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Abstract 

Integrated micro electro mechal~ical syste~ns (iMEMS) include sensors, actun- 
tors and circuits ~nrtde by silico~l IC: tech~lology conlbined with rnicromachia- 
ing, depositio~t or electroplating, We present two esse~ltial iMEMS development 
tools: 
(i) the data base ICMAT of ~naterial parameters obtained fro111 measurillg 
process-dependent IC thin film electrical, magnetic, thermal and n~echatlical 
properties by usillg dedicated lnaterials characterisatioll ~nicrostructures and 
(ii) the toolbox SOLIDIS, providi~lg coupled nulnerical modelling of the elec- 
trical, magnetic, thermal and nlechanical phenoi~lella and their boundary and 
interface co~lditjons occurring in iMEMS devices in a uniforni and collsistellt 
etlviro~l~ne~lt.  

Micro Electro Mechanical Syst,eins (MEMS) inclltde nlicronlacl~ined structures with 
~l~ecl~anical ,  t,llernlal, nlagnet,ic and flnid effects for sensors and actuators. Integrated 
Micro Electro Mechanical Syst,ellls (iMEMS) combine MEMS with int,egrat,ed  circuit,^. 
Our approach to iMEiVIS is to combine industrial CMOS or bipolar IC t,echnology 
wit,ll bulk or surface micromacl~ining, thin film deposition or elect,roplatillg [I]. In- 
tegrated tl~ernloelectric, magnetic, nleclianical and chenlical microt,ransdncers have 
l~een dellionst,rated in this way 121-171. 

Design and siniulat,ion of ilWEIWS devices requires precise knowledge of process-depen- 
dent nlat,erial paramet,ers, sncli as resisdivity and its temperature coefficient,, thermal 
conductivity, heat capacity, Seebeck coefficient,, st,ress, Young's modnlas, and Pois- 
son's ratio of all IC layers (which include the  liet tall is at ion and polysilicoil layers, the 
field, contact and via oxides, t,he st,andard passivation) and any additional layers such 
as silicon nit,ride passivat,ion for sensors. In Sectmion 2, we report how these nlaterial 
properties are measnred for a variet,y of indl~st~rial CMOS IC processes by designing 
material characterisation nlicrost,rnctures fnbricat,ed by tthe correspoilding IC process. 

111 efficient zMEMS devices, magnet,ic, t,l~ermal or mechanical vect,or fields couple 
strongly (and often nonlinearly) to "ordinary" IC electrical propert,ies. Thus iMEMS 
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siinulation goes beyolid seiniconduct~or device nlodelling based on soine approxinlatioil 
of Boltzinann's equat,ion 181. In Section 3 we report t,he iMEMS siinulation toolbox 
SOLIDIS, which includes equations describing the various reversible and irreversible 
transducer effects and their coupling 191. Specific sinlulation results are reported for 
a ther~noelect,ric cl~aracterisation device, a CMOS nlicroinirror and a nlicrolllagiletic 
flux concentrator. There is a "bootstrap" connect,ing Section 2 and 3: Modelliilg 
allows the validation of the materials characterisation inicrostructures. In turn, t,he 
simulation can be validat,ed by coinparison witah t,he measured inaterial properties. 
The latter serve as input parameters for realistic iMEMS device sinlulat,ion and opt,i- 
misat,ion. 

2. IC Material Properties 

Thermal properties of IC thin filnls depend on their fabri~at~ion process. The layers 
being ~haract~erised must be produced with the same process as the corresponding 
inicrodevice layer. We therefore use characterisation inicrostructures fabri~at~ed with 
the IC process used for the fabrication of illicrotrailsducers [lo]. Such IC colnpatible 
microstructures are sinaller than 500 p m  and have been successfully used for the 
determination of therinal conductivit,ies [ l l ,  121 and t,he heat capacities 1131 of CMOS 
layers, and of transport coefficients of CMOS polysilicon [14], such as its Seebeck 
coefficient. 

