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Abstract: This paper presents results of work undertaken for exploring MEMS capabilities to fabricate 
AC voltage references for electrical metrology and high precision instrumentation through the 
mechanical-electrical coupling in MEMS. From first MEMS test structures previously realized, a 
second set of devices with improved characteristics has been developed and fabricated with Silicon on 
Insulator (SOI) Surface Micromachining process. These MEMS exhibit pull-in voltages of 5 V and 10 
V to match with the best performance of the read-out electronics developed for driving the MEMS. 
Deep Level Transient Spectroscopy measurements carried out on the new design show resonance 
frequencies of about only some kHz, and the stability of the MEMS output voltage measured at  
100 kHz has been found very promising for the best samples where the relative deviation from the 
mean value over almost 12 hours showed a standard deviation of about 6.3 ppm.  
Copyright © 2010 IFSA. 
 
Keywords: MEMS Design, SOI Process, Electrical metrology, Voltage Reference. 
 
 
 
1. Introduction 
 
MEMS technologies have increasingly developed since the Seventies thanks to the capacity of 
intelligent assembly of basic devices (beams, springs, wheels, gears…) to manufacture complex 
Microsystems (engine, resonators, actuators, pumps…). From MEMS devices made of membranes, 
beams or seesaw structures, the first applications in electrical metrology have emerged around 1995 
with the first AC-DC converters where the principle is to balance two electrical forces generated by 
AC and DC voltages [1, 2]. Afterwards, several other applications have been proposed: AC and DC 
voltage references [3-6], AC-DC converters [7, 8], current reference and low frequency voltage divider 
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[9, 10], and RF and microwaves power sensors [11-13]. Such devices are made of micro-machined 
electrodes of which one at least is movable thanks to the application of an electrostatic force between 
the two electrodes, inversely proportional to the square of the gap. For voltage references, one uses in 
such a Microsystem of variable capacitor (Fig. 1) the "pull-in" effect, which limits in DC actuation the 
stable displacement x of the movable electrode to the third of the gap d. In the characteristic voltage-
displacement of Fig. 1, the pull-in voltage Vpi corresponds to the maximum voltage applied to the 
MEMS beyond which the two electrodes are put abruptly in contact. 
 
 

 
 

Fig. 1. Variable MEMS capacitor and its calculated voltage-displacement characteristic. 
 
 
As this point is an extremum, it can be used as a stable DC voltage reference (the relative variation of 
Vpi is only proportional to the square of the relative variation of the displacement). However, in DC 
voltage actuation, specific techniques and feedback electronics are needed to stabilize the mobile 
electrode at the pull-in point [14-19]. 
 
If the previous structure is now biased with an AC sinusoidal current of amplitude IRMS and frequency 
, the AC voltage presents, according to the current IRMS, a maximume equal to Vpi: 
 
 max

ACV = 
0

2 27/8 CkdV pi  , (1)
 
where C0 is the capacitance at x = 0 and k the spring constant (Fig. 2). 
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Fig. 2. MEMS output Voltage versus IRMS biasing current, Imax being the maximum effective current  
flowing in the MEMS. 
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This point of maximum voltage can be used as a stable AC voltage reference since its relative variation 
in this point depends only on the square of the relative variation of the current: 
 
 VRMS/Vpi~ -3/2 (I/IRMS-max)

2, (2)
 
where IRMS-max corresponds to the current at Vpi. Of course, the frequency of the current should be 
much higher than the mechanical resonance frequency of the MEMS in order to minimize the 
influence of the mechanical forces. 
 
The pull-in effect approach was already utilized for the development of stable MEMS components [20, 
21]. In this work, an AC voltage reference based on a commercial MEMS accelerometer showed 
stability at 100 kHz of about 2 ppm over three weeks. This stability has been obtained by applying 
corrections to the raw measurements due to temperature, humidity and pressure effects, but primarily 
by the compensation of the temperature dependent DC built-in voltage generated at metal-
semiconductor interfaces in the system. 
 
