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Abstract

Voltage references are fundamental building blocks in many instruments like
data logging systems, digital multimeters, and calibrators. State-of-the-art DC
voltage references are large and expensive Josephson voltage standards,
operated at cryogenic temperatures. On the other hand, small and affordable
Zener diodes are noisy and require temperature compensation, so there is a gap
to be filled between these devices. The situation regarding AC voltage
references is even worse. There are no references fundamentally based on AC,
beside the AC Josephson voltage standard. Usually AC references are based on
generating an AC voltage from DC, and respectively, an AC voltage is measured
by converting it to DC. Hence, a small and affordable MEMS based AC voltage
reference would be a very unique device.

The excellent mechanical properties of silicon microelectromechanical systems
(MEMS) have been demonstrated in many commercial applications. Currently
the performance of the components is limited by electrostatic instability
phenomena and mechanical stress effects arising from component mounting and
packaging. However, when these problems are solved, new application areas
open up for micromechanical components, for example, in voltage metrology.
The stability of a MEMS based voltage reference is ultimately based on
mechanical properties of one of the most stable materials: single crystal silicon.

This dissertation reports a DC voltage reference and an AC voltage reference
based on the pull-in voltage, a characteristic property of an electrostatic MEMS
component. First a brief introduction to voltage metrology and MEMS is given,
then methods available for making MEMS based voltage references are
discussed, and finally results are presented. The results are divided into three
Sections: design and manufacturing of the components, readout electronics, and
measurement results of the reference long-term stability.



The stability of the reference voltage is of major importance in metrological
applications and it is studied both theoretically and experimentally in this work.
A detailed analysis of the electromechanical coupling of MEMS components is
presented. Due to the lack of an appropriate text book, a majority of the formulas
are derived from the basic equations by the author, including also those
presented in the Methods Section. Component manufacturing, design and
materials choices are also discussed focusing on the stability issue.

In the experimental part of this work a DC voltage reference and an AC voltage
reference were designed, manufactured and characterized. Also two MEMS
moving plate capacitors were designed: one optimised for use as a DC reference
and the other optimised for use as an AC reference. The capacitor electrodes
required metallizing which could not be manufactured using the existing
processes. Hence a new silicon-on-insulator (SOI) manufacturing process
utilising low temperature fusion bonding was developed.

The stability of the AC voltage reference presented in this dissertation is at
ppm-level (10°). This level of performance is sufficient for several applications
and outstanding compared to results published earlier for MEMS based voltage
references. In the beginning of this work, a slow electrostatic charging effect of
the MEMS component was the major factor limiting the device stability. The
charging was significantly reduced by using AC voltage (instead of DC) to
actuate the component to the pull-in point. However, even in the absence of an
external DC voltage, there is an internal DC voltage due to the component built-
in voltage. AC voltage actuation together with built-in voltage compensation
removed the charging effect in the first order and reduced the drift of the
reference below 2 ppm during the three week measurement period. The next
challenge is to improve the component mechanical stability including the
reduction of the component temperature coefficient. Before commercialisation
component mounting and hermetic packaging need further attention as well.

Also, the DC voltage reference showed a significant improvement compared to
results published earlier. In addition to the actions mentioned above, the DC
voltage reference would still require improvement in the feedback electronics.
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Tiivistelma

Mikroelektromekaanisiin = systeemeihin, eli MEMSiin, perustuvat jannite-
referenssit ovat ainutlaatuisia sekd ominaisuuksiltaan ettd toimintaperiaatteel-
taan. Ne ovat pienid ja tarkkoja, ja niilld on hyva hinta-laatusuhde. Referenssin
toiminta perustuu mikromekaanisesti valmistettuun levykondensaattoriin, jonka
toinen levy on ripustettu piijousien varaan. Levyjen véliin kytketty jénnite pyrkii
ladhentdméén levyjd toisiinsa, kun taas piijousi vastustaa téitd liikettd. Voima-
tasapainoa levyjen vililld voidaan kuvata massa-jousi-vaimennin-mallilla ja silld
on kaksi keskeistd ominaisuutta. Sdhkostaattinen voima levyjen vililld on
verrannollinen jénnitteen neliodon, eli sitd voidaan kayttdd todellisena
tehollisarvomuuntimena. Lisdksi kondensaattorin ulostulojénnitteelld on maksimi,
jota voidaan kdyttdad stabiilina jannitereferenssini, silld sen arvo riippuu vain
yksikiteisen piin materiaalivakiosta ja jousen geometriasta. Koska referenssi-
jénnite on samalla myos kéédnnepiste, ohjausjénnitteen pienet vaihtelut eivit
vaikuta referenssijannitteen arvoon ensimmaiisessé kertaluvussa. Ndiden ominai-
suuksien ansiosta MEMS-jannitereferenssit tulevat haastamaan olemassa olevat
jannitereferenssit, esimerkiksi Zenerdiodit.

Viitoskirjassa tutkitaan sekd teoreettisesti ettd kokeellisesti kahta jannite-
referenssid, joista toinen on suunniteltu tasajinnitteelle ja toinen vaihtojénnit-
teelle. Molemmille suunniteltiin omat MEMS-komponentit. Niiden suunnittelu,
valmistus ja ominaisuudet on kuvattu yksityiskohtaisesti samoin kuin referens-
sien lukuelektroniikat ja valmiiden laitteiden ominaisuudet. Erityisesti huomiota
on kiinnitetty referenssien sdhkdiseen stabilisuuteen, joka on myds nykyisin
kaupallisessa tuotannossa olevien MEMS-komponenttien ongelma. Viitostyon
merkittdvin saavutus on MEMS-komponenttien séhkdisen stabiilisuuden paran-
taminen tasolle, joka mahdollistaa niiden hyddyntimisen vaativissa metrologi-
sissa sovelluksissa. Néitd innovaatioita, samoin kuin tydssd kehitettyd uutta
valmistusmenetelmds, voidaan geneerisesti hyodyntdd myos muihin MEMS-
sovelluksiin.
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1. Introduction

1.1 MEMS

The acronym for Microelectromechanical systems, MEMS, lacks a definition,
but it is used to describe simultaneously a toolbox, a physical product, and a
methodology all in one [1]. Typical MEMS products are mechanical actuators,
sensors and other devices, which are microscopic in scale and are fabricated by
integrated circuit technology. The operation principle of these components can
be based on various physical phenomena and the sensors can be thermal, optical,
mechanical, magnetic, etc. [2]. The devices may be either independent
components or integrated into circuit devices. Microsystem technology (MST) is
a platform which enables manufacturing of MEMS components characterised for
their small size, low cost, low power consumption, reliability and integrability
with electronics.

Currently MEMS components are applied in communication technology,
automotive and transportation industry, medical and biological technologies,
environmental control, etc. Hard disc drive read/write heads, inkjet printer
heads, accelerometers and pressure sensors are the traditional mass market
applications. Today an average car comprises more than 50 sensors, luxury
models more than 100 sensors, and roughly one third of them are based on MST
[3]. MEMS accelerometers are applied as air bag inflators, in Antilock Braking
Systems (ABS), and in Electronic Stability Programs (ESP). MEMS based
angular rate sensors or gyroscopes measure rotational motion about vertical axis
(yaw rate) or longitudinal axis (rollover) of vehicles. Manifold absolute pressure
sensors are also employed in the air intake manifold, where they measure the
engine load by detecting the sub pressure as well as the turbo charge pressure.

Accelerometer and pressure sensors based on MEMS usually exploit
micromachined beams, membranes or cantilevers. The movement is detected
either capacitively or piezo-resistively. The advantages of these structures are
that there is no mechanical contact causing wearing, damping can be controlled
with the residual gas pressure inside the component enclosure, the characteristics
of the components are predicted by conventional mechanical theory, high
resonant frequencies and hence large band-widths are obtainable. The challenges
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are sensitivity of microstructures to mechanical stress and fairly low capacitance
values which require careful design of the readout electronics.

MEMS sensors are not only miniaturized mechanical sensors because scaling
down in dimensions (d) results in stronger electrostatic force which scales as d .
A direct consequence of this is that the voltage level of capacitive transducers, as
well as resolution, is usually limited by the pull-in phenomenon, not by the
electric breakdown. The mechanical, the material and the electric properties as
well as the sensor readout electronics and manufacturing process are tightly
interconnected which makes the design of a MEMS component interesting and
challenging.

1.2 Voltage metrology

The volt is defined in the International System of Units (SI) as: ”The volt is the
electromotive force between two points on a conductor carrying a constant
current of 1 ampere when the power dissipated between the two points is 1
watt’[4]. Realisation of the volt depends on the experiments that relate the
ampere and the volt to the mechanical units of length, force and power. Before
the early 1970s Weston cells, based on electromotive force (emf), were used as
voltage standards. The Weston cell consists of a cadmium amalgam anode and a
mercury-mercurous sulfate cathode with a saturated cadmium sulfate solution as
the electrolyte. Drift and transportability problems limited their accuracy to
about 1 part in 10° (ppm) [5]. This accuracy was dramatically improved after
Brian Josephson discovered that electrons can tunnel in pairs (Cooper pairs)
between two superconductors separated by a thin insulating barrier in the
superconducting state. The Josephson effect was first used with the existing
Weston cell voltage standard to improve the accuracy of the measurement
constant 2e/h, where e is the elementary charge and 4 is the Planck constant.
Soon the single-junction Josephson cells, based on fundamental physical
constants rather than artefacts, replaced the electrochemical cells as voltage
standards. However, the disadvantage was that they could only generate very
small voltages, about 1 to 10 mV. The output voltage was increased by
connecting up to about 20 junctions in series, which was difficult because of the
junction non-uniformity. All the junctions required to be individually biased. In
1977, M. T. Levinson and colleagues showed that unbiased Josephson junctions
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would spontaneously develop quantized DC voltages when irradiated with
microwaves, opening the path to successful Josephson junction arrays [6]. Only
in the last ten years the junction technology has developed to the level which
enables output voltages of £10 V with common bias current in series-array
Josephson standards [5]. Currently the relative voltage uncertainty is less than
10” at 10 V level. National metrology laboratories decided in 1990 that the AC
Josephson effect is the representation of the volt and agreed that the value of the
Josephson constant 2e/h is Kj.990 = 483597.9 GHz/V.

1.3 DC voltage references

Voltage references are fundamental building blocks in a variety of instruments
operating over a very wide range of accuracies. Applications range from data
logging systems to digital multimeters (DMM) and precision laboratory
references. Many lower precision instruments, such as handheld DMMs, do not
employ separate voltage references. Their analog to digital converter usually
includes a voltage reference.

Voltage reference instruments are used by calibration laboratories to maintain a
local standard for voltage. Lower level equipment is calibrated against these
instruments. They are also used as a means of importing traceability from higher
levels within the traceability chain, usually the Josephson standard, which is the
state-of-the-art instrument today.

The key performance criterion for a voltage reference is the stability with time
and temperature, in particular the predictability of temporal drift, immunity to
effects of humidity and atmospheric pressure, and immunity to effects of
transportation in some applications.

Zener diodes and bandgap references are the most common DC voltage
references either used alone or as a part of an integrated voltage reference
circuit. A new reference device based on CMOS floating gate analog technology
has recently been introduced. General characteristics of these references and the
Josephson voltage standard shall be discussed next.
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1.3.1 Josephson voltage reference

The Josephson voltage standard is the state of the art voltage reference as
discussed in Section 1.2. The basic element of the reference is the Josephson
junction which consists of two superconductor electrodes separated by a thin
insulator layer. In a superconducting state, electrons are attracted to each other
and form bound pairs, Cooper pairs, which tunnel through the junction. An
applied DC voltage V across the barrier would generate an AC current at the
frequency f=2el/h, where e is the elementar’y charge and / is Planck’s
constant. During each cycle of the oscillation, a single quantum of magnetic flux
(h/2e) passes through the junction. It is difficult to directly observe this small
oscillation. However, if an AC current is applied to the junction, there is a range
of bias current for which the flow of flux quanta will phase-lock to the applied
frequency. An applied AC current of frequency f would generate a DC voltage
V, at the quantized values V,, = nhf/2e, where n is an integer. This effect is known
as the AC Josephson effect. The stability of the Josephson volt depends only on
the stability of f. In other words, a Josephson junction is a frequency-to-DC
voltage converter. The best devices today consist of 19 000 junctions and they
are able to produce a series of very accurate quantized voltages up to 12 V [6].

Josephson-junction-based voltage standard systems are rather expensive and
large devices mainly used by National Standards Laboratories to maintain the
local standard for voltage. They consist of microwave source and feed, cryostat,
probe, chip, and readout and control system. Microwave energy is fed into the
chip mounted in the probe’s chip carrier and the chip is cooled by liquid helium.

1.3.2 Zener diodes
1.3.2.1 Principle of operation

A Zener reference is based on the breakdown of a reverse biased p-n junction
[7]. Any reverse biased p-n junction has a small reverse current flow due to the
presence of minority carrier holes and electrons in the vicinity of the depletion
region. As the reverse bias voltage across the junction is increased, the carriers
acquire an increasing amount of energy between lattice collisions. At a certain
voltage, the breakdown voltage, the carriers have enough energy to create new
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electron-hole pairs in collisions with the silicon atoms. This is called the avalanche
process in which the current in a reverse-biased diode dramatically increases at a
certain voltage threshold. A resistor in series with the diode establishes a constant
current, allowing the Zener to operate as a stable reference voltage. The Zener
reference behaves as a typical shunt, or two-terminal, reference.

The operation of a Zener diode can also be based on Zener breakdown which is
different from the avalanche effect described above. The Zener breakdown
occurs only in very heavily doped junctions if the electric field is large enough
for a valence electron to make a transition form the valence band to the
conduction band. This process is a tunneling effect, but there is no multiplication
effect involved. Although the Zener breakdown mechanism is only important for
breakdown voltages below about 6 V, all breakdown diodes are commonly
referred to as Zener diodes.

1.3.2.2 Zener diode characteristics

Lower precision Zener references offer outputs in the range from 1.2 V to 10 V
with accuracies from 0.2% to 5%, and temperature coefficients in the range
between 10 ppm/°C and 150 ppm/°C.

The drawbacks of the low precision Zener diodes are the substantial noise
associated with surface effects, poor voltage tolerance and the dependence of
Zener voltage on current and temperature. To reduce these problems, two-terminal
and three-terminal reference circuits have been developed which include a number
of active devices to compensate the temperature effects, provide constant current
to the Zener diode, and buffer the output voltage, etc. [8].

1.3.2.3 IC Zeners

The best commercially available voltage reference integrated circuits (IC) are
based on burn-in and careful selection of the Zener diode component,
temperature-stabilized housing and integrated electronics.

The temperature stability of a Zener diode, which is about 0.5 ppm/°C, can be

improved by an order of magnitude by utilizing the component TO-package as a
temperature stabilized oven. A reference Zener, a temperature compensation
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transistor, a temperature sensor transistor and a heater resistor are all on a single
chip, which is mounted in a TO-package. An external circuit is required to
implement a temperature control circuit to maintain the chip at a constant
elevated operating temperature and supply a constant current to the reference
Zener. For example the LTZ1000/100A (Linear Technology) reference utilises
this technology and the temperature coefficient of the component is less than
0.05 ppm/°C and long term stability is about 1 ppm/year [8].

An even better way is to mount the whole reference circuitry in a metal box and
maintain the box at an elevated temperature. This enables a temperature stability
of £50 mC at room environment, but it is bulky, slow and has high power
consumption [8].

1.3.3 Bandgap references

Voltage reference circuits usually fail to provide small temperature coefficients
without a temperature control circuit, which is undesirable especially if small
size and low power consumption are desired. Instead of trying to control the
temperature of the circuit it is also possible to eliminate the temperature
coefficient by adding the reference voltage to another voltage that has a
temperature coefficient of the same order of magnitude but with different sign.
The bandgap voltage reference circuit is based on compensating the negative
temperature coefficient of a transistor base-emitter voltage Vg with a positive
temperature coefficient of the thermal voltage V1. The thermal voltage source is
realised using two identical p-n junctions having different collector current
densities Jc. The base-emitter voltage difference of these two transistors is
AVgg = kT/eln(Jc1/Jcy), were k is Bolzmann’s constant and e the elementary
charge and T temperature [7]. The temperature coefficients for Vg and for AVgg
are about -2 mV/°C and +0.085 mV/°C respectively at room temperature Tg.
When the positive temperature coefficient is multiplied with a constant K, about
23.5, the sum of these voltages has a zero temperature coefficient at 7 as shown
in Fig. 1. The bandgap voltage reference compensates only the linear term of
temperature coefficient and hence the temperature coefficient is zero only at one
temperature Tk. Nevertheless, fairly small, about 50 ppm/°C, temperature
coefficients are achievable with this technique.
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Figure 1. Bandgap voltage reference (vedrawn after [7]).

1.3.4 Floating gate technology

A new commercial reference device has recently been announced by Intersil
Corporation based on floating gate analog (FGA) technology, an extension of
non-volatile memory [9]. FGA technology is based on storing a precise charge in
a floating gate cell. The reference voltage is output from the buffered floating
gate voltage. The devices, as well as the amplifier circuitry, are manufactured
using CMOS process. The advantage of the FGA technology is that the reference
voltage is not determined by the breakdown voltage or bandgap voltage but can
be designed for a wide range of voltages.

The components are specified from 1.25 V to 5 V output with temperature

coefficients from 1 to 20 ppm/°C, accuracy from 0.5 mV to 5 mV, stability of
10 ppm/sqrt(1000h), noise of 30 uV p/p (0.1-10 Hz), at a 500 nA supply current.
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1.4 AC voltage references

There are only two voltage references, which are fundamentally based on AC
voltage, namely the AC voltage Josephson reference and the MEMS based AC
voltage reference described in this dissertation.

Usually AC voltage sources are based on generating an AC voltage from DC and
respectively an AC voltage is measured by converting the AC to DC. AC
converters are fundamental building blocks in a variety of instrumentation
operating over a very wide range of accuracies, like DC references discussed in
Section 1.3. The middle and lower accuracy devices are simple rectifier circuits,
which detect the signal peak values. The output is calibrated to give the
equivalent RMS value of a sinusoidal signal. If the signal is noisy or the signal
shape differs from sinusoidal, substantial errors can occur. Higher precision
devices utilise sampling with fast A/D converters and RMS to DC converters
realised with discrete components. Thin film or planar multijunction thermal
converters (PMJTC), based on thin-film technology, can realise a zero AC-DC
difference with an uncertainty below 0.1 ppm at 1 kHz [10]. However, thermal
conversion is a complicated and a time consuming measurement method. The
inherent limitation of thermal sensors is the need to generate heat for signal
detection and ultimately the accuracy is limited by the phonon noise.

All major National Standards Laboratories are presently developing AC voltage
standards based on Josephson junction arrays, discussed in Section 1.3.1. The
approach is to generate a programmable digital-to-analog converter capable of
synthesizing arbitrary waveforms. One of the major challenges is to fabricate
uniform junctions for large arrays [5]. The AC Josephson standard suffers from
the same limitations as the DC Josephson voltage standard: they are expensive,
large devices, which need to be operated at cryogenic temperatures.

1.5 MEMS in voltage metrology

Microsystem technology has enabled improvement of existing voltage standards
and creation of new standards based on quantum phenomena or characteristic
properties of micromechanical moving plate capacitors. Two state-of-the-art
standards, namely Josephson junctions and multijunction thermal converters, are
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manufactured using MST as already mentioned in the previous Section.
Manufacturing of a Josephson junction requires an extremely thin (few
nanometers) insulator layer, which is not possible without semiconductor
fabrication technologies. Multijunction thermal converters can be manufactured
using traditional technologies, but MST has enabled a substantial improvement
in device performance. The decreased device size (thermal mass) and
reproducible manufacturing process, utilising well characterised materials,
creates more accurate, faster, and less expensive MJTCs.