IC coinpatible characterisation st,ruct,ures exploit ideas implemented in microsensors, 
such as inicronlachined dielectric beains and int,egrated CMOS polysilicon resistors 
and thermistors. In contrast to sensors opt,inlised to transduce an external signal 
into the elect,rical domain, t,he struct-ures have to sense a property of one of their 
constitutive materials. Cross-sei~sitivit~ies to ot,her properties are suppressed by suit,- 
able design optrimisation. Validation and optilnisation of a therinal s t r ~ c t ~ u r e  with 
nuinerical siirlulat,ion is described in [15]. A further case is detailed in Section 3.2. 

2.1. Therinal and Electronic Properties of CMOS Layers 

As an exainple we describe the measurement of t,he Seebeck coefficient of CMOS 
polysilicon, a parameter of therinoelectric CMOS sensors [I]. The test structure is 
shown scheinatically in Figure 1. It  consist,^ of a microinachined cantilever and lat,eral 
arms co~nposed of the sandwich of diele~t~ric CMOS layers. Microinachining is made 
possible by suit,able layout design of the field, contact, via, and pad masks. Cuts 
through the corresponding layers allow t,he silicon to be ailisotropically etched away 
and the st,ructure t,o be undercut. A micrograph is shown in Figure 2. 

At its tip the cantilever contains two CMOS polysilicon resistors. The one closer to 
the end serves as a l~eat~er. The other resistor is used as a thermistor to determine 
the teinperature at  the free end. A rectangular polysilicoil fill11 to be characterised 
is integrated into the dielectric sandwich between t,he hot cantilever tip and t,he bulk 
silicoil die. The polysilicon is contacted at  its hot and cold ends with the lower 
CMOS metal. When electrical power is dissipat,ed in the heater, a therin~elect~ric 
voltage Uth = crAT is ineasured between these t,wo contacts, where a is the Seebeck 
coefficient sought and AT is the teinperature difference between the hot and the cold 
contacts of the polysilicon. The elect,rical measurement of Uth is straightforward. 
For the accurate deterinination of AT we improved t,he geoinet,ry of earlier versions 
of t,he test struct,ure [14]. One iinproveinent is the integration of a teinperature 
s ino~t~hing CMOS metal layer, that extends the hot polysilicon contact beyond the 
teinperature inonitoring resistor. With this test structure we have shown t,hat t,he 
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Seebeck coefficient of t,he standard gat,e polv of three coininercial CMOS processes is 
in the range between 108 and 120pV/ K I I 1. 

T lnonttor Heatel 

S~llcon substlute 
-- 

a Etched cavlty 
D~tlectncs 

Poly layer 

Poly heaters and Metal layers 
temperature senson 2 Metal lead 

Figure 1. Schematic top view (left) and 
cross-section (right) of CMOS charac- Figure 2. SEM micrograph of the 
terisation structure to determine the micromachined Seebeck test structure. 
Seebeck coeficient of the gate or capaci- Heater and temperature monitoring re- 
tor polysilicon for CMOS mzcrosensors. sistors are integrated between the lateral 
The Seebeck coeficient is rncosured be- connectzon arms. 
tween To and To + AT. 

Table I. Sheet resistance p ,  temperature coeficient of p ,  Seebeck coeflcient cr and 
thermal conductiuzty K~,,  of conductzng layers of the 1.2pm CA40m? process of Austria 
Mikrosysteme ( A M S )  at 300K. 

Propert-y I n,,, 1 Laver ( W I r n K )  I ( J ~ r n - ~ K - l  

Property 
Layer 
n+-Poly 
p+-Poly 
Metal 1 
Metal 2 

Table II. Thermal conductivity K ~ , ~  and heat capacity c of dielcctric thzn films of the 
AMS  1.2pm CMOS process at 300K. 

TC of p 
( p p i l z K - ' )  

860 f 30 
- 1 4 0 4 5  
2960 4 100 
3010 4 100 

p,, 
(IO-3Rcm) 
25 f 1 
215 f 5 
65 f 0.7 
36 f 0.4 

Similar therinal test structures provide the therinal conduct,ivit,ies and heat capacities 
of CMOS layers. Sheet resistances and t,elnperat,ure coefficients (TC) of resistailce are 
iiieas~~red with van-der-Pauw ~t~rnctnres. In our lab~rat~ory,   measurement,^ of nlaterial 
propert,ies are systeiilatically perforined between 100 and 420 K t,o obtain t,eiliperature 
coeficients and to allow bet,t,er understmanding of the process dependence of the prop- 
erties. Experiiilental thermal and electronic properties of filnls of the CMOS process 
of EM Microelectroilic Marin, Aust,ria Mikrosyst.eme (AMS) and European Silicon 
St,ruct,ures (ES2) were nlertsured. ,4s an exatnple, resulbs of AMS' 1.2pm CMOS 

