE model handles the
passivation layer as a constant one, parametergeBan .
due to technology reasons are neglected. This modefj'es'
simplification causes a relative large kl&ue to relative
large ratio passivation versus membrane thickngss.
opposite to relative pressure sensors the passivati
versus membrane thickness ratio of absolute pressur
sensors is much lower (1um/19um) which yields to an
EIEy of 0.5% (0.1um absolute).

4.2. ldentification by static measurements and data
correlation

Static measurements are done with an applied peessu
from O to 0.5 bar. The bridge output voltage and
deformation are measured simultaneously which is
Defect dies (type 1) | possible due to the glass at the top of the pressuzzle.

A it T T |

16.5

Z [um]

aT T T

16

|
| |
1 |
[ |
[ |
[ |
|
| | | |
| | | |
155 ; ‘ ‘ ‘
0 20 40 60 80 100 120 140 160

Defect dies (type 2) ‘
T T

Figure 9: Measured z displacement by applied presse

I

:

~ — - — — L —

|

|

‘ , ,
o 20 40 60 80 100 120 140 160 The measured static parameters are compared with the

Die number simulated one determined by the dynamically iderdif
Fi 8: Identified b thick q di sensor parameters. In Fig. 10 a membrane thickokess
gure ©. identified membrane thickness and correspnaing 15.3 um is identified for die #35. Based on thentified

EIE val . . . .
vale thickness the bridge output voltage is simulated aby

The defect membranes identified by the system can bestatic analysis which shows a good correlation betw
classified in two categories. Dies without a membra simulated and measured voltage after the adaptation
like edge dies are easy to detect by the missegugncy  piezoresistor parameters like effective implantatiepth.
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The difference between measured and simulated eoltag Systems Integration 200Editor T.Gessner, VDE

is less then 10% within all investigated 150 dies. Verlag, 2007, pp. 321-328

0l4r-----7--——-F5--—-—-——-—-—-—--- e
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Figure 10: Measured bridge output voltage versus siulated
one by identified parameters (die #35)

5. CONCLUSIONS

The measurements showed that both types of
identification are well suited for the applicatiam the
production process due to their accuracy and spHeal.
dynamic measurements enable the identification of
several geometric parameters whereas the static
measurements provide only one but the interesting
parameter sensitivity. The preferred identificatioathod
depends therefore from the sensor type and theegtieg
parameters.
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