The potential of MEMS in metrology is discussed in [11]. During the last 10
years several new devices based on micromechanical moving plate capacitors
have been suggested. The principle of operation of a true RMS-to-DC converter
was first published in 1995 [12]. The operation of the device has been
demonstrated using surface micromachined [13] and bulk micromachined [14]
devices. Also a RMS-to-DC converter based on a SOI process and comb-
structure has been presented in [15].

The principle of operation of a DC voltage reference and an AC voltage
reference, both based on the pull-in phenomenon of a moving plate capacitor,
were first published in 1998 [16]. Further analysis of the voltage references, as
well as the principle of operation of a DC current reference, a low frequency
voltage divider, and a microwave detector, are presented in [17]. The first
experimental results of a DC voltage reference and an AC voltage reference are
published in [17] and [18]. Those results are based on commercial bulk
micromachined angular rate sensors. A surface micromachined beam designed
to be used as a DC voltage reference is reported in [19] and later analysed in
more detail in [20].

The previous studies demonstrated the feasibility of the idea, i.e. the use of the
pull-in voltage as a voltage reference, but the stability of the devices has not
been sufficient. This dissertation, including the publications, concentrates on
analysing and solving this problem.

The approximate accuracy levels for different voltage references are compared
in Fig. 2. The best standards before the invention of the Josephson voltage
standard (JVS) in the early 1970s could reach an accuracy of 10°. This level of
accuracy is currently achieved by high quality (HQ) Zener diodes. However, the
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characteristics of the high quality Zener diodes have remained the same for tens
of years, whereas the MEMS references are in the beginning of their life cycle
and there is a huge potential for improvement. In addition to accuracy, also long-
term stability, temperature coefficient, and noise voltage level are important
characteristics of the references.
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Figure 2. The approximate accuracy levels of different DC voltage references.
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2. Methods
2.1 Electromechanical coupling in MEMS components

Electromechanical coupling of a moving plate capacitor, especially the pull-in
phenomenon, is well known both theoretically and experimentally, for a review see
[21] and [22]. However, the dynamics of a current driven microactuator in the low
frequency range has not been published and will be discussed here in more detail.

2.1.1 Static analysis

A MEMS moving plate capacitor, shown in Fig. 3, is manufactured from two
silicon wafers, where the upper one is etched to form a moving mass suspended
by three elastic springs. The spring-mass system can be described by the
dynamic equation of a forced oscillator

2 1
dx+/1@+kx—Fm, M)

Ft)=m
10 dt? dt

where m is the mass of the moving plate, A is the damping coefficient, related to
gas damping of the component, and £ is the spring constant [23]. F\, describes
the force the capacitor experiences, for example due to the ambient gravity or
any other external force, and F. the electrostatic force acting on the moving
plate. In the static analysis of a parallel plate capacitor it is assumed that the
variation of the actuation is slow enough, so that the system is in equilibrium all
the time, i.e. the time-dependent terms in (1) vanish. The plate movement is
analysed both in translational and rotational modes.

2.1.1.1 Translational mode

The electrostatic force F. acting on the moving plate of the parallel plate
capacitor, shown in Fig. 3, due to an external voltage Vi is

=l Ly © )
2 (d-x)" 2 (d —x)
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where ¢ is the permittivity of the medium between the capacitor plates, d is the
gap between the plates at rest position (Ve = 0), x is the deflection from the rest
position, and 4 is the electrode surface area [23]. The parallel plate capacitance
C has an expression

c-_4 3)

Kk

Spring

1L

c

gap

Figure 3. Schematic model for a translationally moving parallel plate capacitor
(a) and its realisation with a MEMS component (b).

Assuming that there are no external forces acting on the system, Fy, = 0, Eq. (1)
simplifies to

Iy, 4 o “
2 M d-x

where £ is the spring constant

Eh’w Q)
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for the plate suspended with three springs as shown in Fig. 3 [24]. E is Young’s
modulus, h the plate thickness, ws the spring width and I the spring length.
Equation (5) assumes that the spring is fixed from one end and guided from the
other end.

Solving Ve from Eq. (4) results in

V. - [2(d - x)zkx. (6)
A

The maximum of Ve, i.e. the pull-in voltage Vpi, is

2 ()
v, - [Bkd®
Py 27C,

which occurs at x = d/3. C, is the nominal capacitance (x = 0)

C, - EA (8)

The eigencurve of the moving plate capacitor is shown in Fig. 4.

The pull-in voltage can be used as a voltage reference since the relative
uncertainty of the pull-in voltage AV/V, is proportional to the relative
uncertainty of the displacement Ax/d squared

d

~
~

V., 8

pi

AVpi _2_7(ij2 9)

which results from derivation of (7). The relative displacement can easily be
controlled at a level of 10 resulting to relative voltage accuracy in the order of
10°.
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maximum of the voltage curve.

2.1.1.2 Rotational mode

If the moving capacitor plate is suspended with two springs from the centre of

the mass, as shown in Fig. 5, the plate moves in a rotational mode, i.e. tilts. In

that case the equilibrium equation is
T'=xkgp, (10)

where @ is the tilt angle, x is the spring torsion coefficient, and 7 is an external
torque [24]. For rectangular springs, as shown in Fig. 5, the total spring torsion

)

where G is the shear modulus of silicon, / is the length and a x b is the cross

coefficient is

I (11)

&

12a

K= 2§ab3 16 3.3.6é
) 3 a

4
S

section of a single spring (a = b) [24]. The torque can be calculated as
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c+e/2 c+e/2 2
HV _ ldl 12
T= IFdldl: J' lg#tz: (12)
c—e/2 c—el2 2 (d —[tan (p)
eHV?

x| 1n l-a, tang N 1 B 1
2tan’ | \l-a,tanp) l1-a tangp l-a,tang |

where ¢ is the distance to the centre of the electrode, z is the length of the
electrode,

_c+z/2 c—z/2 (13)

a, = ,and a, = .

d

Figure 5. Rotationally moving capacitor, side view (a) including notations used
in the text and a component (b).

By combining Equations (10) and (12), V. gets the expression

1/2

-1
2 1_
v = 2Kx@tan w{ln( a, tango}_ 1 3 1 (14

e l-a,tangp ) l-aqa,tangp 1-a,tang

This equation can be solved numerically. The eigencurve of a rotationally
moving capacitor is shown for different lengths of the electrode (z) in Fig. 6, and
for different heights of the gap (d) in Fig. 7.
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2.1.1.3 DC voltage actuation

When DC voltage is used to actuate a parallel plate capacitor, like the one shown
in Fig. 3, the system is stable only below the pull-in voltage, ie. for
displacements x < d/3. The instability originates from the positive feedback to
the system, which is provided by the voltage source. When the plate deflects, the
capacitance increases and the voltage source adds more charge causing the plate
to deflect even further. There are a number of techniques to increase the stable
actuation range, for a review see [21] and [25]. The most feasible techniques for
the voltage reference use are the voltage feedback, discussed below, and the
actuation with an AC current source, which is discussed in the next Section.

A feedback loop enables stable actuation in the region which is unstable using a
simple DC voltage source. A basic understanding of this phenomenon is
obtained considering a system model illustrated in Fig. 8. The output of the
system Y(s) is determined by the feedback function H(s) if |[KyG(S)H(s) [>>1,

Y(s)  K,G(s) 1 1 (15)
R(s) 1+K,G(s)H(s) 1/K,G(s)+H(s) H(s)’

where K, and G(s) are the controller and plant functions respectively. Thus, with
a high open loop gain K, the overall transfer function is sensitive to variations in
the feedback gain factor, but relatively insensitive to variations in the transfer
function [26].

Controller Plant
R(s) Y(s)
K, G(s) >

A 4

H(s)

Figure 8. A general graphical presentation of a feedback loop.
A control system model for a DC voltage actuated capacitor is displayed in

Fig. 9. The aim of the circuit is to keep the position of the moving plate at the
pull-in point, x,;, which is the system input. The controller defines the position
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change dx needed to minimize the position error e = Xpi- Xm, Where Xn is the
measured displacement. Different kinds of controllers can be used. For a linear
controller the transfer function is G;= K, and for a PID controller
G, =K, + K, s+ Ki/s[26]. The transfer function for the actuation voltage is
obtained from Eq. (4), G, =C,V. /2d(1-x/d)?. The component dynamics

is described by Eq. (1) and the Laplace transformation of it is

F(X) = ms®X (s) + AsX (s) + kX (s) , (16)

assuming that the initial displacement and velocity vanish, i.e. X(0) =0 and
X (0)=0, as well as the external force acting on the system, F, = 0. The
component dynamic transfer function Gs is then

G_&_i( 1 j (17)

T F(X) mis?+as/m+k/m

Finally, the position detection transfer function G, depends on the readout
electronics used. For an electronics described in Section 4.1, the transfer
function is

(CA +9j (18)
G - Re{V} 27 Viirus C, 4
4 — = A 2 )
X 16 d 2
C—AJrg +(9 Rsa)CAj
C, 4 4

where Ca is the amplifier input capacitance, C,, is the nominal capacitance of the
plate deflection detection electrode and R is the resistance of the silicon spring
(it has been assumed that the parasitic capacitance C, is negligible).

The overall transfer function of the feedback control system is then

Xi(S) _ GGG, (19)
Vout (S) 1+ GlGZG3G4 '
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Figure 9. A feedback control system diagram for a DC voltage actuated moving
plate capacitor.

2.1.1.4 AC current actuation

A DC voltage actuated MEMS capacitor is unstable at the pull-in point and the
displacement x of the moving plate is limited to d/3 unless a feedback loop is
used. The feedback system usually requires additional electrodes for the plate
displacement detection and an advanced electronics for the feedback circuit
implementation. These problems can be avoided by using AC current actuation.
When the displacement of the capacitor is controlled using charge drive instead
of voltage drive the electrostatic force between the capacitor plates does not
depend on the remaining gap and hence the system is stable. It has been
theoretically shown that if the AC current drive is ideal, any position across the
gap is stable. In practice the maximum displacement is limited by the parasitic
capacitance and leakage currents of the device [27].

If a sinusoidal current with an amplitude / and angular frequency , I = I sin(wr),
is driven through a capacitor, the force acting on the moving plate is

Fe(t)=_a£:—i(wjzlqz([) = ]2 2 COSZ(C()f)v (20)

Ox ox\ 2C 2 €4 264w

where ¢(?) is the capacitor charge integrated from the current equation above
assuming that the time average of the capacitor charge is zero, which
corresponds to a vanishing DC voltage across the capacitor. The average force
acting on the component is
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€

T 284w

0
The Equation of motion (1) for a moving plate capacitor, shown in Fig. 3, is now

[}z{i =kx—F, (22)
264 w*

in the static case. Solving x from (22) and substituting it into the equilibrium
equation

lV 2 &A —J— F (23)
2 ext (d—X)2 m

results in an expression for the amplitude of the AC RMS voltage, Vac, across

the plate
2 24
IRMS 4 IRMS Fm ( )
Vac =Vexrus = I=—2 27— =
’ wC, 27\ oCV; kd
The amplitude Vac reaches a maximum value
3/2
F (25)
Vo =y | 1-——2 ,
AC pl( k d j

where V; =/8kd? /27C, ,at Ipys = (?a/Z)a)COVpi 1-F, /kd . This voltage
amplitude value can be utilised as a reference voltage since the relative
uncertainty of the reference voltage is proportional to the relative uncertainty of
the driving current squared

AV 3[ Al Jz (26)
Slac ——.

~ ——

Ve 2

RMS,max
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In Fig. 10 the RMS voltage Vac is shown as a function of the RMS current Ixys
for a typical component with different frequency values of the driving current.
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Figure 10. Eigencurves for a MEMS component with different frequency values
of the driving current Ixms assuming that F,, = 0. The undamped resonance
frequency is wy.

2.1.2 Dynamic analysis

In the previous analysis, it has been assumed that either the frequency of the
actuation is much higher than the component mechanical resonance frequency or
the motion of the moving electrode is sufficiently damped, so that the position of
the moving electrode is stationary. In that case the time-dependent terms in the
equation of motion (1) will vanish. However, if either of these assumptions is
not valid, the plate oscillation can not be omitted. The plate movement will also
generate other harmonic frequencies into the output signal in addition to the
original frequency of the sinusoidal input signal. If the AC voltage is not
measured using the phase locking technique, the additional frequency
components will cause an error in the AC RMS value.
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In order to find out the effect of plate oscillation on the reference voltage, the
equation of forced oscillation needs to be solved. In the case of AC current
actuation, the electrostatic force F, acting on the component when sinusoidal
current with an amplitude 7 and angular frequency @, I=I sin(wf), is driven
through a capacitor, is (see Eq. (20))

I’ : 27

F cos’(at) = %(1 +cos(2mt)) .
o

* T Dl

The equation of the forced oscillator is now

d’x dx ) Lo (28)
+2y—+ @ x =—M_(1+cos(Rar)),
dt* 4 dt ‘ 2medw? ( (2a0))

where y= A/2m and w, =~k /m. The external force term F,, has assumed to be
negligible. Equation (28) has the solution

1 .
x(t) =X, [1 + asm(Za)t — a)} (29
where
> Y (4 SR U
0)0 (00 a)O a)o Q
X 1 ]RMS ’ (3 1)
X, = ZRMS |
2eAk\
and
4o’ o5 (32)

tan(a) =
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The amplitude ratio between the oscillating component x,/€2 and the non-
oscillating component x, as a function of the driving angular frequency o is
shown in Fig. 11 for different O values of the component. The component
mechanical Q value, Q = Jkm | 2 = @, /2y , varies from about 0.01 for well
damped components up to 10° for vacuum packaged components. It can be
observed that the oscillating component dominates at the energy resonance /2,
i.e. when the driving frequency equals the natural frequency of the oscillation
without damping and hence the energy transfer from the applied force to the
oscillator is at maximum. Above the resonance the amplitude ratio decreases as
Vow
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Figure 11. The amplitude ratio between the oscillating and the non-oscillating
components of the capacitor plate displacement x actuated by current

I=1 sin(at) as function of the normalized angular frequency w/ w,.

The phase a, calculated using Eq. (32), as a function of the relative angular
frequency w/w,, is displayed in Fig. 12 for different Q values.

37



_0-0-0-
_0-0-0-0-0
A AAAAAAALA

JV/V/V

_0-0

Evavs vV

Phase o (deg)

—&— Q=50
—0— Q=3
—A— Q=1
—v— Q=0.5

TR W 5757575/5_57575/5/575757
—A-A-A-A-

Ry Rvavave

/o )

Figure 12. The phase o. as function of the relative angular frequency w/wy for

different Q values.

The voltage over the capacitor can now be calculated

V= a0 _ Q(ﬂj(a’ — x(t)) cos wt
Cit) e\ o
= U, sin(wt — B)-U,, sinBat—a)=U, +U,,

where

. 2 2 %
(jm - \/EIRMS d—%,|1- Sinx + 202 cosa
weA 20 20

and
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The phase a is given in Eq. (32) and B is

(36)

[ = arcsin

g3 (l_sinaj 2+£ z(cosajz %
‘ 20 20

According to Eq. (33) the voltage across the capacitor oscillates with the driving
frequency /= @2z and with the third harmonic 3f. The amplitude ratio of these
components is

% (37
. 2 2 e
2Q{(d—)?0(1+ Sm“D +202[C°s“j }
20 20

This ratio at the maximum point of the voltage-current curve is shown for a

U30)
U,

typical component in Fig. 13.
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Figure 13. Amplitude ratio of the voltage components at driving frequency and
the third harmonic U 30/ (jm. The following numerical values have been used:
m=145x10kg A = 1.45x10° m’, & =8.85x10° C*/Nm, d = 2x10° m and
k=105 N/m.

At high frequencies, w » wg, a = 90° as can bee seen in Fig.12, and Eq. (37)
simplifies to

R %o (38)
Us, ~L d
U, 20, %

d

The RMS voltage over the moving plate is then

VRZMS = Uuz),RMS + U32w,RMS (39)

2 _ 2 - 2
~ [R& 1_x_0(1_ij + x_OL
wC, a\l 20 d 20
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Hence both components, i.e. U, and Us,, contribute to the reference voltage
value. The distortion will change the value of the voltage maximum Vgys and its
position Irms. The voltage ratio Vims/Vimax 18 shown in Fig. 14 for different O
values, when the driving frequency f equals the mechanical resonance frequency
fo. Vimax corresponds to Q value 3.
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Figure 14. Reference voltage change due to the distortion with different Q
values, = fo.

At high frequencies the component U, dominates and the case equals to the
static case presented in Section 2.1.1.4 Only close to the mechanical resonance
frequency the third harmonic component becomes significant.

2.1.3 Damping
The mechanical Q value of the moving plate capacitor can be controlled by
adjusting the gas pressure inside the component enclosure. In the analysis above

it was assumed that the damping coefficient is constant, which is a valid
assumption for a qualitative analysis. However, for a quantitative analysis the
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compressibility of the gas needs to be taken into account. In that case two
different frequency domains can be observed. Below the cut-off frequency the
gas has enough time to flow away from the gap, thus causing dissipation,
whereas above the cut-off frequency the gas film is trapped and squeezed
between the electrodes and behaves like a spring with low dissipation [28].
Further refinement of the model also includes the surface reflections of the gas
molecules from the silicon and metal interfaces [29]. The major differences in
the simulation results compared to the ideal harmonic oscillator model are the
larger phase shift at low frequencies and generation of a new resonance in the
high frequency area [28].

In voltage reference applications the component is usually actuated to the pull-in
point with a frequency much higher than the mechanical resonance frequency in
order to avoid the distortion caused by the third harmonic which is a potential
error source in two different ways. First, if the RMS voltage is not measured
using a phase-locked voltage detector, the higher harmonic will increase the
voltage maximum, i.e. the value of the reference voltage, as seen from Eq. (39).
Second, this voltage increase depends on the mechanical Q value related to the
gas pressure in the component enclosure. As it is difficult to control the gas
pressure inside the package after closing and if the hermetic package leaks with
time, the reference voltage will change.

Gas damping will also increase the mechanical noise of the component [30]. The
molecules in any material at a temperature above absolute zero are constantly
vibrating, which gives rise to small random motions in the micro structure. The
mechanical noise of the component sets the fundamental noise floor of the
voltage reference [17], [18]. According to equipartion theorem the noise
displacement Jy at DC for a singly clamped cantilever, like the VTI
accelerometer, is [30]

5 |=\/2kBT :\/ 2k, T in{ m } (40)
: #okQ 773f03mQ \/H_ ’

where T is the absolute temperature and kg is the Boltzmann’s constant. For
typical values of T =300 K, fo = 0.5 kHz, k = 30 N/m, f=1 Hz, and Q =1 the
noise displacement is 4x10” um corresponding to noise voltage of 6x10"*V near
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the pull-in point (10 V). It has been assumed that the bandwidth is 1 Hz. The
noise spectrum is flat (white noise), but shaped by the force-to-displacement
transfer function of the resonator (Eq. 17) such that it peaks at the resonance
frequency f,. Equation (40) demonstrates the fundamental relationship between
mechanical noise and component size. As the component mass decreases the
noise will increase. Noise of this nature can be a fundamental problem in some
surface micromachined devices [30].

2.2 MEMS manufacturing technologies

Silicon micromechanics is traditionally divided into two categories: surface
micromechanics and bulk micromechanics. The silicon-on-insulator (SOI)
process is an emerging technology falling in between surface and bulk
micromachining as far as the thickness of the structures and the lateral resolution
are concerned. The unconventional surface micromachining technique LIGA
(Litographie Galvanoformung, Abformung), which also allows fabrication of
structures with high aspect ratio, is not discussed here since it requires X-ray
lithography equipment that is not commonly available in a process line. There
are a number of different variations of these manufacturing technologies and
they can be combined in various ways. Hence a strict categorisation is not
possible. However, depending on the desired component structure, some
manufacturing processes are more feasible than others. The main processing
technologies for manufacturing a moving plate capacitor using a silicon wafer is
briefly reviewed next.