0 - a,w,tl 
(pV/K) 
-120 f 5 
1 9 0 f 1 0  
0 

K ~ I ,  

( W J 7 n K )  
24 f 1.5 
1 7 f 1 . 5  
181f 8 
166 f 8 
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process are shown in Tables I and 11. The thermal conductivities of polysilicon and 
inetal layers deviate strongly froin bulk values. Such deviations show t,he iinportailce 
of characterisiilg thermal inaterial properties relevant for iMEMS. 

Thin filin I 0 (MPa) I E (GPa) 1 v 
LPCVD silicon nitride 1 1040 f 30 1 195 f 6 1 0.13 f 0.02 

I PECVD silicon nitride ~assiva- I 82 f 5 
I I I 

1 97 f 6 1 0.13 f 0.07 

Contact oxide 
- Intermetal dielect,ric standard 
~assivation 

I tion for CMOS sensors 

Table III. Stress u ,  Young's modulus E and Poisson's ration v of the dielectric layers 
of the 2pm CMOS process of EM Microelectronic Marin, used for the fabrication of 
microsensors and actuators. 

-40 f 10 
-37 5 6 

2.2. Mechanical Properties of CMOS Layers 

Mechanical thin film properties of the 2pm CMOS process of EM Microelectronic 
Marin (EM), Switzerland, were deterinined using the bulge test. This method has 
previously beell applied to ineasure the residual stress a and the elastic modulus E of 
polymer filins [16, 171, and of CVD silicon nitride and polysilicon [18]. It exploits t,he 
load-deflection behavior of t.11iil film membranes, as shown in Figure 3. The mid-point 
deflection W of t,hin ~neinbranes under unilateral pressure P is described by 

20 f 10 
65 f 5 

where hi, a;, v;., and Ei denote the thicknesses, the stresses, the Poisson's ratios and 
the elastic inodnli, respectively, of the nieinbrane coinpoilent layers, and a denotes a 
linear dimension of the membrane. The constants C1 and C2 and the function f (v) for 
square, rectangular, and circular ineillbranes have been calculated with finite elelllent 
and ana1yt)ical nlethods 1191. Iinplicit in the equation is the ass~uinption that the 
contribution of ineiilbrane bending to the total energy is negligible. This condition is 
fulfilled by sufficiently thin and tensile meiiibranes. 

0.5+::: 
0.2 f 0.2 

We produced nieinbranes containing the layers to be characterised using the standard 
CVD dtposition conditions of t,he CMOS process. The ineinbranes are coillposed of 
a 1680 A thick, tensile base layer of LPCVD silicon nit#ride, on top of which standard 
thickness laysers of eit,her t>he contact oxide, the interineta1 oxide, or a 2.08pm thick 
nitride passivation layer optiinised for CMOS inicrosensors were deposited [2]. After 
the CVD steps, rectangular meinbranes with sizes up to 2 m m  and side ratios of 
1:1, 1:2, and 1:4 were produced by silicon inicroinachining in KOH. During the etch 
the wafer-fronts were mechanically protected. Pressure-dependent deflections of the 
ineinbranes were iiieasured with a cont~actless surface profiler. 

Figure 4 shows the mid-point responses of various LPCVD nitride nleinbranes with 
a side ratio of 1:4. First the silicon ilit,ride properties were obtained with single layer 
membranes. Based on these values, the mechanical properties of the second thin filin 
in the bilayer nlenibranes were then determined. Results are listed in Table 111. The 
contact and int,ernletal diele~t~rics are under coinpressive st,ress, whereas t,he nitride 
layers are under tension. Poisson's ratios of both nitrides and the contact oxide show 
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a significant deviat-ion fro111 the values of 0.25 t,o 0.3 usually assunled in t,he litmeratcure. 
Clearly, the deterillination of Poisson's ratio of thin films deserves illore at,tent,ion than 
it has l~ithert~o received. 

hi Silicon nitride CMOS dielectric 20 

\ 
Membrane Silicon 

/ 

Figure 3. Micromechanical membrane Figure 4.  Deflection of rectangular 
to determine mechanical thin film para- membranes with side length ratio 1:4 
meters (a) After fabrication and micro- as a function of applied pressure. The 
machining, ( b )  Deflection under pres- membrancs consist of 1680 A silicon ni- 
sure load. tride. 