2.2.1 Bulk micromachining

Bulk micromachining is used in manufacturing large seismic mass devices
which have applications for example in high precision, low-g accelerometers.
Often the whole wafer thickness is used to process the moving beam/cantilever
and the cavity is formed by bonding this wafer with another silicon or glass
wafer. Bulk micromachining is based on etching single-crystal silicon.
Traditionally wet etchants, like potassium hydroxide (KOH), ethylene diamine
pyrocatechol (EDP) or tetramethylammonium hydroxide (TMAH), are used. It
enables a good control of the dimensions, but the typical pyramid of V-groove
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shapes formed in anisotropic etching limits the freedom of design and increases
the device size. The recently developed plasma etching enables narrow line
widths and high aspect ratios also for bulk micromachining. With Deep Reactive
Ion Etching (DRIE) it is possible to obtain aspect ratios of 20:1 [31]. Loading,
i.e. reduction of the etch rate with increasing etch area, feature charging and
notching are challenges in plasma etching [32].

Single-crystal silicon wafers are stress free. However, high doping
concentrations, for example 7x10" cm” boron, used to improve the electric
conductivity of the silicon or used as an etch stop layer, can cause high intrinsic
tensile stress [33]. Different process steps, like oxidation or annealing at high
temperatures, can change the tensile stress to compressive stress. Sandwich
structures, i.e. a stack of wafers manufactured from different materials bonded
together, are susceptible to mechanical stress, which originates from the
different temperature coefficients of the materials.

2.2.2 Surface micromachining

Surface micromachining is a mature processing technology generally used in
manufacturing of high-g accelerometers, pressure sensors, etc. In surface
micromachining the devices are made of thin films deposited on the surface of a
silicon wafer, which acts merely as a support for the structure. The most widely
used materials are low-pressure chemical vapour deposited (LPCVD)
polycrystalline silicon as the structural material and silicon dioxide as the
sacrificial layer. The LPCVD polycrystalline layers are typically a few
micrometers thick but with an epireactor it is possible to deposit tens of
micrometers thick epipoly films [34]. However, stress control becomes more
difficult with increasing layer thickness. The major advantages of surface
micromachining are the simplicity of the process and the use of standard CMOS
fabrication. The major challenge is the internal stress control of the polysilicon
film, which is originally under compressive stress, and the variation of the stress
along the growth direction [34]. Also, planarity and stiction problems are
common in surface micromachining.
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2.2.3 SOl

A silicon-on-insulator (SOI) wafer is composed of two single-crystal silicon
wafers with a silicon oxide layer in between. The relatively thin (1-2 um) oxide
layer can be used as an etch stop, an isolation layer, or as a sacrificial layer.
Hence relatively thick silicon structures can be realised with well defined layer
heights. A wide range of thicknesses are available for the structure wafer. The
internal stress in SOI wafers is low [32]. Different micromachining technologies
are compared in Table 1.

Table 1. Comparison of different micromachining technologies. These values
vary depending on the manufacturing equipment and materials used.

Bulk SOI Surface

Thickness of

structures > 10 pm > 5 um <5um

Lateral resolution 1.4 x wafer thickness* / <2 <2
few micrometers (DRIE) Hm Hm

Tensile stress none** low moderate/high
IC compatibility no yes yes
Seismic mass large medium small

*  In <100> direction with anisotropic wet etch.

** Usually the stress in bulk micromachined structures arises from bonding the bulk
wafer to another wafer.

2.3 MEMS component

The manufacturing process sets the rules for the component design, i.e. the
maximum size of the released area, the minimum height of the gap, the layer
thicknesses, etc. Some fundamental design considerations are discussed in this
Section.
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2.3.1 Component Dimensions

The size of the released structure determines the moving capacitor electrode area
and hence the component capacitance value. For the readout electronics it is
advantageous to have a large enough capacitance. Depending on the
manufacturing design rules, the released structure should typically be smaller
than 800 um x 800 pum in order to avoid the stiction problem.

The area of the released structure and the wafer thickness determine the seismic
mass m of the component. The mass together with spring constant k£ determine
the component mechanical resonance frequency f, =+k/m/2z. If a low
resonance frequency is preferred, the component size is maximized, assuming
that the spring constant remains the same. However, a massive device is more
susceptible to external vibrations.

Although with micromachining it is possible to manufacture extremely thin
structures or narrow features in nanometer scale, the relative accuracy is only
about 107...107, ie orders of magnitude worse than using traditional
technologies [35]. The process uniformity is a critical parameter in MEMS
fabrication and has a great impact on the component yield. Also, if the
dimensions of the component vary, the sensitivity and capacitance will vary
accordingly elaborating the design of the readout electronics and final testing of
the device.

2.3.2 Materials choices
The selection of materials available for MEMS manufacturing is large.
However, in practice only a restricted number of materials is available in one
single process line. The most common substrate and device wafer material is
silicon, which has well characterised properties and mature processing technology.
2.3.2.1 Single-crystal silicon
Single-crystal silicon has excellent mechanical properties. Silicon shows no drift

or hysteresis at normal temperatures. The resistivity of silicon varies from 0.001
to 20 000 Q-cm depending on the doping level. High-resistivity silicon can in

46



some applications be used as a dielectric layer whereas high-conductivity silicon
is used as an electrode material. However, silicon is brittle. It breaks if the
induced stress is higher than the yield stress.

Typical material properties of silicon are presented in Table 2.

Table 2. Typical material properties of Si at 25 °C used in the calculations.

Symbol Si at 25 °C Unit Reference
Density p) 2.3x10° kg/m’ [36]
TC* a 2.84x10° oC! [37]
Intrinsic resistivity 3.3x10° Q-cm [36]
Young’s modulus E 1.3x10" Pa [37]
Shear modulus G 5'75X1011§ Pa [35]
7.9%x10!0%*
TC of Young’s modulus il -65%x10° oC! [37]

*  Linear coefficient of thermal expansion (TC)
** Depending on the crystal orientation.

2.3.2.2 Polysilicon

Since it is difficult to grow thin films of single-crystal silicon, polycrystalline
silicon can be wused instead. Polysilicon is widely used in surface
micromachining as a structural layer. The internal film stress of polysilicon
depends greatly on the deposition process. The stress can be controlled by
deposition conditions, post deposition annealing or film doping [32]. Depending
on the doping level polysilicon can be used as an insulator or a conductor. Its
interface with silicon dioxide is stable and its lithography and etching properties
are good [31].
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2.3.2.3 Silicon oxide and silicon nitride

The most common insulators used in silicon technology are silicon oxides (SiOy)
and silicon nitrides (SiN). The high-frequency C-V curve of thermal SiO, shows
no hysteresis or displacement of the capacitance-voltage (C-V) curve minimum
point unlike other insulators. But the high deposition temperature
(800...1000 °C) limits its use in later stages of fabrication, especially if metal
layers have been deposited. Sputter Deposition (SD) and Plasma Enchanged
Chemical Vapour Deposition (PECVD) are processed at temperatures below
400 °C, but the dielectric properties are inferior compared to thermal SiO, [33].

2.3.2.4 Metals

Metals in MEMS are needed for the electric contacts and in some cases for the
electrode surfaces. Aluminium (Al) is commonly used especially if Al bond
wires are used. Aluminium is easy to sputter and it forms a good mechanical
contact with silicon. Alloys of aluminium, for example Al-1%Si, are used to
increase the stability of the metallization. A disadvantage of aluminium is
hillock formation at temperatures above 200 °C, which can short-circuit the
narrow gap of a MEMS structure. Hillocks are small protrusions, which are
formed when compressive stresses in Al relax [31]. Hillock formation can be
reduced by sputtering a thin layer of another metal, molybdenum for example,
on the top of the aluminium. Al also forms a native oxide layer.

Other generally used metals in MEMS manufacturing are molybdenum (Mo),
tungsten (W), copper (Cu), and tantalum (Ta) and several compounds and alloys
like TiW, Al-Cu etc. The electric resistivities vary from 1.92 pohm-cm (Cu) to
48 pohm-cm (Ti) [31]. The thin film resistivity is often much higher than bulk
resistivity.

Gold (Au) would be an ideal metal in many MEMS applications since it is a
noble metal and thus does not oxidise or form any other compounds with
processing chemicals. However, gold is not CMOS compatible and it is not
available in many clean rooms.

Some metals can produce a large change in its electric resistivity due to gas
adsorption and are therefore used as gas sensors. Metal oxides ZnO, TiO, and
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In,O; as well as precious catalytic metals Pt and Pd should be avoided when a
stable capacitor electrode is desired [2].

2.3.3 Parasitic capacitance

Parasitic capacitance is usually minimized in a MEMS component design,
because it causes a loss of sensitivity as will be demonstrated in Section 4.1. The
major sources of the parasitics are the anchoring areas of the released structures,
which are also used for the electric contact (bonding or flip chip) to the moving
electrode and hence need to be at least 100 pm % 100 um. A typical parasitic
capacitance value for a component which has three springs (see Fig. 3) is

—-11 2 41
C 3y fad 5 34x10 F/mx (100m)* _ o oF (41)

P d 1um

assuming that the oxide layer thickness is 1 um between the upper and lower
electrodes. Hence the parasitic capacitance can be the same order of magnitude
as the work capacitance of the MEMS component. Other sources for the
parasitics are the connection wires, which should be kept as short as possible and
well shielded.

2.3.4 Packaging

Packaging provides mechanical support, protection from the environment, and
electrical connection to the MEMS component. These functions can also be
separated between different levels of packaging. For example, the zero-level
package can be wafer-level encapsulation, i.e. bonding of an additional silicon or
glass wafer on top of the MEMS device wafer, which provides hermetic
enclosing and mechanical shield. The first-level package can be a dual in-line
(DIP or DIL) package, including also the readout electronics, which provides the
electrical connections. In volume production it is economical to use standard
packages for further component handling in testing and final mounting on a
printed circuit board (PCB).
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In the voltage reference application the mechanically induced stress to the
component due to rigid mounting is critical. Often an elastic adhesive is used as
die-attached material in order to minimize the mechanical stress due to package
bending caused by mechanical stress or temperature induced stress [38]. The
thermal expansion coefficient (TC) of the package should be equal or slightly
greater than the TC of silicon for reliability since thermal shock or thermal
cycling may cause die cracking and delamination if the materials are unmatched
or if the silicon is subject to tensile stress [39].

An open capacitive structure is very sensitive to changes in humidity, pressure
etc. Hence the sensor needs to be encapsulated in vacuum or in a protective gas
atmosphere. Inertial gases, like argon or nitrogen, are commonly used. High gas
pressure works as a mechanical damper as discussed in Section 2.1.3. Suitable
hermetic packages for MEMS components are metal packages (TO-can, DIL,
etc.) and ceramic Low Temperature Co-fired Ceramic (LTCC) packages. Also
wafer level encapsulation is an economical and high quality option for
packaging, which results in a small sensor size. Before the final lid seal, a bake
is usually performed to drive out any trapped gas or moisture. This also reduces
the moisture related corrosion of metals in the component.

The electric contacts to the MEMS component are usually done using wire
bonding, conductive adhesive, soldering or Controlled Collapse Chip
Connection technology (C4), generally called flip-chip, depending on the
number and size of contact pads, component temperature durability, etc.
Soldering and flip-chip connections can cause stress to the component [39] and
should hence be avoided in voltage reference use.

2.4 VTI accelerometer

Several measurements presented in this dissertation are performed using bulk
micromachined accelerometers manufactured by VTI Technologies Oy [40]. The
accelerometer is a cantilever attached at one end as shown in Fig. 15. The
component consists of three silicon wafers. A silicon wafer where the moving
structure is etched is anodically bonded between two glass-covered silicon
wafers. A single component comprises of two identical capacitors which are
formed by the surfaces of the moving mass and the fixed electrodes above and
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below it. The components are enclosed in a gas atmosphere by wafer level
anodic bonding. The pressure inside the cavity is high enough to over damp the
cantilever movement, i.e. the mechanical Q value is well below 1. The
components are sensitive to inclination change, which is characteristic for an
accelerometer, and therefore they are not optimal in voltage reference use.
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Figure 15. a) A schematic view of an accelerometer by VTI Technologies and
b) its equivalent circuit. V is the external voltage source, Vy; is the built-in
voltage of the metal-silicon junction. Cq,p is the component capacitance (work
capacitance), which has a parasitic capacitance C,, in parallel. C, is the
capacitor formed by the dielectric layer (usually SiO,). Rqping is the resistance of
the silicon spring.

The electrode materials varied. Most of the components had AlCu, Ta or Mo
coating on the non-moving electrode. Some of the components had a dielectric
layer processed on top of the metal. Also the moving electrode was metallised in
some of the components.

2.5 Stability of a MEMS component

Fundamental factors effecting the stability of the reference voltage, according to
Eq. (7), are the stability of the spring constant &, the gap d, the permittivity ¢,
and the electrode area 4 of the component. A stable spring constant is achieved
by using stress free single-crystal silicon springs. Although single-crystal silicon
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is mechanically an extremely stable material, the spring constant has a
temperature coefficient arising mainly from the temperature coefficient of the
modulus of elasticity (Young’s modulus), which is in the order of -6x107/°C.
However, usually the temperature coefficient of the device is 10-20 times
higher, which results from a change in the gap due to mechanical stress.

Voltage references are operated at the pull-in point, which implies that there is a
high electric field (about 0.1 MV/cm) between the electrodes. Various
electrostatic surface and interface effects are potential sources of electrical
instability. Especially metal-silicon interface effects and oxide charging can
reduce the stability of the device as will be discussed below.

2.5.1 Component structure

An ideal capacitor, which is desired in the voltage reference application, is
mechanically stable and the surface potentials of the electrodes are well defined.
A semiconductor surface may be unstable due to surface charges, which will
cause energy band bending [36]. Hence metal electrodes are preferred although
metallizing the moving electrode significantly complicates the manufacturing
process of the component. A cross section of a component with metal electrodes
is shown in Fig. 16.

The electric contact to the upper electrode goes through the silicon spring. From
an electrical point-of-view it would be advantageous to access the metal directly
in order to avoid the built-in voltage V},; between silicon and metal. However,
this would require metallizing the spring which would significantly reduce the
mechanical stability of the component. A metal layer on the silicon spring would
induce stress and also increase the temperature coefficient due to the bi-metallic
effect. If the metal contact on top of the moving plate is processed of the same
metal as is used for the electrode coating, the built-in voltages should cancel
each other.
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Figure 16. A cross section of an ideal MEMS moving plate capacitor (not in
scale). Vy; is the built-in voltage between metal and Si and V. is the potential
caused by oxide charging.

Surfaces and interfaces, where defects are concentrated, are areas where charges
are preferentially trapped and hence potential sources for instability. The design
goal for the moving plate capacitor design presented in Fig. 16 was to minimize
these effects. However, still a metal-silicon surface and a native oxide layer exist
and their effect on the device stability will be discussed in the next Section.

2.5.2 Built-in voltage

The energy band diagram of a metal and an n-type semiconductor interface
before and after contact is displayed in Fig. 17. When an n-type semiconductor
is attached to metal, electrons will diffuse from the semiconductor to the metal
since the Fermi level Ef of the semiconductor is higher than the Fermi level of
the metal. A negative surface charge will be created on the metal side whereas a
positive charge will be created in the semiconductor depletion region. This
charge imbalance will create an electric field which opposes the diffusion
current. Electrostatic potential related to this field bends the energy bands on the
semiconductor side. At equilibrium the electrostatic potential balances the Fermi
level difference.
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Figure 17. Energy band diagram of an isolated metal adjacent to an n-type
semiconductor under thermal non-equilibrium condition and metal-semiconductor
contact in thermal equilibrium (redrawn after [36]).

The built-in voltage V4, is defined as the potential seen by the electrons in the
conduction band trying to move to the metal

Vbi:¢Bn_I/n:¢m_¢s’ (42)

where ¢V, is the difference between the bottom of the conduction band and the
Fermi level. Similar results also apply for p-type semiconductor. Hence the
built-in voltage can be calculated from the work function difference of the
materials. The work function difference varies with the doping concentration.
For p-type silicon the work function difference increases as a function of the
doping level and for n-type silicon the work function difference decreases as a
function of the doping level [36]. For example in the case of aluminium and p-
type silicon, Ny = 1018, Vei=4.1 V—-51YV=-1.0V. However, in practice the
situation is more complicated. The disruption of the crystal lattice produces a
large number of surface energy states located in the forbidden bandgap. These
surface states can act as donors or acceptors that influence the final
determination of the barrier height [36].

The built-in voltage of the moving plate capacitor can be experimentally
determined from the component C-V curve as the offset voltage with respect to
zero bias voltage as shown in Fig. 18. Hence the built-in voltage translates the
C-V curve along bias voltage axis, but does not change the shape of the curve.
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Figure 18. C-V curve of a moving plate capacitor.

Extensive studies on the built-in voltage and its temperature dependence for
different MEMS components manufactured by VTI Technologies Oy (mainly
accelerometers) have been done [41, 42]. The non-moving electrode of the VTI
components is different from the metal-semiconductor structure presented
above. The electric contact to the non-moving electrode goes via silicon as
shown in Fig. 15 in Section 2.4. Also, in some devices the moving electrode was
not coated with metal and some metal electrodes had an additional SiO, coating.
However, the measurement results still have general applicability. The measured
built-in voltage values agreed only partly with theory. Large variations were
observed in the built-in voltages, even for components from the same wafer. The
built-in voltages and their temperature coefficients were lower in the metal-
metal structures, especially in the Mo-Mo structures, than in the metal-Si
structures. A SiO, layer on top of the metal generally decreased the values of the
built-in voltage as well as its temperature dependence. A thick SiO, layer could
even change the sign of the built-in voltage which suggests that the layer was
heavily charged. Theoretically the SiO, layer on top of the metal electrode
should not have an effect on the temperature dependence. It is suggested in [42]
that the trapped charges in the oxide balance the temperature dependence.
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However, another explanation is that there are residuals of process chemicals
inside the component enclosure, and their adsorbtion on the metal surfaces
varies with temperature which causes a change in the surface potential. The SiO,
layer passivates the electrode surface and hence reduces the temperature
dependence. This theory is in agreement with the stability study of a MEMS
resonator, where the humidity inside the component enclosure was observed to
cause drift of the resonance frequency [43].

2.5.3 Depletion layer capacitance

When a bias voltage is applied to the metal-semiconductor junction the energy
band diagram will change as shown in Fig. 19 for a p-type semiconductor. When
the bias voltage is zero (case a), the band diagram is in thermal equilibrium and
the Fermi levels of both materials are equal (as also shown in Fig. 17 for an n-
type semiconductor).

Megtal Semiconductor

. |
| v, +Ve) LWEJ

Figure 19. Energy band diagram of a metal p-type semiconductor junction

under different bias conditions: a) thermal equilibrium b) forward bias Vi and
¢) reverse bias V.

56



If a negative voltage V¢ (forward bias) is applied to the metal with respect to the
semiconductor, electrons can easily move from the semiconductor to the metal
because the semiconductor-to-metal barrier height has decreased by voltage V'
(case b). A reverse bias Vy (case c¢) has the opposite effect. It increases the
barrier height by V.

The charge and field distributions for a metal-semiconductor contact are shown
in Fig. 20 a) and b) respectively.

Os ¥4

E*na}{

Figure 20. Charge distribution (a) and electric field distribution (b) in a metal
p-type semiconductor junction.

Assuming that the metal is a perfect conductor and the extent of the space charge
ps in the semiconductor is xy, i.e., the ps = - gNa for x < x4 and ps = 0 for x > xq,
the electric field distribution is given by

E)=TNa(x,—x)=£ —9Na, (43)
&

S S
where N, is the acceptor density, & is the permittivity of the semiconductor, and

E.x 1s the maximum electric field located at the junction interface. The voltage
across the space charge region is
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where Vi equals +V5 for forward bias and —Vy for reverse bias. The depletion
region x4 forms a voltage controlled capacitor with capacitance

Cdep _i_ qgsNA (45)
A X4 20V = Vias '

This capacitance is in series with the moving plate capacitance and it can have a
significant effect on the reference voltage. The MEMS capacitance is typically
order of pF while the depletion layer capacitance is order of nF. The bias voltage
required to eliminate the depletion region capacitance is well above the
component pull-in voltage due to the voltage division between these
capacitances. The relative change of the pull-in capacitance (Cpi-Cio)/Cyi, Where
Ciot = GpiCuaep/(CpitCaep), as a function of the relative forward bias Viiae/Vei 1S
shown in Fig. 21.
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Figure 21. Relative change of the pull-in capacitance as a function of relative
forward bias voltage assuming acceptor density N, =2x10"*(corresponds to Si
resistivity of 0.02 Q-cm), Vy; = 0.7 V and gap 1 um.
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The depletion region capacitance can be reduced by a good ohmic contact
between the metal-semiconductor interface, i.e. low contact resistance, by extra
doping the contact area of the silicon [36]. Also, it is advantageous to connect
the high potential to the moving mass if p-type silicon is used (forward bias).

2.5.4 Electrostatic charging

Formation of a native oxide on the surfaces of electrodes is difficult to avoid
even when the electrodes are coated with metal. A dielectric layer can have a
considerable amount of trapped charges [45]. A sheet charge causes a voltage V.
between the electrodes [36]

d, o (46)

If the dielectric layer is native oxide on silicon, V- is typically of the order of
-50 mV, assuming that the SiO, layer thickness d, is 1 nm, permittivity is
&x = 3.8 &,and surface charge density o,y is 10'? e/cm?. Hence the charges create
a potential difference over the component the same way as the built-in voltage
does. The offset voltage of a C-V curve is the sum of these two voltages.

A charged dielectric layer can also have another effect on the C-V curve since it
can reduce the effective gap of the component as shown in Fig. 16. Depending
on the location of the charge in the dielectric, the amount of the gap reduction is
between the height of the dielectric layer (charges locate on the air-dielectric
surface) and zero (charges locate on the metal-dielectric surface). Charges in
dielectrics are discussed in the next Section in more detail. The effect of the gap
reduction on the component C-V curve is shown in Fig. 22.

A change in the component parasitic capacitance transfers the C-V curve along the
capacitance axis, but does not change the shape of the curve as seen in Fig. 22.
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Figure 22. C-V curve for the round component (dimensions listed in Table 5)
with a nominal gap value of 1 um (6g = 0 nm) and reduced gap values. The gap
reduction, dg, is 20 nm, 40 nm, and 80 nm. The change of the C-V curve offset
(232 mV for 50 nm thick oxide assuming charge density 10" e/cm®) does not
show in this scale.

2.5.4.1 Charges in dielectrics

Charge trapping mechanisms in dielectrics have been investigated for more than 30
years in association with metal-oxide-semiconductor (MOS) transistors [36]. The
scaling down of the MOS devices has recently activated this research field again.
The Negative Bias Temperature Instability (NBTI) has been observed to shorten the
lifetime of p-channel field-effect MOS transistors when stressed with negative gate
voltage at elevated temperatures [46]. Another commercially important application,
where dielectric charging degrades the device operation, is a capacitive RF-MEMS
switch [47]. Although much effort has recently been dedicated to study the dielectric
charging, details of the phenomena are not yet clearly understood.

Traditionally charges in MOS capacitors are classified in four groups: interface-
trapped charges, fixed oxide charges, oxide-trapped charges, and mobile ionic
charges [36]. In addition to these charges, in moving plate capacitors there are
surface charges at the electrode-air interface.
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An interface trap charge, Qj;, results from the silicon dioxide and silicon (SiO,-Si)
interface properties and it is dependent on the chemical composition of the
interface. The trap density in the <100> orientation can be as low as 10" cm?,
about an order of magnitude smaller than in the <111> orientation [36]. Si
dangling bonds, i.e. trivalent silicon atoms with an unsaturated valence electron,
Si, =Sie, act as interface trap centres, which are usually passivated by low-
temperature hydrogen annealing. Subsequent arrival of a positively charged ion
at the interface can cause depassivation of the SiH bond, which is suspected to
cause the NBTI. There are two basic approaches to explain this phenomenon: the
hydrogen model [48] and the chemical reacting model [49]. In the hydrogen
model as the SiH bond breaks, due to an electric field for example, H* diffuses
away and reacts directly with SiH. The products of this reaction are an H,
molecule and a positively charged dangling bond centre:

Si,=SiH+H" < Si, =Sie+H,, (47)

where =SiH is a hydrogenated trivalent silicon and H" is positively charged
hydrogen ion (proton). H, can later dissociate and act again as a catalyst to
disrupt additional SiH bonds. In the chemical reacting model a species Y
diffuses to the SiO,-Si interface and creates a trap and X. Y can be, for example,
a neutral water molecule and a hole at the silicon surface (Y = H,O + h*) and X
is then H*. The interface trap creation via hydrogen model can be modelled as

Si, =SiH+Y < Si, =Sie+X. (48)

A fixed oxide charge Qs can be regarded as a sheet charge locating near the
SiO,-Si interface. This charge is fixed and cannot be affected over a wide
variation of surface potential [36]. Generally Qs is positive and depends on
oxidation and annealing conditions and on silicon orientation. For <100>
oriented silicon the Qs is typically 10" ...10" cm™ Similar to interface trap
creation model fixed charges can be modelled as

0,=SiH+h" < 0, =Si" +H°, (49)

where h* is a hole and H° is a neutral hydrogen atom. An interface trap and a
hydrogenated trivalent silicon defect in SiO; are illustrated in Fig. 23. Interface
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trap charges and fixed charges can be distinguished with a C-V measurement. As
the applied bias voltage is varied, the Fermi energy at the oxide-semiconductor
interface changes accordingly and affects the occupancy of the surface states.
The interface states cause the transition in the capacitance measurement to be
less abrupt. The combination of the low frequency and high frequency
capacitance allows a calculation of the surface state density [36].

sio,

Transition
region

Si

Figure 23. A silicon atom forms a covalent bond with its four nearest neighbours
in wafer bulk. The crystal lattice is broken at the SiO; interface. In the transition
region there are a) interface traps (dangling bonds) and b) =SiH defects.
Redrawn after [49].

Mobile oxide charges result from ionic contamination due to Na', Li", K*, Ca™,
and Mg"™. They are impurities that are carefully controlled in IC processes.
Especially sodium was a big concern in early days of MOS manufacturing. The
glass used in anodic bonding contains sodium and for this reason anodic bonding
is not a CMOS compatible process. Since anodic bonding is used in
manufacturing of the VTI sensors they contain mobile sodium ions. Hydrogen is
the most common impurity in IC fabrication and cannot easily be avoided.
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H" can exist for prolonged periods in oxides as a mobile charge [46]. On the
other hand, hydrogen is also used to passivate Si dangling bonds as discussed
earlier.

As a summary, common to all these charging models is that they depend on the
electric field in the oxide and that the charging saturates over time (unlike the
oxide-trapped charges, which are due to defects in the SiO,, and are very stable).
Threshold voltage shifts of MOS structures in the NBTI experiments have been
found to be proportional to the electric field as £, , where m lies in the range of
1.5 <m < 3 [46], whereas in RF-MEMS switch reliability studies, the electric
field dependency has been measured to be exponential (exp(£)) [50]. The major
difference between these experiments is the thickness of the oxide layer, which
is in the order of nanometers in the NBTI studies and two orders of magnitude
thicker in the RF-MEMS studies. In thin oxides the charges can tunnel from the
insulator to the semiconductor and vice versa [51] which could explain the
difference. Also the oxide quality and deposition process has a significant impact
on the charging properties which complicates the analysis of the charging effect.

The charging analysis above considers only silicon dioxide, which is the most
extensively studied dielectric material. Also other materials, especially high
dielectric constant (¢) materials like SiON, Al,Os;, HfO,, Al,O3, ZrO, and
silicates, have been experimented. There is no direct relationship between an
insulator conductivity and its charging properties since the trapped charges are
rather related to the defects in the crystallographic structure than to the nature of
the bulk material (ionic or covalent bond) [47]. Still, some of the experiments
demonstrate low density of interface defects for high dielectric constant
materials. Also a recently proposed model, further developed from the hydrogen
model, proposes that the saturation voltage of a MOSFET threshold voltage
shift, is proportional to 1/¢ [52].

2.5.4.2 Oxide charging models
The time dependence for oxide charging under bias voltage has been studied for
both pFETs [52] and for RF-MEMS switches [50]. The first model is based on

physical principles of SiO, interface (hydrogen model discussed earlier).
According to this model the threshold voltage shift AV; of a transistor is
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4 (50)
AV, = —% =AV_ [1 - exp(— 5) J ,

0oXx

where the AV,,,,x depends on the electric field, initial SiH density, oxide thickness,
energy levels of interface and oxide traps and dielectric constant of the oxide. vy is
a constant related to dispersive diffusion of bonded and interstitial hydrogen atoms
(often assumed to be approximately 1 for thick oxides) and 7 is a time constant.

The oxide charging model developed for RF-MEMS switches takes also into
account decharging observed to occur during long experiments. If N, is the total

trap density, e elementary charge, T, time constant for charging, and 1, time
constant for decharging, the surface charge ¢ gets an expression

(51)
o=N,e ! (1 - exp(—m—rztn.
T, +7T, 7,7,

In pFETs and switches the moving plate is in contact with the oxide layer but in

the voltage reference application the capacitor formed by the air gap, Cgap,
significantly reduces the voltage over the oxide layer. Since MEMS capacitances
are typically in pF-region and the oxide capacitances is in nF-region the voltage
over the oxide is three orders of magnitude smaller than the applied bias voltage.

2.5.5 Mechanical stability

Mechanical deformation of the electrodes can change the gap d. Intrinsic stress,
inherent in an epi-poly process, strongly influences time and temperature
stability of the component. Hence the use of stress-free substrate material, such
as SO, is essential.

Also rigid mounting of the component can cause external stress, as shown in Fig.
24. Package-induced stress to wafer level vacuum encapsulated MEMS resonators
have been studied in [44]. The results demonstrate that with a good mechanical
design it is possible to reduce the component drift below 0.1 ppm/month, which
is sufficient even for high-precision applications.
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There are several ways to decrease the package induced stress: an increase in the
thickness of the component makes it more rigid, spring shape and suspension
can be optimized to release the stress, reinforcing structures can be mounted
inside the enclosure, and materials, which have nearly equal thermal expansion
coefficients, can be chosen.

\\\_\/1___,./

MEMS die

T T,

Moving plate & [—

Sprin

Adhesive joints

N\

Figure 24. Gap deformation of a component due to package bending (not in
scale).
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3. Manufacturing and design of the
components

Electrode surface quality and mechanical stress are the key factors defining the
stability of a MEMS component. A new fabrication process was developed to
optimize these factors. The major improvements introduced by the EMMA SOI
process are the use of stress-free SOI wafers, and sputtering of both electrode
surfaces by thermally and chemically stable metal. Two components were
designed for the process. One component was optimized for the DC voltage
reference use and the other for the AC voltage reference use.

3.1 EMMA Process

SOI was selected as the starting point of the design because of well defined
device layer thickness and buried oxide layer, which was used as etch stop.
Although the substrate layer was removed during the process, this manufacturing
scheme is expected to give the best results in terms of stability, especially
mechanical stress. Further, inertial effects are not important in SOI. A 20 um
SOI-wafer is easily available and thick enough to make the bi-metallic effect
negligible. The gap height, determined by the buried oxide layer thickness, is not
a critical value in the voltage reference application.

The device wafer was a SOI wafer, which had a 20 pum thick device layer and
1 um buried oxide layer, and the substrate wafer was a 380 um thick double side
polished Si wafer. Both wafers were highly doped with boron resulting to silicon
resistivity of 0.015-0.02 Q-cm. The metal electrodes were placed in wells to
avoid problems in wafer bonding. The well depth and oxide thickness of the
substrate wafer defined the gap height which was 1 pum.

The process consisted of four phases: 1) processing of the device (moving part)
wafer, 2) processing of the substrate wafer, 3) bonding of the wafers, and
4) processing of the bonded pair as shown in Fig. 25. Low temperature fusion
bonding is utilised in bonding of the sputtered wafers. After wafer bonding the
handle layer of the SOI wafer and the buried oxide were removed by etching.
Then the upper component surface was sputtered and patterned and finally the
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moving mass was released with inductively coupled plasma (ICP) etching. The
process required 10 lithography steps.

Device wafer (SOl Substrate wafer
1 2
il =1 — I Wafer
honding
3] o
] [ |
L s 1 = [T Substrate
I Metal removal
[ Jso, | J

Figure 25. EMMA SOI process.

The most critical step in the process was the wafer bonding. If the surface
quality of the wafers were insufficient, large non-bonded areas could be
observed in optical or acoustical measurements. In the worst case, the wafers did
not bond at all. To keep the surfaces in bondable condition, careful process
planning and frequent cleaning procedures were required throughout the process.
Metal residues had to be removed from bonding surfaces with great care.

Also, trapped gas bubbles between the bonded wafers can cause large non-
bonded areas, as was experienced in the early stage of process development.
Those were eventually removed by etching gas outlet grooves in the substrate
wafer. The component yield from the successfully bonded areas was very good.

Hillocks on Al electrodes were observed to form even at 200 °C. Hillock
formation could be reduced by sputtering a thin layer of Mo on top of the Al.
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3.2 Component for the DC voltage reference

The design of the DC voltage reference component was based on the following
choices and design rules:

e SO, device layer thickness 20 um

e Gap height 1 pym

e Released area < 800 x 800 um

e Pull-in voltage 10 V

e C(Capacitance > 1 pF

e Electrode material Al, Mo or MoSiN

e Double electrodes for four terminal point measurement.

3.21 Geometry

The seesaw component is shown in Fig. 26 and its dimensions are listed in Table
3. The seesaw was fabricated with two different spring width w, values: 26 pm
and 34 um. The electrode length z is measured from the edge of the seesaw.

Figure 26. Seesaw design for the DC voltage reference use.
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Table 3. Dimensions, materials constants, and calculated parameters for the DC

voltage reference.

Dimensions

and Symbol Value Calculated Symbol Value
parameters

constants

Plate Capacitance

thickness h=2a 20 pm (x = 0) Co 1.22 pF

Spring Pull-in .

length A 180 um voltage Vi 9.7(194)V

Spring wy=2b| 26(34)um | Resonance f 27 (54) kHz

width s H frequency res

Plate length w 800 pm Mass m 0.02 pg

Plate width H 550 pm cifl: i:ﬁ . k 1.8 (13) kN/m

Electrode Momentum 15 2

length z 250 pm of inertia ! 11210 kgm
Center of the

Gap d I um electrode C 275 pum

Vacuum & | sssxioizyk | Eleetrode b g | 004 mm?

permittivity surface area

Si density P 2330 kgim® | Pratesurface | 1 044 mm?

area

3.2.2 Eigencurve

The calculated eigencurve of the seesaw component is shown in Fig. 27. The

pull-in point corresponds to the maximum of the curve, V,; =~ 9.7 V for the
26 pm thick spring and V,; = 19.4 V for the 34 um thick spring.
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Figure 27. Eigencurve of the seesaw component as a function of deflection x
divided by gap d.

3.2.3 FEM simulations

Ansys 7.0 was used to simulate the moving plate deflection due to the
electrostatic force by an external voltage source and to calculate the resonance
frequencies for the eigenmodes of the moving plate modals. Since Ansys is not a
multiphysical program, the voltage (or electrostatic force) could not be applied
into the model as such. It was assumed that the voltage causes a uniform
pressure P on the electrode according to equation P = F, /A, where F, is
calculated from Eq. (2). The simulation parameters used are listed in Table 4,
and the boundary conditions are displayed in Fig. 28. The analytical deflection
values and simulated values are compared in Fig. 29. The results agree quite
well. The simulated deflection values are larger than analytically calculated
because the simulation takes into account the silicon deformation at the spring
anchoring areas.
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Table 4. Ansys model parameters.

Materials parameters Value Calculation parameters

Young modulus 130 GPa Element type SOLID92
Poisson ratio 0.27 Number of elements 2691
Shear modulus 66 GPa
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71




05 |- -

04 |- o -

x/d

—#&— Simulated
—0— Analytical

] 1
600 800

F/A [Pa]

Figure 29. Analytically calculated deflection values for the seesaw as a function of
the applied voltage compared against simulation results (spring width 26 um).
3.2.4 Resonance frequency

The lowest mechanical resonance frequency of the seesaw component can be
calculated from [24]

1 |k (52)
=57
27\ 1
where the moment of inertia I is
W?*+h? (53)
I=m——-.
12

The theoretical value for the resonance frequency is 27.1 kHz and the simulated
value is 23.6 kHz. The first four modals and their characteristic frequencies are
shown in Fig. 30.
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3 4

Figure 30. The first four modals of the seesaw component. The corresponding
characteristic frequencies are 23.6 kHz, 71.9 kHz, 137.6 kHz, and 276.6 kHz.

3.2.5 Electrodes

The upper electrode of the seesaw component is a simple rectangle whereas the
substrate wafer electrodes are divided as shown in Fig. 31. The two sections in
the middle are the sense electrodes for displacement control (3 and 4). The top
electrodes (1 and 2) are used for actuating the seesaw to the pull-in position
while the other electrodes (5 and 6) are grounded. The effective built-in voltage
(Vvie), i.e. the contact potential difference of the silicon-metal junction Vy;
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together with the voltage V. due to charges on the native oxide layers, can be
compensated by splitting the actuation electrode into two equal sections and
applying slightly different voltages with opposite polarity on the electrodes. If a
positive voltage ¥}, is applied to electrode 1 and a negative voltage V), is applied
to electrode 2, so that V, = Vo + Ve and Vy, = -V + Viie, with V4 being the
average of positive and negative pull-in voltage values, the electrostatic force F.,
F,oc sz + VE= 2V, is independent of V. in the first order.

2 1 2
3
4

5 6 5

Figure 31. Divided substrate wafer electrodes enable effective built-in voltage
compensation.

3.2.6 Component characteristics

The average nominal capacitance (electrodes 1 and 2 together, see Fig. 31) of the
components was measured to be about 1.4 pF and the pull-in voltages varied
between 6...14 V. The average built-in voltage was about -0.7 V (low potential
contacted to the moving electrode). The C-V curve of a seesaw component is
shown in Fig. 32.
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Figure 32. The characteristic C-V curves (a and b) of a component showing the
measured pull-in voltage and the effective built-in voltage (the shift of the
minima from 0 V).Curve b was measured after curve a and the difference of the
curves is also shown (on the right hand side).

3.3 Component for the AC voltage reference

The component for the AC voltage reference was manufactured at the same time
(on the same wafer) as the DC reference component. Hence the same design
rules applied. The AC voltage component did not need the counter-electrode for
the feedback, hence it is advantageous to utilise the whole released area for the
work capacitance and hence the translational mode of operation was selected.

3.3.1 Geometry
The round component for the AC voltage reference is shown in Fig. 33 and the
corresponding dimensions are displayed in Table 5. There were two variations of

the sensor regarding the spring width wg: 20 um and 30 um. All the calculations
are done accordingly.
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Figure 33. Round component for the AC voltage reference.