3. iMEMS Modelling and Simulation 

Sensor and actuator development using industrial IC processes places tight limits on 
device performance. Modelling and siillulat,ion is iniportant for the purposes of device 
optimisation, and understanding the detailed device operation principles. Simulations 
must be representative of the pl~ysical processes and provide sufficiently accurate pre- 
dictions of sensitivity. High performance simulation requires three key elemei~t~s: (i) 
precise knowledge of inaterial properties and device geometries, (ii) accurate (self- 
correcting) nuinerical solution inet,hods and (iii) correct niodel syst,ems (physical 
inodel equations, geometry, boundary 'and interface conditions). The operation of 
iMEMS is governed by one or more of a large variety of coupled physical effects. 
A functional tool establishes consist.ent solutions, and  support,^ extensions when re- 
quired 19). Wit,ll t,hese prerequisites, simulation significantly reduces the nunlber of 
prototypes required for the development process. 

3.1. The iMEMS Siiilulation Toolbox SOLIDIS 

SOLIDIS addresses the siinulation of coupled effects that arise in sensor chips and 
in packaged solid-stat,e sensors and actuat,ors. It conlprises a set of computat,ional 
kernels and interactive visualisation front ends. Each kernel inlplelnents a hybrid 
finite elenlent di~cret~isat~ion [20] of a t,ailored set of partial differential equat,ions. A 
scalar field $(i) and its associated vect,or field $(z) are separately appr~xiiilat~ed over 
the dolnain covered by a mesh of finite elelilents and nodes: 
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The subscripts are associated with mesh nodes. The Si(rc') are t,he scalar basis func- 
tions and < ( i )  are vector basis functions. The pi and f ,  are scalar weights. For 
an equation of the forin * . = p(?), with $ = ~ ( i ) b $ ,  where p(Z) and P(Z) 
are parameters1, we write two weighted residual equations, each integrated over the 
sirnulation donlain R,  

After substitution of the expansions for $ and 6 and some standard manipulations we 
obtain two discrete matrix residual equations A f + B p = 0 and BT f - r = 0 .  After 
elinlinating f we obtain BTA- 'B  p+ r = 0.  This is the equation to be assell~bled and 
solved for the nodal degrees of freedoin p, froin which f is co~nput~ed. This hybrid 
inethod ensures better coinpatibility between $J and 6 than with a conventional finite 
elenlent inethod, and bears fruit when used in conjunct,ion wit,h mesh adaptivity 
coiivergillg t,o spatially accurate solutions, and when discretising coupled effects that, 
require accurat,e distributions of 5. 

3.2. Characterisation Device Modelling 

We next consider a device for nleasuring t,he Seebeck coefficient of a BiCMOS polysil- 
icon layer, as described in Section 2.1 and Figure 2. One modelling goal is to nlinilllise 
external influences and st,ray effects. Accurately resolved field dist,ribut,ions and fluxes 
in 3D are therefore essential. 

For the simulat,ion we model half of the geoinetry of the beam structure, taking 
advant,age of t,he beam's syin~~~etrical  layout (Figure 5). The device is operat,ed in 
vacuum. Its sinall size ensures negligible heat loss through radiation. The thermal 
conductivit~ies are t,aken froin Tables I and 11. The power dissipated is accounted for 
in all conductors with resistivities t,aken fro111 Table I. 

310.5 K 

Figure 5. Part of the 3 0  mesh used for 
the modelling. The passivation, inter- 
metal oxide, contact oxide, and the alu- 
minium covering the heater and tem- 
perature sensor, is removed for clarity. 
The mesh has 15,869 finite elements 
and 20,112 nodes. 