Table 5. Component dimensions, materials constants and analytically calculated

characteristics.
Values Symbol Value Calculated Symbol Value
values
Plat .
th?cliness h 20 pm Capacitance Co 4.45 pF
Radi 400 Pull-in v, 15.4 (18.8) V
adius r um voltage oi . .
Spring I 260 pm Spring k| 3.5(53)kN/m
length s H constant ) )
Sprin
wli) dthg W 20 (30) pm Mass m 0.024 pg
Gap d 1 um Surface A 0.5 mm’
area
Si 2330 kg/m® | Resomamce | 61 (74) kHz
density P g frequency m
Youne’s Deflection
8 E 131 GPa due to x 0.7 A
modulus .
gravity
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3.3.2 Eigencurve

The calculated eigencurve for the round component is shown in Fig. 34. The
voltage Vrms as a function of deflection x is displayed for the two different
spring width values wy = 20 um and wy = 30 um.
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Figure 34. Eigencurve of the round component.

3.3.3 FEM simulations

Ansys 7.0 was used to simulate the component deflection by an external voltage
and find out the moving plate modals and their characteristic frequencies. The
simulation model used is shown in Fig. 35 and the simulation parameters are
listed in Table 6. The simulated deflection values and analytically calculated
values are compared in Fig. 36. The simulated deflection values for a
component, the spring width of which is 30 um, approximately equals the values
analytically calculated for a component, which has 20 um wide springs. The
simulation gives larger deflection values because it takes into account the silicon
deformation at the spring anchoring points. Also the analytical equation used for
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the deflection calculations is known to be too stiff, ie. it gives too small

deflection values.
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Figure 35. FEM model for the round component.
Table 6. Ansys model parameters.
Material parameters Value Calculation parameters Value
Young modulus 130 GPa Element type SOLID187
Poisson ratio 0.27 Number of elements 2576
Shear modulus 66 GPa Number of nodes 5157
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Figure 36. Analytical plate deflection compared to simulated values for two
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components, the spring widths of which are wy; = 20 um and w; = 30 um.

The first four characteristic modals are displayed in Fig. 37.
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Figure 37. The first four modals of the round component. The corresponding
characteristic frequencies are 53.5 kHz, 145 kHz, 442 kHz, and 606 kHz.

Also the deflection due to gravity was simulated with Ansys. It was 1.35 A for
ws = 20 um and 0.9 A for w, = 30 um, which are slightly higher than the
analytically calculated values 0.67 A and 0.45 A.

3.3.4 Electrodes

The substrate wafer electrode for the round component is displayed in Fig. 38. There
is one central electrode and a 10 um thick guard electrode around it. The guard
electrode suppresses the stray field between the capacitor plates. Double electrodes
are designed for four terminal point measurement connections. The two outermost
connectors are connected to the guard and the two innermost to the electrode.
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Figure 38. The substrate wafer electrode for the round component.

3.3.5 Component characteristics

The average of the nominal capacitance was measured to be about 5.2 pF and the
pull-in voltages varied between 7...16 V for the round components. The built-in
voltage was about -0.7 V.

3.4 Stability of the component

The component stability comprises of electrical stability, mechanical stability
and stability against changes in environmental conditions. The same
considerations apply both to the DC voltage reference component and to the AC
voltage reference component and are hence discussed together.
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3.4.1 Electrical stability

When a MEMS component is actuated with a DC voltage, the electrostatic
charging will cause the reference voltage drift. This can be avoided by using AC
current instead of DC voltage as is experimentally demonstrated in [I]. However,
even in the absence of an external DC voltage source there is a DC voltage over
the component due to the contact potential difference of the silicon-metal
junction and charging of the dielectric layer as discussed in Section 2.5. In the
case of DC voltage actuation, it is impossible to distinguish the different DC
components from each other. The additional DC components due to the built-in
voltage and charging will simply reduce the reference voltage value. However, if
the component is actuated with a AC current /(¢) = I sin ct V.c» and there is
also a DC component present, V., the force balance equation is

2 54
2&14 5 cosz(a)t)+%V[fC(di)z=kx. %)
10} -X

Vbc is a sum of all DC terms effecting on the component

VDC = Vbi + Vc + Vb (55)

ias >

where V4, is the built-in voltage, V¢ is the voltage due to charges on the dielectric
layers, and Vy,s is the externally applied DC bias voltage. Also, surface effects
can contribute to the DC voltage term. For example, a thin layer of process
residual on the top of the electrode surface can change the surface potential of
the metal.

Assuming that the angular frequency of the oscillation, w, is much higher than
the component mechanical resonance frequency, the RMS voltage Vac across the
plate is (see Eq. (23))

I1(d -x) \/2/( , 5 (56)
V== [Z2(d-x)x-V2 .
AC /_2ng SA( ) DC

The maximum of Ve, ie the reference voltage, can be calculated from
AVac()/dl = (dVac(x)/dx)( dx/dl ) = 0 Since dx/dl # 0, the maximum is reached
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when dVxc(x)/dx = 0, which occurs at I = (3/ \/E)a)gA Vi/d (orx=d/3). The
maximum of Vac 1S

Gl 67

Since Vpc << Vac small time variations AVpc of the Vpc can described as
Voc=Vpco + AVpc, where Vpcp is a constant, and Eq. (57) can now be
expressed as

Vmax -V — VDZC,O _ VDC,O AV (58)
AC T " pi DC
v, V,

Equation (58) demonstrates that selecting Vpco = 0, small changes in the DC
voltage, AVpc, have no effect on the reference voltage in the first order.

3.4.2 Packaging

Two different packages were experimented with: a TO-8 can and a LTCC
package as shown in Fig. 39. TO-8 can was selected because it was easily
available and the equipment for hermetic enclosing in a nitrogen atmosphere
existed. The LTCC package was expected to induce less mechanical stress to the
MEMS component due to temperature changes since the linear coefficient of
temperature expansion is about 6 ppm/°C, i.e. close to that of silicon (3 ppm/°C).
However, the hermetic enclosing of the LTCC packages failed, hence a
comparison between the LTCC and the TO-8 could not be made. Also, that was
concluded to be the major reason why the stability of the component did not
reach the level of the VTI hermetically packaged component. The stability of the
AC voltage reference was measured to be = 60 ppm in 14 hours [II] using the
round component while the stability was measured to be + 1 ppm in 22 days [V]
using the VTI component. The readout electronics and the measurement setup
were improved for the latter measurement complicating the direct comparison of
these results.
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The component was attached in the package using a small drop of soft adhesive
in one corner. Also conductive silver epoxy was tested in order to ground the
substrate wafer. Al bond wires were used for electric contacts.

-
HH [ HII,IHIL\HJW‘.\HE\\\

wl

Figure 39. a) Photograph of a seesaw component, b) component mounted in a
TO-8 can and hermetically enclosed TO-8 can, c) photograph of a round
component, and d) LTCC package for the seesaw component.

3.4.3 Stability against changes in the environmental conditions

Calibration standards, like voltage references, are usually operated in a room
environment. Still, the device is subject to modest changes in temperature,
pressure, and humidity. Changes in ambient pressure can deform the package or
the component structure. The mechanical stability was already discussed in
Section 2.5.5. Temperature coefficient, effect of humidity and the ambient
gravity for the component manufactured are discussed below.
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3.4.3.1 Temperature

The temperature coefficient for a component manufactured using EMMA
process, shown in Fig. 25, can be derived from the pull-in voltage equation
calculated in Section 2.1.1 (Eq. 7)

59
v B [E 59)
P27 % G,

where dj is the initial height of the gap, Cy the initial capacitance and k the
spring constant. The gap in the EMMA process is determined by the depth of the
cavity in the substrate wafer. The temperature dependences of the parameters
above are

dy(T)=d,(1+aT), (60)
nY (61)
k(T)=3E(+ BT)w,(1+ aT)[l—J ~ k[l +(a+ B)T]
and
(1) = A0ral)” ) . C,(1+2aT), (62)
d,(1+aTl)

where 4 and A are the thickness and area of the moving plate, w, and / are the
thickness and the length of the spring, and £ is Young’s modulus. The linear
coefficient of thermal expansion for Si and the temperature coefficient of
Young’s modulus are a (= 2.6x10%°C) and (= -65x10°°C) respectively. The
temperature dependence of the pull-in voltage can now be calculated by
differentiating Eq. (59). If he second order terms with respect to the temperature
T are neglected the result is
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Theoretically the temperature coefficient of the pull-in voltage, about
-33 ppm/°C, is determined by the temperature coefficient of the Young’s
modulus. However, the measured temperature coefficient of the AC reference
voltage was about -140 ppm/°C for the round component and -240 ppm/°C for
the VTI component [II1]. In the case of the round component it was assumed that
the major part of the temperature coefficient arises from the component
mounting. The VTI component was resting on the top of a TO-8 can and
connected to the package only via the bond wires. It is assumed that the higher
temperature coefficient of the VTI component is dominated by the component
bending due to the different temperature coefficients of silicon and glass.

The theoretical temperature coefficient calculated above is not the ultimate limit
since it is possible to design a component, where temperature coefficients arising
from different sources cancel each other resulting in a negligible temperature
coefficient. For example [53] presents a RF MEMS capacitor utilizing a
compensation structure to eliminate the effect of intrinsic and thermal stress.

3.4.3.2 Humidity

Open capacitive structures are very sensitive of changes in humidity so that they
are even used as humidity sensors [2]. Especially silicon surface is very
hydrophilic unless cleaned with hydrofluoric acid [31]. Hence the components
for the voltage reference application need to be packaged hermetically.
However, even with hermetic package, there are residuals of process chemicals
inside the component enclosure. Their adsorption and desorption on the surfaces
of the component electrodes can cause noise or drift [30]. The importance of
vacuum encapsulation has been demonstrated using silicon microresonators [43].
The long term stability (df/f) of the resonator was improved from about 40 ppm
below 1 ppm during 42 days by packaging the component in vacuum. The
relative humidity was 20...35 RH % during the measurement period.
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3.4.3.3 Gravity

Depending on the moving plate suspension and position, ambient gravity can
decrease the gap between electrodes. The effect of gravity on the reference
voltage has already been calculated in Section 2.1.1.4 and is presented in Eq.
(25). The change in the reference voltage V¢ is

3
E,
Vref =Vpi(1_gj 5

where V}; is the pull-in voltage, Fy, the force due to gravity acting on the moving

(64)

mass m, F,,, = mg, and g is the constant of gravity. The change of the reference
voltage is -216 ppm for a typical component positioned and suspended as shown
in Fig. 3. Component parameters given in the Table 5 were used in the calculation.
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4. Readout electronics

The readout electronics is important to the overall device performance. A good
review is given in [23]. If not carefully designed, it can limit the performance
and the range of applicability of the MEMS component. A capacitive readout
has a high resolution and low power consumption, which makes it suitable for
this purpose. Usually the displacements to be detected are in the order of
nanometers. The corresponding capacitance changes are typically in the order of
femtofarads which can be resolved with a 4.0 aF'/ \/E resolution even with a
commercial capacitive readout circuit [54]. However, when ultimate stability
and sensitivity is required, custom made electronics is necessary. Two dedicated
electronics, one for the DC voltage references and one for the AC voltage
references, were designed and manufactured.

4.1 DC voltage reference

A block diagram of the DC voltage reference electronics utilizing feedback is
displayed in Fig. 40. It is designed for the seesaw component shown in Fig. 26.
A DC voltage is connected to the electrodes on one edge (C; and () to actuate
the component, while the electrodes on the other edge (Cs and Cj) are grounded.
The DC voltage on electrodes C; and C; is adjusted by the feedback loop to keep
the component at the pull-in point and this voltage is the reference voltage. The
plate displacement is detected by a capacitive bridge formed by the electrodes in
the middle (C; and Cy).

The plate displacement could be detected using one capacitor only, but it is
advantageous to use two capacitors since the electrostatic force acting on the
plate, due to the position detection voltage V., can be minimized. By selecting
equal values for the resistors R; = R, results to voltage values

1 :MV@(I and V2 = _Vext (65)
l+x/d

on capacitors C; and Cyrespectively. Here x is the plate deflection at the position
detection point as shown in Fig. 40. The electrostatic forces, F'; and F,, caused
by the position detection voltage Ve on electrodes C; and C, are

88



CmI/lz CmV22 (66)
=—————ad F,=—————,
d(1-x/d) d(1+x/d)

1

assuming that C; and Cy are equal in size and their nominal capacitance is Cy,. At
the pull-in point x,; = d/3 the forces balance each other, i.e. F, = F>.

Also, if the voltage V. varies with time, the amplitude ratio V/V, remains
unchanged, which improves the displacement detection accuracy. Hence the
plate displacement is determined only by the voltages over C; and C,.

Figure 40. An electronics block diagram of a DC voltage reference based on
feedback control.

In order to compensate the built-in voltage and minimize the component drift,
the component is actuated to the pull-in point using slightly different voltages of
opposite polarity on the electrodes C; and C;, as discussed in Section 3.2.5. The
actuation voltage difference is controlled by gain G.
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The voltage V" at the moving plate is zero at the pull-in point x = x,;. If the plate
deflects from the pull-in point, there will be a voltage and hence a current
through the silicon spring, the resistivity of which is R,. The current will be
amplified by A and the output voltage of A is combined with the reference
voltage from the bridge oscillator V., by a mixer. The output of the mixer is a
DC voltage with superimposed harmonic components of the input voltages. The
harmonics are filtered out using a low pass filter leaving only a DC signal. This
is fed to the PI** controller [55], which restores the pull-in displacement by
adjusting the voltage Vpc, which is the DC reference voltage. A photograph of
the electronics is shown in Fig. 41.

Figure 41. Photograph of the DC voltage reference.

The circuit model for the electronics is shown in Fig. 42, which takes also into
account the parasitic capacitances Cp; and Cps, mainly arising from the spring
attachment points (see Section 2.3.3). In that case the voltage ratio V,/V, should
be adjusted from 'z in order to remain the voltage V zero at the moving plate. If
the AC readout voltages are V= rV e and V= -Veye j“’, the voltage division
ratio 7 should now be

3 (67)
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assuming that the parasitic capacitances are equal, Cy,3 = Cps = C,. In that case
the force balance F'; = F> is not exactly true anymore unless C,, is negligible. For
example if C,= Cy/2, F, / F,=1.5. Hence the detection voltage V. will cause an
error in the pull-in voltage V},;. The error can be minimized by using as small a
detection voltage as is feasible and minimizing the component parasitic

capacitance.
Yy Wy

p3

Figure 42. Circuit model for the readout electronics.

The voltage V' at the moving plate can easily be derived:

_ (C; +C)V +(Cy + C LV, (68)
(C;+C+C,+C, )+ joRC)+C,

where C, is the amplifier input capacitance. Near the pull-in point, x=d/3+0x,
the capacitances C; and C,are

C3:§Cm 1+§§ and C4:§Cm 1—gﬁ . (69)
2 2d 4 4
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Inserting Eq. (69) into Eq. (68) results in

C .G 0Y9+10C,/C, (70)
Re(V) 9V, C. C, 4)3+2C,/C,
& 16 d C : c Y
g+2—p+2 +| RwC, E )
C, c, 4 4 C,

This is the position detection transfer function G4 (Eq. (18), if C, is set to zero)
discussed in Section 2.1.1.3.

The parasitic capacitance and amplifier input capacitance reduce the sensitivity
of the readout which is demonstrated in Fig. 43 for different parasitic
capacitance C, values and amplifier input capacitance C, values. Typical values
for the spring resistance, angular frequency, and amplifier input capacitance are
R;=50 Q, w =628 kHz and C, = 3 pF which have been used in the calculation.
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Figure 43. Relative sensitivity of the readout Re(V)/V./(ox/d) as a function of the
parasitic capacitance C, for different amplifier input capacitance C, values.
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4.2 AC reference electronics

The electronics for a current actuated AC voltage reference can be realised using
only a few component as show in Fig. 44. An AC voltage, the frequency of
which is well above the mechanical resonance frequency, is fed to the inverting
input of the main operational amplifier OA2 which acts as a voltage to current
converter. The amplitude of the input current is slowly varied over the maximum
point and the maximum output voltage is the AC reference voltage (the AC

component of ¥V, in Fig. 44). The instrumentation amplifier IA1 isolates the

ut
source V¢ ;,- The stability of the OA2 gain is recorded at the output of the unity
gain buffer amplifier OA3. The DC bias voltage for the built-in voltage
compensation is fed to the non-inverting input of OA2. A trimmer resistor is
needed to find out the right DC compensation voltage, but once found, the
trimmer can be replaced with a fixed resistor. Temperature, pressure and
humidity are recorded during the measurement and used for the multi-regression

analysis to correct the measurement data.

It has been experimentally demonstrated, that small changes in the parasitic
capacitance or in the parasitic resistance over the component have no effect on
the pull-in voltage [III]. Hence the stability of the electronics depends only on
the stability of the MEMS component and the stability of the OA2 gain.

/ + VDC_bias
0A3

Vo
ALn oo MEMS
o L —— L
*
+H1BY = — ]
R2
OAZ
T 71
1 bcbias

T voltage /

Figure 44. An electronics block diagram for the AC voltage reference.
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A photograph of the readout electronics including a VTI component mounted in
a TO-8 can is shown in Fig. 45.

Figure 45. A photograph of the AC voltage reference including the humidity
absorbing gel bags on the sides.
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5. Measurement results
5.1 Stability of the DC voltage reference

The long-term stability of the DC voltage reference using a seesaw component
and feedback electronics described in Section 4.1 was measured in a laboratory
environment. Fig. 46 shows the measurement result. After the initial rapid
change in the reference voltage the device stabilizes at approximately 60 pV/V
over the next 10 hours. The result does not include any ambient temperature
corrections to the measured data.

I | | I 34
o DC Voltage

—— Temperature

400

200

o

Ambient Temperature ( °C)

-200

Relative DC Voltage difference from 8.9 V (uV/V)

-400 |

Time (Hours)

Figure 46. Long-term stability of the DC voltage reference over 11 hours. The
solid curve shows the corresponding ambient temperature recorded during the
measurements.

The first experimental results of the new device show an order of magnitude
improvement with respect to earlier work [18]. However, the long-term stability
of the reference is not sufficient for reference application. The device would still
require improvements in the feedback electronics and in the component
mounting as well as hermetic packaging.
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5.2 Drift of the AC reference voltage

The voltage drift of the AC reference was measured when different bias voltages
where applied over the MEMS component. The measurement was done in
laboratory environment where the temperature varied less than 3 °C around the
average value of 34 °C inside the enclosure. The bias voltage was set close to the
built-in voltage value by changing the values of resistors R3 and R4 (see
Fig. 44), and the AC reference voltage was monitored with an HP 3458A DVM
for 4-21 days for each bias voltage setting. Two MEMS components (VTI
accelerometers) were experimented: one with a thin native oxide layer (typically
in the order of 1-2 nm) and the other with a 50 nm thick SiO, layer on top of the
non-moving electrode. The non-moving electrodes of the components were
coated with AICu and the moving electrodes had an additional boron doping
(NA = 4" cm™). The surface areas of the electrodes were almost equal, but the
spring constants (30 N/m and 105 N/m) and the gaps (5.7 um and 2 pm) of the
components (native oxide and thick oxide) were different. The measured pull-in
voltage values were 9.0 V and 3.9 V respectively. The relative change of the
reference voltage Vac is shown in Fig. 47 for the thick oxide component. The
slope of the curve is the drift rate, displayed in Fig. 48 for the thick oxide
component and in Fig. 49 for the native oxide component.

Within the time span and bias voltage range used in the experiment, the drift is
linear for both of the components. For the native oxide component the drift is at
its minimum when the bias voltage is set to compensate the built-in voltage as
explained in Section 3.4.1 and will be demonstrated in the next Section. For the
thick oxide component the minimum drift is achieved at a bias voltage value of
300 mV while the built-in voltage, measured from the component C-V curve, is
61 mV. This discrepancy might be related to the component mechanical drift or
variation of the initial charging state of the component. Although the component
was short circuited several days between the measurements, the initial charging
state might have varied due to the long (de)charging time constant.
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Figure 47. Measured voltage drift of the AC reference. The applied DC bias is

shown in the legend.
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Figure 48. Measured drift rate of the AC voltage reference and a linear fit. The
MEMS component was a VTI accelerometer having a 50 nm oxide layer on the
non-moving electrode.
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The effective built-in voltage of the thick oxide component (61 mV) compares
favourably with that of the native oxide component (245 mV). However, the
drift rate of the thick oxide component is approximately 20 times larger than that
of the native oxide component. The built-in voltage compensation for the thick
oxide component turned out to be very difficult due to the large drift rate and
long time constant associated with it.

5.3 Built-in voltage compensation

The drift of the AC reference voltage due to component dielectric charging can
be avoided by applying an external bias voltage which eliminates the built-in
voltage over the MEMS component. The right bias voltage can be determined
either from the component C-V curve, as the voltage corresponding to the
minimum point of the C-V curve (with opposite polarity), or scanning the bias
voltage of the AC reference. The bias voltage corresponding to the maximum of
the reference voltage is the right compensation voltage (see Eq. 57). Figure 49
shows the measured voltage drift for a VTI component as a function of the
applied bias voltage. The figure also includes the compensation voltages derived
by different ways. The compensation voltage corresponding to the C-V curve
minimum, Ve, is -245 mV, the maximum point of the AC reference voltage,
Vac res; 18 -278 mV, and the zero point of the curve fitted to the measured drift
rates with different bias voltages, Vg, is -256 mV. The values agree fairly well
especially taking into account that the original charging state of the component
may have varied between the different measurements. The component was short
circuited for several days between the measurement, which is enough to
decharge the mobile ionic and the interface trap charges but the deep states in
oxide may have time constants much longer than that.

98



9.029 AC_ref
TR O Drift rate
M I - =42
1
|
9.028 |
i
) =
| 3
—~ ( ~
S 9.027 i g_
- =
gw it 9
X g A
> 902 ¥ £
. \ [m]
1 g \
B
/ " \\
9.025 ! \
.
AC_ref | | Q\
:' | Vc-v \
9.024 1 | | L | 1 | 3
-0.5 -0.4 -0.3 -0.2 -0.1 0.0
Bias voltage (V)

Figure 49. Measured voltage drift of the AC reference as a function of applied
DC bias voltage. The C-V curve minimum, Vc.y, marked to the figure with the
opposite polarity.

5.4 Stability of the AC voltage reference

The experimental setup for the long-term stability measurement of the AC
voltage reference is shown in Fig. 50. The measurement was done at the Centre
for Metrology and Accreditation MIKES. The AC voltage reference, including a
VTI accelerometer as the MEMS component, was mounted on a stone table
closed in a temperature stabilized chamber. The temperature varied less than
0.1 °C around the average value of about 23.5 °C during the 3-week measurement.
The output voltage was measured using a HP 3458A DVM, the stability of
which was periodically (about once in a day) checked against a Datron 4920 AC
measurement standard and a Fluke 5700 A calibrator (the upper part of Fig. 50).
No drift between these three devices was observed during the three-week
measuring period within the scatter of about 2 ppm, which indicates that the
repeatability of the DVM during the experiment was of the order of 2 ppm.
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Figure 50. Measurement setup for the long-term stability measurement. The
lower part is the actual measurement system, and the upper part was used for
calibration of the DVM. (courtesy of MIKES).

The bias voltage was first set to the measured value of the built-in voltage
-0.245 V (with opposite polarity) and fine tuned later to -0.243 V (see Fig. 49).
The measurement was made by changing the amplitude of the 100 kHz driving
current across the maximum point, and by recording the RMS value of the
reference output voltage with the DVM for each amplitude value. A second-
order polynomial fit was made to the data and the voltage at the maximum was
determined. Essentially identical results, with slightly larger scatter, would have
been obtained by monitoring the output voltage at a fixed amplitude of the
driving current set to the pull-in point. The results are plotted in Fig. 51 after
correcting the data for ambient pressure (-6 uV/hPa) and temperature
(-180 uV/°C). No drift could be observed in the 100 kHz output voltage of the
device within the measurement accuracy of about 2 ppm. After the stability test
was finished, both AC drive and DC bias (built-in voltage compensation) were
disconnected but the device was kept in the temperature isolated measurement
chamber. After one day the voltages were reconnected and the experiment was
started again. After a relaxation period of about 8 hours, the output voltage
returned to the original level within the measurement accuracy of about 2 ppm.
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Figure 51. Long-term stability of the AC voltage reference (courtesy of MIKES).
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6. Conclusions

This dissertation investigates a DC voltage reference and an AC voltage
reference based on the pull-in phenomenon of a micromechanical moving plate
capacitor. The main emphasis is on the device stability which is one of the main
criteria of the device applicability in metrology. The stability of the AC voltage
reference was improved to the ppm-level. This level of performance is sufficient
for many applications.

The major achievements of this work are solving the electrostatic stability of the
MEMS component by applying AC voltage actuation together with the built-in
voltage compensation, and creating a new silicon-on-insulator (SOI) process
which enables metallization of the moving electrode. Metal electrodes
significantly increase the component stability although with increased
complexity of the manufacturing process. The methods for improving the
stability of MEMS components can be generally exploited in MEMS
applications and the new process has already been applied in manufacturing of a
MEMS magnetometer.

This work demonstrates that MEMS based voltage references can be very stable
if manufactured from single-crystal silicon and mounted in a hermetic package,
which causes no mechanical stress to the component. MEMS references
compare favourably to the existing devices by size, price and power
consumption. The value of the pull-in voltage depends on the component
dimensions and can be set to a wide range of values. MEMS components can be
integrated with the readout electronics, as is illustrated in Fig. 52.

MEMS based voltage references can provide a competitive alternative to the
conventional voltage reference devices. However, plenty of work still remains to
commercialize these devices. The manufacturing process is not suitable for mass
production, mechanical design of the component could be improved and a new
stress free hermetic packaging developed.
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Figure 52. Future vision of the MEMS based voltage reference.
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Abstract

The increased electrostatic stability of MEMS sensors enables new application
areas for the sensors, and decreases the manufacturing costs of existing products.
Especially in the applications where the MEMS component is operated under bias
voltage close to the pull-in point, the undesired instability phenomenon becomes
a major source of inaccuracy. We demonstrate that biasing the sensor to the pull-in
point using AC voltage is significantly more stable than the conventionally used
DC voltage biasing.

1. Introduction

Electrostatically actuated MEMS components find many
applications today in areas such as inertial sensors, pressure
sensors, relays, switches, etc. A serious limitation on the use
of these devices lies in electrostatic stability. For example the
instability results in increased tolerance in a varactor capacitor
value and uncertainty of a sensor reading. Sensors with increased
stability can be utilized with reduced test procedures hence
decreasing the manufacturing costs of the final product. Also
new application areas are enabled for sensors with increased
performance values. For example improved inertial sensors could
be used for short range navigation. Stable MEMS devices can also
be utilized in precision applications like DC voltage reference and
AC RMS converter as presented in [1].

The stability of capacitive transducers has been studied earlier
[2, 3, 4]. The instability of capacitive MEMS components
originates form electrostatic surface phenomena. Thin oxides are
electrically leaky and therefore the electrical field between the
surface of the oxide and the underlying bulk silicon tends to vanish
due to surface charging. Another source of non-ideality is due to
the surface potentials of MEMS electrodes. Surface potentials
are not determined solely by the work functions of the electrode

materials. Adsorption, e.g., can change surface potentials by
several hundreds of millivolts.

2. Theory

The electrostatic force can be modeled as F,; = (1/2)(dC/dx)
(Vv — Voffm)2 where V,fr; is the component CV curve
asymmetry, schematically illustrated in Fig. 2. V., depends
on surface potentials and charges [1]. Typically |V,fpe| =
S5mV...500mV. If the MEMS structure is biased with a DC
voltage V = Vpc, much larger than V = V., the (relative)
uncertainty in the electrostatic force is AF,/Fy~
—2AV et/ Vpe. If the actuation is achieved by using an AC
voltage V = Vac(t) = «/EVX(’@S sin(wt), the uncertainty is lower,
AFy ) Fop = 2AV o tt50t Vostser / (VQ%Y)Z. Here we have assumed that
the frequency of the AC voltage is much higher than the
mechanical resonance frequency of the MEMS structure to result
only in a static displacement.

3. Measurement set-up

The measurement set-up, shown in Fig. 1, uses a HP Precision
LCR Meter as an accurate capacitance bridge. The component
used in the experiments was a bulk-micromachined silicon
transducer [5]. The effective gap was 2.2 um and electrode area
1.4mm?. The non-moving electrode on top of a glass layer was
coated with 150 nm thick sputtered molybdenum and the moving
electrode was coated with 200 nm thick evaporated molybdenum.
The component was hermetically shielded in inert gas. The
variation of the capacitance between the fixed electrode and the
electrode attached to the bending beam as a function of the DC
bias voltage, i.e. the component CV-curve, is shown in Fig. 2. The

HP 4284A Precision LCR Meter HP3497A
PT100 temp.meas.
IEEE 488
GPIB

~Auto Balance§

Bridge

Fig. 1. Four terminal pair capacitance measurement set-up.
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Fig. 2. Component capacitance as a function of the DC bias voltage. The offset
voltage Vs = —0.29 V. The dashed line schematically illustrates alarge positive
changein V4., which decreased the capacitance under a constant DC bias voltage.

component pull-in occurs at 4.3 V. The stability of the component
was studied by measuring the capacitance and the capacitance
derivative dC/dV of the component as a function of time near
the component pull-in point by varying the bias voltage. The
pull-in voltage was generated in case (1) by a DC bias voltage,
using V = Vpc =4.1V and V)&’ = 180mV for the capacitance
measurement, and in case (2) an AC voltage, V' = 4.1V and
Vpe = 0V. The measurement frequency was in both cases f =
1MHz, i.e. well above the component mechanical resonance
frequency, which was in the order of 10kHz. The temperature
of the component was maintained at 7 = 23.2 £ 2°C.

4. Results

The measurement results are displayed in Fig. 3 and Fig. 4.
The considerably larger drift of the capacitance when the bias
voltage was generated using DC bias can be attributed to a
change in the offset potential by AV, = 10mV. This can be
concluded from the data correlating C(¢) and dC(¢)/dV, shown
in Fig. 4, which suggests that the biasing position moves away
from the pull-in point due to the drift in V., as schematically
illustrated in the Fig. 2. The measured offset voltage V, ., change
is —[C(t = 450 min) — C(t = 0)]/[dC(¢)/dV]se = 10mV.

5. Conclusions

Stability of electrostatic actuation is important in several MEMS
applications. Actuation using a DC voltage is prone to drifts due to
surface charging and changes in surface potentials. We have show
theoretically and experimentally that actuation using AC voltage
is significantly more stable against electrode surface effects than
actuation using DC voltage. These results have been confirmed
by measurements of MEMS devices from completely different
fabrication processes.

Physica Scripta T114

Fig. 3. Stability of the component capacitance near the pull-in voltage for DC bias
voltage and AC bias voltage. The capacitance values have been normalized to the
respective initials values.
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ABSTRACT

We have designed and manufactured a micromachined moving plate capacitor to be used as an AC voltage reference in
electrical metrology. The reference is based on the characteristic AC current — voltage curve of the component having a
maximum, the value of which depends on the geometry of the component and material properties of single crystalline
silicon. The electrode surface stability is essential in this application and hence a new fabrication process has been
developed to metallize both surfaces of an electrostatically actuated micromachined structure. The stability of the AC
reference voltage at a frequency of 100 kHz and an RMS voltage value 6.4 V was measured to be + 60 ppm over 14
hours.

1. INTRODUCTION

Electrostatically actuated capacitive MEMS components can be used as electrical references. Examples of a MEMS DC
voltage reference [1], an AC voltage RMS converter [2], and a true RMS-to-DC converter [3] have been published. The
targeted benefits of using MEMS components as references are improved stability compared to conventional devices
(Zener diodes, for example), low 1/f noise, large operation voltage range, small size and small power consumption. The
major difficulty is to achieve the excellent long term stability required for metrological applications.

Electrostatic surface phenomena cause instability in capacitive MEMS components. A silicon semiconductor surface is
unstable, hence metal electrodes are needed. However, metal surfaces can charge if they are covered with a native oxide
layer, as is typical. Electrode charging effects are negligible when an AC signal is used for actuation of the moving
electrode [4]. Also, the built-in voltage of the device, which originates from the surface potential difference of the metal
electrode and silicon spring, is temperature dependent and a potential source of instability. Slowly changing surface
potentials due to, e.g., adsorption and desorption of gas molecules, also contribute to electrical instability.

2. PRINCIPLE OF OPERATION

A parallel-plate capacitor with a spring-suspended moving plate exhibits a well-known pull-in phenomenon [1]. The pull-

in voltage is given by
2
Vpi _ 8kd 1)
27C,

where K is the spring constant, d and C, are respectively the air gap and the capacitance at zero voltage.

If a sinusoidal current with an RMS amplitude Igys and angular frequency w is driven through the capacitor, the
amplitude of the AC voltage across the plates is given by [1]
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where we assume that the device is operated at a frequency much higher than its mechanical resonance frequency, fo. This
avoids movement of the plate due to electromechanical coupling. The amplitude V,. reaches a maximum value

Vac.max =Vpi & lrms max = (3/ 2)a>C0Vpi . This amplitude can be used as an AC voltage reference since a small change in

the current Izms has a negligible effect on V,emax Near the pull-in point. The eigencurve of the component is shown in
Fig.1 as a function of the moving plate deflection x from the centre position (V.. =0).
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Fig.1. Calculated eigencurve for the component shown in Fig.2. (d=1pum and CO = 4.45 pF).

3. COMPONENT DESIGN

The component is a large (r = 400 um) round silicon plate suspended with three 260 um-long springs, as shown in Fig. 2.
The upper moving plate and lower fixed plate form a capacitor, which moves in a piston mode. The bottom of the moving
plate is coated with sputtered aluminum, and the top of the fixed lower plate is coated with sputtered molybdenum. The
metal thicknesses are 100 nm and 50 nm correspondingly. The component was designed for a 10 V pull-in voltage and as
low a resonance frequency (about 60 kHz) as feasible, which can be achieved by fabricating the device as large as the
manufacturing process allows. A large component is beneficial also for the readout electronics since the work capacitance
value increases. The ambient gravity decreases the pull-in voltage by 2.2 mV (calculated).

Fig.2. AC reference MEMS component
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A SOI wafer was selected as the starting point of the design because of single crystal silicon springs and well defined
device layer thickness. The device layer of the SOI forms the moving plate. Although the handle layer is removed during
the process, this manufacturing scheme is expected to give the best results. A 20 um-thick SOI is easily available and
thick enough to withstand stress arising from the different thermal expansion coefficients of silicon and deposited metal
layer.

Parasitic capacitances are a nuisance in capacitive sensors. They cause loss of sensitivity since the relative change of
capacitance vs. displacement decreases. In addition, they limit the actuation range of the moving-plate capacitive actuator
under charge control. Hence parasitic capacitances, mainly originating from the spring attachment areas, are minimized in
the sensor design. A guard also surrounds the bottom electrode.

4. FABRICATION

A new fabrication process has been developed in order to realize the metallization on both capacitor surfaces. The
approach chosen is based on aligned direct bonding of separately metallized and patterned wafers. The device wafer was
a SOI with 20 um thick device layer and 1 um buried oxide layer and the substrate wafer was a 380 um thick double side
polished Si wafer. Both of the wafers were Boron doped and the resistivity was 0.015 - 0.02 Qcm. The metal electrodes
are placed in wells to avoid problems in wafer bonding. The well depth and oxide thickness of the substrate wafer define
the gap height, which is 1 um.

To enable bonding of the metallized wafers low temperature wafer bonding is utilized. After wafer bonding the handle
layer of the SOI wafer and the buried oxide are removed by etching. Then the upper component surface is metallized and
patterned and finally the device is formed with ICP etching. The process consists of three parts: 1) processing of the
device (moving part) wafer, 2) processing of the substrate wafer, and 3) processing of the bonded pair as shown in Fig.3.
The final component is step 4 in Fig. 3. The process requires 10 lithography steps.

1

2=n = [
|

3 — —

| —— =
4’ 1 e
| —— I
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Fig.3. Major process steps.
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The most critical step in the process is the wafer bonding. If the bonding surface quality is not sufficient, large non-
bonded areas can be observed in optical or acoustical measurements. In the worst case, the wafers will not bond at all. To
keep the surfaces in bondable condition, careful process planning and frequent cleaning procedures are demanded
throughout the process. Because metallizations are needed on the capacitor surfaces, metal residues have to be removed
from bonding surfaces with great care. Also, trapped gas bubbles between the bonded wafers can cause large non-bonded
areas, as experienced in our process. The component yield from the successfully bonded areas was very good.

A photograph of the final component is shown in Fig. 4. The three small contact pads at the end of the springs are
connected to the capacitor moving plate (only two of them are used) and the two middlemost large contact pads on the
right are connected to the bottom plate. This enables a four terminal point capacitance measurement. The two remaining
large contact pads on the right are connected to the guard (grounded).

Fig.4. Final component.

5. PACKAGING

Open capacitive structures are very sensitive to changes in temperature, pressure, humidity, etc. Hence the sensor needs to
be encapsulated in vacuum or in protective gas. A high gas pressure was chosen as it works as a mechanical damper. The
component was encapsulated into a hermetically sealed TO-8 can containing 1 atm nitrogen gas. Fig 5. shows a
component glued in a TO-8 can and a hermetically encapsulated component .

(i AT EVETEARAATRRA
‘- Prwas }s

Fig.5. Component glued in TO-8 can and hermetically encapsulated component.
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6. CHARACTERIZATION

A schematic drawing of the readout electronics developed for the AC voltage reference is shown in Fig. 6. An AC
voltage is fed to the inverting input of the main operational amplifier OA2, which acts as a voltage to current converter to
drive the current through the MEMS capacitor. Capacitors C; and C, as well as the shunt resistor R4 force the DC voltage
offset, which originates from OA2, to be zero across the MEMS capacitor. C; and C, are both 100 nF, hence much
greater than the initial value (V,.=0) of the MEMS capacitor (4.5 pF). The difference amplifier OA1 isolates the AC
source from the electronics. The output of the unity gain buffer amplifier, AD549LH, is the AC reference voltage
equivalent to the pull-in voltage of the MEMS capacitor. Guarding techniques are employed to minimize the effects of
parasitic capacitances. The measurement setup is housed in a temperature, pressure and humidity-controlled environment.

=

Reference
Output

Fig. 6. Readout electronic used in MEMS component characterization.

7. RESULTS

A HP3324A signal generator was used to drive the MEMS capacitor to its pull-in point. The stability of the pull-in
voltage 6.4 V was measured at 100 kHz. The stability for a period of 14 hours is shown in Fig. 7 and it is found to be
within + 30 ppm over 14 hours. The data is corrected versus the temperature changes of the input AC voltage source. The

temperature inside the environment chamber was 28 + 0.15 °C.

80 1

60

AN /N

14

-40 w \

=60 -

(VNVave - 1) [ppm]

-80 -

Fig. 7. Measurement results showing the stability of the MEMS component over 14 hours.
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The characterization of the component has started only recently. More experiments are needed to find out reasons for the
observed voltage behaviour in the measurement data. Potential sources for the slow voltage variation are charging of the
MEMS component, instability of the readout electronics and changes in the environmental parameters. Although the
component was hermetically packaged, the encapsulation was done at too low temperature (100 °C) to guarantee that
there is no residual humidity inside the package that could influence the component stability.

8. CONCLUSIONS

A new MEMS process has been developed, which enables fabrication of moving plate capacitors having both capacitor
surfaces metallized. The manufacturing is a straightforward, although lengthy, process. The wafer bonding at low
temperature is challenging, especially since the wafers are exposed in many process steps.