'Not,e t,hat we are not rest,rict,ed t,o t,his part,ic 

Figure 6. The temperature contours on 
the upper surface of the mesh depicted 
in Figures 5. ST between contours is 
0 .3K.  On the polysilicon Th = 310.2K 
and To = 300K.  Note the uniform tem- 
perature distribution over the tempera- 
ture sensor. 
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Modelling was used t,o verify the device function, and quai~t~ifyd stray effects arising 
from t,he current-carrying arins connect,ed to the free end of t,he beam. Figure 6 
indicates the effectiveness of the aluminium sheets in providing a low-resistance path 
for the generat,ed heat int,o t,he polysilicon beam, and for averaging t,he teinperature 
profile over the meandering thermometer. The computed temperatmure drop over t,he 
beam is 10.2 K. The resistor is only 0.12 K hotter than the hot end of the polysilicon, 
and uniforin to within 0.05 K. Thus all assuinptioi~s regarding t,he teinperature 
measurement (see Section 2.1) hold. 

F - 
I] 
* 
3 

The three faces 

symmetry planes 

Figure 8. The mesh of 118 of the in- 
Figure 7. The mesh of the integrated tegrated microconcentrator (dark shad- 
micromirror, with the temperature dis- ing). Above right is the magnetic in- 
tribution over the surface (most oxides duction flux distribution over the tip of 
and nitrides are removed) and in the the magnetoconcentrator. Above left is 
mechanically deformed ( x 30) state. the measured BH curve of the permal- 

loy. 

3.3. Sensor and Actuator Modelling 

I11 the t l~e r ino i~~ec l~a i~ icd  ~nicronlirror actuator [6], Joule heat is dissipated in a polysil- 
icon resistor within the mirror's suspension beains to generate a local temperature rise. 
This results in therinal expansion of the beam's materials. The difference in thermal 
expansioa  coefficient,^ causes bending of the bean1 (also called the inultin~orph effect) 
and hence deflection of the mirror. A principal target is t,o obtain maximum mirror 
deflection for given input power. It is also essential that the mirror does not warp 
during actuation (see Figure 7). Finally, effect,s due to inask inisaligninent - causing 
asyininetry in t,he deflection - inust be ininiinised. The siinulations rely heavily on 
knowing the thermoelectric and mechanical properties listed in Tables I, I1 and I11 
accurately. A full st,udy is presented in (211. 

For t,he integrated inagnetic flux concentrator [3] in Figure 8, a thin layer ( 5 p m )  of 
perinalloy is electfroplated onto the surface of a chip and serves t,o focus the inagnetic 
flux onto a inagnetotransistor. The saturative nature of the perinalloy is a source of 
nonlinearity. Saturat,ion is a local effect - the coilcentrator causes large variations in 
inagnetic field intensity. A coarse mesh of 20,000 finite eleinents underestimates the 
concentrated flux density and smoothens the saturation curve of the device. Nuiner- 
ically, large finite eleinent,~ are driven uniforinly into sat,uration, whereas this should 
only happen for a sinall sub-region. Adaptive mesh refinement leads to ineshes in the 
region of 80,000 finite elements. A full numerical study is presented in [22]. 
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4. Conclusions 

In this paper we deinonstrat,ed a variety of cliaract,erisat,ioil microstruct~nres for nlea- 
suring process-dependent electrical, t,l~erinal and mechanical propertries of IC layers 
used in iMEMS devices. The resulting data base ICMAT in co~nbination with the 
siinulation toolbox SOLIDIS, also presented here, allows precise and efficient nunier- 
ical nzodelling of a wide variety of tMEMS devices and thus provides a crucial t.001 
for resource-efficient prototyping. 

Fut,ure  measurement,^ will aiin at additional coupling parameters, e. g. therinonie- 
chanical and piezoresitive coefficients. The extension to further CMOS processes 
involved in iMEMS inanufacturing is a i~ot~l~er  obvious t,ask. This will lead t,o a set of 
standard characterisation inicrost~ructures to be added t-o t,he conventional IC process 
t,est st,ruct,ures. Likewise, u~odelling will be ext,ended tlo further coupling effects such 
as convect~ion, the piezo-electric coupling and the Peltier effect. It is iinperative that 
the mutual validation of charact,erisat,ion st,ructnres and inodelliilg tools is inaintained 
for any reliable exteizsion of ICMAT and SOLIDIS. 
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