The fabricated moving plate capacitors have been used as AC voltage references, which demonstrated rather good short-
term stability. Long-term stability measurements have also started. The future work will focus on readout electronics
improvement and component packaging. A LTCC package sealed in vacuum will be investigated next.
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MEMS-Based AC Voltage Reference

Anu Kérkkidinen, Nadine Pesonen, Mika Suhonen, Aarne S. Oja, Antti Manninen, Nikolai Tisnek, and Heikki Seppi

Abstract—An ac root-mean-square (RMS) voltage reference
based on a microelectromechanical system (MEMS) component
is presented. The device stability is investigated in various ex-
periments. A time stability at a level of a few 'V /V in 24 h
was measured using an accelerometer MEMS component at an
operating frequency of 100 kHz.

Index Terms—AC voltage reference, capacitive sensors, micro-
electromechanical systems.

1. INTRODUCTION

ROPOSALS for an ac voltage reference based on a capac-

itive microelectromechanical system (MEMS) were first
published in 1998 [1], [2]. The MEMS ac voltage reference is
based on the characteristic pull-in point of the MEMS compo-
nent. This pull-in point depends only on the component geom-
etry and material properties of single crystal silicon. The ben-
efits of MEMS components in reference applications are good
stability [3], low 1/f noise, large operation voltage range, small
size, and low power consumption.

The electronics of a stable ac voltage reference is easier to re-
alize than the electronics of a dc voltage reference. Indeed, while
the dc reference requires a feedback circuit [3], only an ac cur-
rent drive is needed for the ac voltage reference to bias the com-
ponent to the pull-in position. In addition, electrode charging
effects are negligible when using an ac signal for the actuation
of the moving electrode [4].

II. PRINCIPLE OF OPERATION

If a sinusoidal current with an RMS amplitude Igy1s and an-
gular frequency w is driven through a spring suspended moving
plate capacitor, the amplitude of the ac voltage across the plates
is given by

I 4
Vivis = 188 |1 - (

Irus \° F
27

__m oy —
wCoVs) ~Tha T ™)
(D

where Cj is the capacitance at zero voltage, k is the spring
constant, and d the gap between the plates. ¢’ describes the
second-order terms due to mechanical movement of the plate
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Fig. 1. (a) Photograph of the component and (b) a schematic diagram of the
structure of the component.

and z is the plate deflection from the rest position z. The pull-in
voltage is

V=
P 27C,

2
_-m o, (2 "
kd—l_g w) —I_E (CS7Q7R7"')
2

where Fy,, describes all external mechanical forces effecting the
component such as vibrations, tensions, and ambient gravity.
Again, ¢” describes second-order terms, which depend on par-
asitic capacitance Cs, component mechanical Q value, parallel
resistance R, etc. The device is operated at a frequency higher
than its resonant frequency, f = wq/2m, to minimize the influ-
ence of the mechanical forces.

The amplitude Vrys has a maximum Vrais, max, Which can
be used as an ac voltage reference since a small change ATgryis
in the current near the pull-in point has only a minor effect on
VRMs-

8kd? [1 F 4(w0

III. COMPONENT STABILITY

If the external mechanical forces exerting on the MEMS com-
ponent are small, the stability of the component depends only on
the material, the geometry and the manufacturing process selec-
tions, which are discussed below.

A. Material and Geometry

Fundamental factors affecting the pull-in voltage stability,
according to [2], are the spring constant k, the gap d, the
permittivity e, and the electrode area A of the component. A
stable spring constant is achieved by using single crystal silicon
springs. Although single crystal silicon is mechanically an
extremely stable material, the spring constant has a temperature
coefficient arising mainly from the temperature coefficient of
the modulus of elasticity, on the order of —6 x 10-5 /°K [5].
However, the temperature coefficient of the device, usually
10-20 times higher, is dominated by the component mounting.

0018-9456/$20.00 © 2005 IEEE
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Fig. 2. Readout electronic used in MEMS component characterization.

Consequently, the device needs to be stabilized for temperature
or temperature compensated.

Mechanical deformations of the electrode plates can change
the distance d between the plates. Residual stress, inherent for
epi-poly process [6], strongly influences time and temperature
stability of the component. Hence stress-free substrate material,
such as silicon-on-insulator (SOI), is essential. Rigid mounting
of components can also cause stress and, hence, should be
avoided.

B. Mechanics

When the component is operated close to the mechanical res-
onance frequency, mechanical forces, related to the inertia of
the moving plate, will also influence the stability of the pull-in
value. In addition, second-order forces due to temperature, hu-
midity, or any dc voltage that may exist across the component,
can also effect the device stability.

C. Electrical Charging

Various electrode surface phenomena are potential sources of
instability. Charging can be reduced by metallizing the electrode
surfaces. But, also, metal electrode surfaces can oxidize. The
charged oxide can be observed as an effective gap reduction.

IV. COMPONENT CHARACTERISTICS

All the measurements were performed using bulk micro-
machined accelerometers. The accelerometer is a cantilever

attached at one end as shown in Fig. 1(a). A single component
comprises of two identical capacitors, i.e., between the moving
mass and the side electrodes. Only one capacitor was monitored
at a time while the other one was grounded. The component
was either flip-chipped on a printed circuit board or attached
to a TO-8 can with bond wires. The component was enclosed
in gas atmosphere and was over damped. A photograph of
the component is shown in Fig. 1(b). The component was
sensitive to inclination changes, which is characteristic for an
accelerometer, and it had an influence on the repeatability of
the measurements.

V. ELECTRONICS

The requirements for the ac voltage reference electronics are
high slew rate and high open loop gain. A schematic of the
experimental set-up is shown in Fig. 2. An ac voltage is fed
to the inverting input of the main operational amplifier OA2,
which acts as a voltage to current converter to drive the cur-
rent through the MEMS capacitor. The output of OA2 is the
ac reference voltage. The output of the unity gain buffer am-
plifier OA3 corresponds to the voltage at the inverting input of
OA2. Monitoring this voltage gives information about any vari-
ations of the gain of the operational amplifier OA2. The actual
error depends also on the phase shift between the output and
input signal. The instrumentation amplifier OA1 isolates the ac
source from the electronics. Filtering of the power supply and
also input and output voltages suppresses EM interference. In
addition, shielding techniques are employed to prevent changes

/2
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Fig. 3. AC reference voltage curves for stray capacitance values 0, 0.67,

and 1.5 pF. AC RMS voltage value change was 143 pV/V and 122 'V /V,
accordingly.

in stray capacitances. The MEMS capacitor is measured in a
four terminal configuration (not shown in Fig. 2).

VI. MEASUREMENT RESULTS

The ac voltage reference was characterized in various ex-
periments. First, we examined the device as an ideal voltage
source, which is immune to stray capacitance and to parallel re-
sistance changes. Then, we studied the frequency response, and
the sensitivity to environmental parameters such as temperature
and humidity. Finally, the stability of the ac voltage amplitude
was studied over time. All the measurements were performed at
room temperature, which varied from 21 °Cto 24 °C, and at
a 100 kHz frequency unless otherwise mentioned.

A. The Device as a Voltage Source

1) Stray Capacitance: The effect of stray capacitance was
experimentally analyzed by inserting a discrete capacitor in par-
allel with the MEMS component. For each capacitor being in-
serted, the signal generator voltage was scanned near the pull-in
point and the RMS value of the reference output voltage was
measured using a multimeter. The pull-in point, about 4.65 V,
was determined from the maximum of the curve. The nominal
capacitance of the component was 10 pF. The parallel capaci-
tance values were 0.67 pF and 1.5 pF, about 10% of the nom-
inal value and well above the expected stray capacitance values.
The results are shown in Fig. 3. The voltage maximum change
for the 0.67 pF capacitor was 143 1V /V and for the 1.5 pF ca-
pacitor 122 'V /V. However, these changes are due to compo-
nent inclination change, which was inevitable when applying a
capacitor to the electronics, rather than due to capacitor value
changes. This was demonstrated by inserting and removing the
same capacitor into the electronics. We could not observe an
ac reference voltage change due to stray capacitance within the
measurement repeatability.

2) Parallel Resistance: Similarly, a resistor was added in
parallel with the MEMS component and the voltage-current
curves were recorded in an identical measurement setup as
previously. A 90 k(2 additional resistance in parallel with the 1
M resistance changed the ac reference voltage by 7.9 uV/V.

597

0.0045 — T T T T T T

0.0040 |- I T
\ —=&— Measured data
) 0.0035 |- '\ —o— Simulation result
$0.0030 - "

>
> 0.0025}
~20.0020 -
§ 0.0015
>" 0.0010
0.0005 - h
00000 1 1 1 1 1 1 1

—
T

Frequency (kHz)

Fig. 4. Dependence of the ac voltage reference with the operating frequency.

The same order of magnitude change was also observed with
a parallel resistance of 300 k2.

3) Conclusion: The stray capacitance and parallel resis-
tance variations were not observed to effect the value of the ac
voltage reference within the measurement accuracy. However,
they do effect the input current at which the pull-in point
is reached. Therefore, the electronics driving the ac voltage
reference should be able to track the maximum of the voltage
amplitude even if the stray capacitance and parallel resistance
change.

B. Frequency Dependence

The frequency dependence of the ac voltage amplitude was
measured by varying the frequency of the input current near
the component mechanical resonance frequency (about 10
kHz). The results are plotted in Fig. 4. The results show two
phenomena. For frequencies higher than 10 kHz, the voltage
exhibits a (wo/w)? frequency behavior. This effect was also
verified by simulating a current driven and viscously damped
moving plate capacitor, which had a resistor and a capacitor
in parallel, using the Runge-Kutta method. The simulation
agrees well with the measured data. Below the resonance fre-
quency, the frequency behavior is different because mechanical
damping due to residual gas pressure is frequency dependent.
The device should be operated at frequencies well above the
component mechanical resonance frequency in order to mini-
mize the influence of the mechanical forces.

C. Environmental Changes

1) Temperature Coefficient: The temperature coefficient of
the ac voltage reference was measured by cycling the temper-
ature of the component between 32.05 &+ 0.05°C and 34.4 £
0.05°C in approximately two hour periods. The mechanical
stress arising from the component mounting was minimized by
attaching the component only from the bond wires in a TO-8
can. Two 390 k(2 resistors were attached in parallel on top of the
TO-8 can lid and the temperature was controlled by changing
the voltage across the resistors. The temperature was monitored
with a Pt100 thermometer, which was attached on the side of the
TO-8 can. The ac RMS voltage values were determined from
the maxima of the curves when the signal generator amplitude
was scanned near the pull-in point as in previous measurements.
Fig. 5 shows the ac reference voltage as a function of time during
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the temperature cycling. The temperature coefficient of the de-
vice was measured to be 240 1V /V /°C, which is about four
times higher that the temperature coefficient of the modulus of
elasticity. Since the mechanical stress arising from the compo-
nent mounting was minimized, it is assumed that the tempera-
ture coefficient is dominated by the component bending due to
different temperature expansion coefficients of silicon and glass.
In addition, a transient of about 200 min was observed in the be-
ginning of the measurement. A similar transient is also present
in the time stability experiment.

2) Humidity: The ac voltage reference sensitivity to hu-
midity was measured by inserting a moist cotton pad in a cup
inside the electronics enclosure. Relative humidity inside the
enclosure progressively increased from about 60% to about
85%. As previously, the ac RMS voltage was determined from
the maxima of the voltage curves, when the input voltage was
scanned near the pull-in point. The results are shown in Fig. 6.
A 25% change in relative humidity resulted in a 700-pV/V
increase in the ac RMS voltage. Since neither stray capacitance
nor parallel resistance have an effect on the ac voltage, it is as-
sumed that humidity is absorbed by the glue and/or the ceramic
printed circuit board where the component was mounted and,
hence, caused the component inclination change.

D. Stability With Time

Preliminary time stability measurement of the ac voltage ref-
erence is shown in Fig. 7. The device was closed in a temper-
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Fig. 7. Time stability of the ac voltage reference.

ature-stabilized chamber, which was mounted on a stone table.
The temperature was 23.51 £ 0.012°C during the 18 h mea-
surement. The amplitude of the excitation voltage was varied
near the pull-in point, and the RMS value of the reference output
voltage was measured using a multimeter. A second-order poly-
nomial fit was made to the parabolas similar to those of Fig. 3,
and the voltage at the maximum was determined. The values are
plotted in Fig. 7. After a transient of about 200 min, the refer-
ence output voltage stays constant within the scatter of the data
with a standard deviation of about 8 'V (1.7 £V / V). The scatter
is mainly caused by the multimeter, which is not an ideal device
for voltage measurements at 100 kHz.

VII. CONCLUSION

We have demonstrated that a moving plate MEMS capacitor
can be used as an ac RMS voltage reference. The voltage refer-
ence should be operated well above the mechanical resonance
frequency. Ac voltage amplitude stability of a few ¢V /V in 24 h
has been measured using a MEMS accelerometer as a test com-
ponent. VIT has designed and manufactured a MEMS compo-
nent optimized for the ac voltage reference use and it is currently
being evaluated. Temperature control or compensation for the
ac voltage reference is needed as well as a hermetic package,
which should eliminate effects of humidity and pressure on the
stability of the ac voltage reference.
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Optimized Design and Process for Making a DC
Voltage Reference Based on MEMS

Anu Kirkkéinen, Shakil A. Awan, Jukka Kyynérdinen, Panu Pekko, Aarne S. Oja, and Heikki Seppi

Abstract—A micromechanical moving plate capacitor has been
designed and fabricated for use as a dc voltage reference. The refer-
ence is based on the characteristic pull-in property of a capacitive
microelectromechanical system (MEMS) component. The design
is optimized for stability. A new silicon-on-insulator (SOI) process
has been developed to manufacture the component. We also report
on improved feedback electronics and the latest measurement re-
sults.

Index Terms—Capacitive sensors, feedback electronics, micro-
electromechanical systems (MEMS), micromachining, silicon-on-
insulator (SOI).

1. INTRODUCTION

HE characteristic pull-in voltage of a microelectrome-

chanical system (MEMS) moving plate capacitor depends
only, in principle, on its spring constant and geometrical prop-
erties. The pull-in voltage of a capacitive MEMS component
has been proposed for use as a dc voltage transfer standard in
metrology [1]-[6]. The moving plate of a MEMS parallel plate
capacitor, suspended by single crystal silicon springs, can be
very stable in comparison with, for example, Zener diodes.
The latter have an inherent 1/f noise and long term stability
limitations [7]. The MEMS capacitive devices can be designed
to operate at any voltage up to several hundred volts. In theory,
the device stability is limited by mechanical noise [5].

The major challenge in the MEMS dc voltage reference de-
velopment is to achieve high stability, preferably better than
1 wV/V /year. The major improvements introduced in the new
design, compared to the earlier published results, are the use
of stress-free silicon-on-insulator (SOI) manufacturing process,
metallization of both electrode surfaces, and built-in voltage
compensation. The major factors effecting the pull-in voltage
stability are the spring constant k and the gap d. The spring
is made out of single crystal silicon resulting in a very stable
spring constant k& with time. However, Young’s modulus has a
temperature coefficient of —60 1V /V /K, which effects the tem-
perature dependence of the spring constant. But even a 10 to 20
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times higher temperature coefficient can arise from the compo-
nent mounting. The sensor needs to be stabilized for temperature
or temperature compensated.

Longitudinal and vertical residual stress inherent in an epi
poly process, strongly influences the gap and, hence, the time
and temperature stability of the device [8]. A new SOI process
has been developed for fabrication of a series of components.
The seesaw design, a rectangular plate suspended by torsion
springs at the symmetry axis, is selected for the component, be-
cause it is less sensitive to stress or vibration than a cantilever
or beam type capacitor. Stress-free mounting of the component
is also essential.

Also, various electrode surface phenomena can have an effect
on the pull-in voltage. The charging effect can be reduced by
metallizing the electrode surfaces, which is enabled by the new
process as well, albeit with significantly increased complexity.

In addition, the built-in voltage of the component is temper-
ature dependent and, hence, a source of instability. The built-in
voltage temperature dependence can be eliminated in the first
order by applying a compensating dc voltage on the moving
plate or using “split” electrodes, explained later in detail.

In our previous work [4], the underlying dc voltage reference
stability was found to be 1 £V /V only after subtracting the mea-
sured drift of the pull-in voltage from the curve fitted to the data.
The actual drift was —6000 1V /V over 60 h.

II. PRINCIPLE OF OPERATION

When a dc voltage V' is applied across a moving plate ca-
pacitor, the capacitor plates are pulled towards each other by
an electrostatic force F, = CyV2d/2(d — x)?, where = is the
deflection, d is the gap at x = 0, Cy = €A/d is the capaci-
tance at z = 0, ¢ is the dielectric constant, and A the capacitor
plate area. The mechanical force Fin = —kx, where k is the
spring constant, acts as a restoring force on the plate position.
The maximum dc voltage across the capacitor is known as the
pull-in voltage

8kd?
V)i = 4 1
! 27Cy M

which occurs when = d/3, as can be seen in Fig. 1. The
displacement can be stabilized at that point by a force feedback
loop. The pull-in voltage can be used as a dc voltage reference.
Small deviations in the plate deflection Az, near z = d/3, have
only a second order effect in the reference voltage AV/V,,; ~
27/4 (Az/d)? which makes the pull-in point excellent for the
reference use.

0018-9456/$20.00 © 2005 IEEE
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Fig. 1. Calculated eigencurve for a component with 10-V pull-in voltage (k =
405N/m,d = 1 um, Cy = 1.2 pF).

III. COMPONENT MANUFACTURING

A new fabrication process has been developed in order to re-
alize the metallization of both capacitor surfaces. The approach
chosen is based on aligned direct bonding of separately metal-
lized and patterned wafers. The device wafer was a SOI wafer
with a 20-pm-thick device layer and a 1-pm buried oxide layer
and the substrate wafer was a 380 pm-thick double-side pol-
ished Si wafer. Both of the wafers were boron-doped and the re-
sistivity was 0.015 to 0.02 Qcm. The metal electrodes are placed
in wells to avoid problems in wafer bonding. The well depth
and oxide thickness of the substrate wafer define the gap height,
which is 1 pm.

The process consists of four parts: 1) processing the elec-
trodes to the device wafer; 2) processing the electrodes to
the substrate wafer; 3) low-temperature fusion bonding of the
wafers; and 4) inductively coupled plasma (ICP) etching the
bonded pair when the moving part is released. The process
diagram is shown in Fig. 2. The process requires 10 lithography
steps.

The most critical step in the process is the wafer bonding.
If the bonding surface quality (surface roughness and freedom
from contaminants) is inadequate, large nonbonded areas can
be observed in optical or acoustical measurements. In the worst
case, the wafers will not bond at all. To keep the surfaces in
bondable condition, careful process planning and frequent
cleaning procedures are demanded throughout the fabrication.
Also, trapped gas bubbles between the bonded wafers can
cause large nonbonded areas, as experienced in our process.
The component yield from the successfully bonded areas was
very good.

IV. COMPONENT DESIGN

The basic design of the dc voltage reference is illustrated in
Fig. 3. The top actuator electrode (550 x 800 pm) is suspended
at its center of mass with two 180-pm-long silicon springs. The
bottom of the moving plate actuator is coated with sputtered
molybdenum, and the top of the lower fixed plate is coated with
sputtered aluminum. The upper plate moves in torsion mode and
the mechanical resonance frequency is typically 30 kHz. The
component was designed to be as large as the manufacturing
process allowed in order to achieve high capacitance values.

E

e 5

e MMetall (Mo)
— Metal2 (Al)
e SOy

Fig. 2. Major process steps for fabricating the MEMS dc voltage reference.

Fig.3. Silicon-on-insulator (SOI) parallel plate capacitive seesaw component.

A bW B

Fig. 4. Bottom electrodes of the component. Double contact pads are needed
for the four terminal pair measurements.

The bottom electrode is divided into four sections as shown
in Fig. 4. The two sections in the middle are the sense elec-
trodes for displacement control (3 and 4). The top electrodes
(1 and 2) are used for actuating the seesaw to the pull-in po-
sition while the other electrodes (5 and 6) are grounded. The
built-in voltage (V4,;), which originates from the work function
difference of the metal electrode and the silicon spring, can be
compensated by splitting the actuation electrode into two equal
sections and applying slightly different voltages with opposite
polarity on the electrodes. If a positive voltage V}, is applied to
electrode 1, and a negative voltage V;, is applied to electrode 2
sothat V, = V5 + Vi, and V,, = =V, + V4, with V) being
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the average of positive and negative pull-in voltage values, the
electrostatic force F, F. o< V;? + V.2 ~ 2V{ is independent of
V4 in the first order.

Metal surfaces can be very hydrophilic. If there are any
residual chemicals from the manufacturing process inside the
sensor enclosure, they can out gas with time and effect the
device stability. Thus, the component was encapsulated into a
hermetically sealed TO-8 can containing 1 atm nitrogen gas.
Atmospheric pressure mechanically damps the seesaw elec-
trode, which is also necessary for the stability of the feedback
electronics. Fig. 5 shows a component glued in a TO-8 can and
a hermetically encapsulated component.

V. CAPACITANCE-VOLTAGE CURVE

The characteristic C-V curves of a component are shown in
Fig. 6 including repeatability measurements. From Figs. 3 and
4, it is possible to define two capacitances, C'12 and Cg, which
exist between the top electrode and the two fixed lower elec-
trodes. The C-V curves of a component were determined by
measuring the change in capacitance Co while the dc voltage

Fig. 7. Feedback electronics used to monitor the stability of the dc voltage
reference.

was increased until the pull-in voltage was reached. Capacitance
was measured using a HP 4284 A four terminal-pair impedance
bridge at 1 MHz and 0.5 Vs, with the two sections of the
lower electrode shorted together. The component capacitance,
at V. = 0, was from 1.4 to 1.9 pF, which the HP bridge could
resolve to approximately 10 aF. From the C-V curves, both the
pull-in voltage and the dc bias voltage needed for the split elec-
trodes, to compensate the built-in voltage, were determined. The
repeatability measurements demonstrate that the pull-in and the
built-in voltages of these types of components do not change
with cycling of the applied dc voltage, and only the shunt ca-
pacitance changes due to ambient temperature variations.

VI. EXPERIMENTAL SETUP AND FEEDBACK ELECTRONICS

The schematic of the experimental setup and the force feed-
back electronics used to monitor the stability of the device is
shown in Fig. 7. The elastically supported seesaw electrode is
symmetrically positioned above six rigid electrodes to form six
capacitances. The position of the seesaw electrode is monitored
by the ac capacitive bridge formed of the innermost electrodes
(3, 4). The ratio of the ac voltage levels of the two arms is ad-
justed so that the total current at the seesaw vanishes at z = d/3.
The deflection of the seesaw is stabilized at z = d/3 by con-
trolling the dc voltage on the two rightmost electrodes (1, 2).
These electrodes have equal areas and are located equidistant
from the springs. Since the electrostatic force is independent of
the voltage polarity, the built-in voltage can be compensated by
applying slightly different voltages with opposite polarities to
the electrodes as discussed in Section I'V. The voltage difference
is controlled with gain G. The feedback voltage is the result of
an output voltage from the bridge, which is proportional to the
seesaw fluctuations away from the set value of x = d/3. This
voltage is combined with a reference voltage from the bridge
oscillator in a mixer. The resultant output of the mixer is a dc
voltage with superimposed harmonic components of the input
voltages. The harmonics of the fundamental are filtered using a
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Fig. 8. Stability of the dc voltage reference (component ST/SAW6) over 11 h,

showing best stability of 60 ¢V/V. The solid curve shows the corresponding
ambient temperature recorded during the measurements.

lowpass filter, leaving only a dc signal. This is fed to a pPI3/2
controller in the feedback loop which restores the position of
the seesaw electrode to the set value of z = d/3. This controller
output voltage can be used as the dc reference voltage.

VII. DC VOLTAGE EXPERIMENT

Fig. 8 shows a dc voltage reference measurement result. After
the initial rapid change in the reference voltage, the device sta-
bilizes at approximately 60 pV/V stability over the next 10 h.
Fig. 8 does not include any ambient temperature corrections to
the measured dc voltage reference. Therefore, the inherent sta-
bility of the device is likely to be better. Further improvements

are still needed for component packaging and feedback elec-
tronics.

VIII. CONCLUSION

We have designed a new MEMS component optimized for a
dc voltage reference use and developed a manufacturing process
for it. The main target was to eliminate surface charging and
mechanical stress effecting the component stability. The first
experimental results of the new device show an order of mag-
nitude improvement with respect to earlier work. Further work
will include improvements in the feedback electronics as well
as stress-free mounting of the component.
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Abstract

This paper studies the electric stability of a MEMS based AC voltage reference. The
operation of the device is based on the characteristic pull-in phenomenon of a
moving plate capacitor. The stability of a MEMS-based AC voltage reference was
improved from 3 ppm/day to below 2 ppm/22 days by compensating the built-in
voltage with an external DC voltage source. This level of performance is sufficient
for several applications and is outstanding compared to results published earlier.

Key Words Microelectromechanical systems, capacitive sensors, micromachining,
built-in voltage, voltage reference, oxide charging
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I. INTRODUCTION

Voltage references are fundamental building blocks in many instruments like data
logging systems, digital multimeters, and calibrators. We have presented the first
MEMS based AC voltage reference in [1]. The operation of the AC voltage
reference is based on a characteristic property of an electrostatic MEMS component:
the pull-in voltage. The component is actuated to the maximum point of the
characteristic current-voltage curve using AC current. The maximum voltage
depends only on the component geometry and material properties and it is therefore
an excellent reference [2]. The benefits of MEMS components in reference
applications are good stability [3], low 1/f noise, large operation voltage range,
small size, and low power consumption. However, because of a relatively high
temperature coefficient, in the order of 100 ppm/°C [2], the reference voltage needs
to be compensated for changes in temperature or the component needs to be placed
in a temperature-stabilized oven.

In our previous work we have demonstrated that charging of a MEMS component,
operated near the pull-in point, can be significantly reduced by using AC voltage for
the actuation instead of DC voltage [4]. However, even in the absence of an external
DC voltage source, the component will experience an effective DC voltage, which
originates from the work function difference of a metal-semiconductor junction, and
an offset voltage due to charges in the dielectric layers. In this paper we will
demonstrate their effect on the stability of the AC voltage reference. If the effective
DC voltage over the MEMS component is constant, it will only reduce the value of
the AC reference voltage, but does not jeopardize the device stability. However, if
the effective DC voltage changes with time and is not compensated, the change has
a first order effect on the stability of the AC reference voltage.

A dielectric layer on top of an electrode of a MEMS component can have a two-fold
effect on the component stability. On one hand, the dielectric layer passivates the
electrode surface and hence increases the device stability. For example, if there are
any process chemicals inside the component enclosure, their adsorption on the
electrodes varies with temperature causing a change in the surface potential of the
electrode. This effect can be reduced with a dielectric layer. On the other hand,
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charge build-up in a dielectric layer is observed in an electric field [5]. Charging of
the dielectric layer forms a potential source of instability for the AC voltage
reference. Even without a processed dielectric layer, there is always a thin native
oxide layer on the electrode surface [3].

Il. PRINCIPLE OF OPERATION

The moving plate capacitor, shown in Fig.1, is actuated to the maximum point of its
characteristic current-voltage curve using AC current I(t) = I sinwt . There is also
an effective DC voltage, Vpc, over the component due to the built-in voltage and
charges in the oxide layer. The electrostatic force Fe attracts the electrodes together
while the spring force Fy due to the elastically suspended electrode, tries to restore
the plate position. The force balance equation is

d

&(E, +Ey)=kx=F,, (1)

Fe = FE,I + FE,V ==

where Fg and Fgy are the electrostatic forces due to the AC current | and due to the
DC voltage Vpe, E; and Ey are the electrostatic energies, respectively, x is the
deflection of the moving electrode, and k is the spring constant. Assuming that the
electrodes are in parallel and the movement is translational, Fg, can be calculated
from

_d(dfm)_ I? )
Fer = dx( 2C J_ 2eha? 0 (@), @)

where C = gA/(d — X) is the component capacitance, ¢ is the permittivity of the
medium, A is the electrode area, d is the gap between the electrodes, and
q(t) = .[ | sin(wt)dt is the capacitor charge. The force due to the DC voltage is

d (CVZ 1 A
F,=——|—2bc|_=y2 3
=Y dx( 2 J 2 % (d-x)? ®
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When either the frequency of the actuation current, w/2z, is much higher than the
component mechanical resonance frequency or the motion of the moving electrode
is sufficiently damped, the position of the moving electrode is stationary over the
period of driving frequency and the cos®(t) term equals Y.

The rms voltage Vac across the plate as a function of the displacement x can now be
calculated from Eq. (1)-(3):

_M:\/ﬂ 2y _\2
Vac = N A (d—x)"x=Vg . 4)

The maximum of VAC(T), which is the reference voltage, can be calculated from
dVac(D/dT = (dVac(X)/dx)( dx/d T) = 0. Since dx/d T # 0, the maximum is reached
when dVac(x)/dx = 0, which occurs at | = (3/\/5)a)gAVpi /d , corresponding to
x=d /3. The maximum of Vc is

Ve = Vi =V (5)

[8kd®
Vo =\ 27A ©)

is the component pull-in voltage.

where

Small time variations AVpc of the Vpc can be described as Vpc = Vpco + AVpc,
where Vpc is a constant. Since Vpc << Vac, EQ. (5) can be expressed as

V2 \Y
VAmg\x :V o DC,0 _ DC,0 AVDC- (7)

Equation (7) demonstrates that selecting Vpco = 0, small changes in the DC voltage,
AVpc, have no effect on the reference voltage in the first order.
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I11. STABILITY

Vpe in Eq. (3) is a sum of all DC voltages effecting on the component:

VDC :Vbi +Vc (Vbi Viias 1) +Vbias' 8)

bias ?
where Vy; is the built-in voltage originating from the contact potential difference of
silicon and metal, V, is the voltage due to the charges in the oxide layer, t is time,
and Vyiss the externally applied bias voltage.

Ideally, the built-in voltage is the difference of the materials work functions [5]. For
example in the case of silicon aluminum interface, Vi = 4.28 V - 4.85V = -0.57 V.
However, in practice the situation is more complicated. The disruption of the crystal
lattice produces a large number of surface energy states located in the forbidden
bandgap. Also, the work function for a thin layer of metal can differ significantly
from the bulk value. In addition, the built-in voltage depends on temperature [5].

Charges in the oxide, at the SiO,— Si interface, and on the surface of the oxide layer
create the voltage V.. Wibbeler et al. [6] have calculated the voltage V. for a moving
capacitor plate structure due to a sheet charge at the dielectric-air interface and van
Spengen et al. [7] have expanded the model by taking also the trapped charge in the
bulk oxide into account. However, these models do not discuss the generation nor
the time evolution of charging. These issues have recently been studied for pFET
devices under negative bias voltage. It is generally accepted that interface traps and
fixed charges are generated from the dissociation of silicon-hydrogen bonds. Diffusion
models describing the break of a Si-H bond, where hydrogen diffuses away and reacts
with the oxide, have been developed [8]. These models yield a 1-exp(-t/ 7) time
behavior, where the charging saturates with a time constant z. The final amount of
charge depends, e.g., on the electric field over the oxide layer, oxide thickness, and
temperature. Manufacturing process of the oxide, impurity concentration,
mechanical stress, and several other parameters are known to have an effect as well.
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IV. COMPONENT

A schematic view of the MEMS moving plate capacitor used in this study and its
electric equivalent circuit are displayed in Fig. 1. The component is a dice from a
bulk micromachined stack of three silicon wafers. A silicon wafer, where the
moving structure is etched, is anodically bonded between two glass-covered silicon
wafers. The silicon is boron doped, Na = 2x10* cm™, and the surface of the moving
mass has additional boron doping Na = 4x10™ cm™. The fixed electrode on glass is
made of AICu. The surface areas of the electrodes are 1.45x10° m?, the spring
constant is 30 N/m and the gap is 5.7 um. The measured pull-in voltage values are
+9.32Vand -8.82 V.

H Vhi Rspring

= \/ _'|'}—|:|T
—(| s GD Cor T T

C ~— pxide cox T

. 9% _T . AICU Vv, =

TC. [\ Class T
T “nar S L || I
' v,

a) b)

Figure 1. a) Schematic structure of the silicon cantilever used as a moving plate
capacitor and b) the equivalent circuit. V is the external voltage source, Vy,; is the
built-in voltage of the metal-silicon junction. Cgy,, is the component capacitance
(work capacitance), which has a parasitic capacitance Cg, in parallel. Cy is the
capacitor formed by the dielectric layer (usually SiO,). Rgyring is the resistance of the
silicon spring.
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V. ELECTRONICS

The AC voltage reference electronics block diagram is show in Fig. 2. A 100 kHz
AC voltage, V¢ i, is fed to the inverting input of the main operational amplifier
OA2, which acts as a voltage to current converter. The amplitude of the input
current is slowly varied over the maximum point and the maximum output voltage
was recorded as the AC reference voltage (the AC component of V, in Fig. 2). The
instrumentation amplifier IA1 isolates the AC source. The stability of the OA2 gain
is recorded at the output of the unity gain buffer amplifier OA3. The DC bias
voltage for the built-in voltage compensation is fed to the non-inverting input of
OA2. The DC voltage over the MEMS component is Vpc out— Ve biass Where Ve out
is the DC component of Vqin Fig. 2. A trimmer resistor is needed to find the right
DC compensation voltage, but once found, the trimmer can be replaced with a fixed
resistor. Temperature, pressure and humidity are recorded during the measurement
and used for the multi-regression analysis to correct the measurement data.

a ;
0A3
VAC in
—_— MEMS
?—M

+18Y =
RS

|
T ocbiss

- voltage
-18Y

Figure 2. Electronics block diagram of the AC voltage reference. The reference
voltage Vo, contains an AC component Vac o, @and @ DC component Vpc ou.
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We have experimentally demonstrated that small changes in the parasitic
capacitance or in the parasitic resistance over the component have no effect on the
pull-in voltage [2]. Hence the stability of the electronics depends only on the
stability of the MEMS component and the stability of the OA2 gain.
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VI. DEPENDENCE OF Vac ON THE BIAS VOLTAGE

max

The dependence of the reference voltage V.~ on the applied bias voltage Vyis,s Was
measured and compared with the calculated values (see Eq. 5). The results are
displayed in Fig. 3. The pull-in voltage V,; ( Eq. 6) for the calculated curve was
derived from the measured C-V curve, shown in Fig.4, as the average value of

Vo and -V, o, where Vo, - is the run-off point with the positive bias voltage
and V,, ;, is the run-off point with the negative bias voltage. If the component is

uncharged, i.e. V, = 0, Vy,; is the minimum point of the C-V curve, which is 0.245 V.
The maximum of the measured Vnﬁ;; curve is obtained when Vpiis= -Vpi, and it is -
0.278 V (in Fig. 3). The measured and calculated values are in fairly good
agreement especially considering that the initial charging state of the component
may vary, despite of short circuiting the component between the measurements, due

to long time constants related to the charging phenomena.

T T T T
9.029 |- o0 o .
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Figure 3. Calculated and measured V .~ curves as a function of externally applied
DC bias voltage.
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VII. DRIFT OF THE AC REFERENCE VOLTAGE

The stability of the AC voltage reference was monitored when different bias voltages
where applied over the MEMS component. The reference was closed in a temperature
stabilized chamber mounted on a stone table. The temperature of the chamber varied
less than 0.1 °C around the average value of about 23.5 °C. The bias voltage was set
close to the built-in voltage value by changing the values of resistors R3 and R4 (see
Fig. 2), and the AC reference voltage was monitored with HP 3458A DVM for 4...22
days for each bias voltage setting. The measurement was made by changing the
amplitude of the driving 100 kHz current across the pull-in point, and by recording the
rms value of the reference output voltage with the DVM for each amplitude value
resulting in a curve similar to the one presented in Fig. 3. A second-order polynomial
fit was made to the data and the voltage at the maximum, V.x, Was determined.
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The measured AC voltage was corrected for changes in temperature, pressure and
humidity using multiple regression analysis. The AC voltage was observed to vary
linearly with time. The slope of the curve is the drift rate which is shown in Fig. 5
for different bias voltage values.
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Figure 5. Drift rate of the AC reference voltage as a function of bias voltage.

The results indicate a linear behaviour of the drift rate as a function of the applied
DC bias voltage for small bias voltage values. If the bias voltage is larger than — Vy;,
the drift is negative and vice versa. The optimal point of operation for the AC
voltage reference is the maximum of the VA”Z:""X VS. Vhias CUrVe, which corresponds to
Vbe = 0. The vanishing DC voltage prevents the charging of the MEMS component
and also eliminates possible small changes in the DC voltage in the first order (see

Eq. 7).
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VIII. STABILITY OF THE AC REFERENCE

Finally, the long-term stability of the AC voltage reference was measured using the
bias voltage value of -0.243 V. The measurement setup of the 3-week long
experiment was similar to the one described above except that the stability of the HP
3458A DVM was periodically (about once in a day) compared against a Datron
4920 AC measurement standard and a Fluke 5700 A calibrator as shown in Fig. 6
(in the upper part). The uncertainty of the DVM during the experiment was of the
order of 2 ppm. V. was determined from a parabolic fit as explained in Chapter
VII. Essentially identical results, with slightly larger scatter, would have been
obtained by monitoring the output voltage at a fixed amplitude of the driving current
set to the pull-in point. The results are plotted in Fig. 7 after correcting the data for
changes in ambient pressure (-6 pV/hPa) and temperature (-180 pV/°C). No drift
could be observed in the 100 kHz output voltage of the device within the
measurement accuracy of about 2 ppm during a 3-week period. The drift rate
without the built-in voltage compensation was measured to be more than 3 ppm per
day for the same component. The noise correlated approximately as 1/f according to
the Fourier analysis made to the data.

AC STANDARD
DATRON 4920

AC GENERATOR 100 kHz

FLUKE 5700 A oV
CONSTANT TEMPERATURE ~ ——> DWM
o1k HP 3458 A
AC GENERATOR| 100 kHz —/ 100 kHz
| 1Oz
FLUKESTOOA [ 453v . 0328V —J 9V

MEMS & ELECTRONICS

Figure 6. Measurement setup for the time stability measurement.
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Figure 7. Long-term stability of the built-in voltage compensated AC voltage
reference.

After the stability test was finished, both the AC drive and the DC bias (built-in
voltage compensation) were disconnected but the device was kept at the temperature
isolated measurement chamber. After one day the voltages were reconnected and the
measurement continued. After a relaxation period of about 8 hours, the output
voltage returned to the original level within the measurement accuracy of about
2 ppm, as shown in Fig. 8.
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Figure 8. Recovery of the AC voltage after the power has been switched off for one
day.

IX. CONCLUSIONS

The long-term stability of a MEMS based AC voltage reference has been studied.
Charging of the MEMS component causes significant drift of the AC reference
voltage. Charge build-up is observed even when the electrodes are covered only
with a thin native oxide layer and the built-in voltage is not compensated. With the
compensation the drift was reduced below 2 ppm during a 3-week measurement
period. This level of performance is sufficient for several metrological applications
and it is so far the best published result for a MEMS based voltage reference. Also,
the AC reference can be utilized as a very sensitive device to study the stability of
moving plate capacitor structures.
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