The stability of the MEMS voltage standards based on the pull-in effect depends on the stability of the 
spring constant k and the geometrical dimensions of the MEMS defining the gap d and the nominal 
capacitance. For this purpose, a monocrystal of silicon is used for manufacturing these systems (the 
basic concept is the electromechanical transduction in MEMS in which the high mechanical stability of 
a single crystal of silicon would be transferred to an electrical stability through the mechanical-
electrical coupling). However, a temperature regulation of the MEMS is then needed to control the 
temperature dependence of the spring constant which is induced by the variation with the temperature 
of Young’s modulus in silicon crystal. Two others phenomena could be a limitation to the MEMS 
voltage stability: native mechanical stresses in the material or induced by the manufacture processes of 
the MEMS components (assembly and packaging) and charge effects of the silicon surfaces. 
Therefore, in order to have the required stability for primary and secondary metrology fields and 
precision instrumentation, special designs and architectures featuring low sensitivity with respect to 
strain and geometrical dispersion have to be investigated, as well as technological processes featuring 
low residual stress and high repeatability. 
 
The work presented in this paper is aiming at developing AC voltage references for metrology and 
precision instrumentation. From first MEMS test structures (design N°1) previously realized [22, 23], a 
second set of devices with improved characteristics (design N°2) has been developed and fabricated 
with a Silicon On Insulator (SOI) Surface Micromachining process. Moreover, two specific read-out 
electronics for driving the MEMS have been studied and completely realized. Deep Level Transient 
Spectroscopy measurements were carried out to study the dynamical behaviour of the devices and to 
determine their mechanical resonance frequencies. Finally, the stability of the MEMS output voltage 
of the structures has been evaluated and led to rethink the devices architecture itself to match with the 
constraints of the SOI process. 
 
 
2. Design of the MEMS Devices 
 
The patterns of the Microsystems must be chosen by taking into account the following parameters: i) 
the value of the variable capacitor that should be greater than the parasitic capacitances of the system 
with a variation consistent with the detection of the pull-in voltage; ii) the targeted pull-in point that 
defines the value of the voltage reference; iii) the mechanical resonance frequency that must be 
sufficiently low, iv) the technological process itself. 
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2.1. Design N°1 
 
The first MEMS design was aiming at assessing, on one hand the capabilities and performance of an 
industrial SOI process, and on the other hand specific MEMS architectures for AC voltage references. 
These MEMS were designed by using a finite element software (CoventorWare) on the basis of a 
silicon disk plate (movable membrane) featuring different configuration of the suspending springs on 
the substrate (fixed electrode) to ensure a controlled vertical piston mode motion [22, 23]. Fig. 3 shows 
the layouts of the movable part of these structures. The first device named A is a 500 µm-radius disk 
plate with three curved springs of 1300 µm long and 10 µm width. Device B is very similar to the 
sample A and has the same dimensions, only the curved part of the springs in B are attached together 
forming a released ring of 10 µm width, which slightly increases the stiffness of the structure and then 
Vpi. The aim of this design is to improve the vertical guidance of the movable plate. The same disk 
plate as previously (r = 500 µm) is used for forming the last device named C having four straight 
springs (360 µm  10 µm). 
 
 

 
 

Fig. 3. Layouts of MEMS test structures of the design N°1 modelled with CoventorWare. 
 
 
The computations are performed with the electromechanical formulation of CoventorWare. The pull-in 
voltage of each device is calculated through the computation of the displacement x of the membrane 
due to the application of an electrostatic force generated by the bias voltage applied between the two 
electrodes formed by the movable membrane and the substrate. The simulations are carried out by 
taking into account the exact dimensions of the SOI wafer and particularly the gap d of 2 µm. In this 
case, the voltage corresponding to the membrane displacement of 0.66 μm (d/3) gives an estimation of 
the pull-in voltage. From these results, one can then calculate for each structure the stiffness k of the 
springs and the resonance frequency f0. The targeted pull-in voltages are ranging from 2 V to 90 V. 
 
 
2.2. Design N°2 
 
The second set of MEMS structures has been designed with the aim to get samples having high 
nominal capacitances compared to the parasitic ones and lower pull-in voltages. The objective is the 
evaluation of the intrinsic stability of the MEMS capacitors without being limited by the electronics 
noises. Indeed, in the case of AC voltage references, the MEMS are put in the feedback loop of a 
precision amplifier consisting in a voltage-to-current converter. This amplifier should have a great 
product gain-bandwidth to work up to some hundreds kHz, and the most powerful amplifiers available 
have voltage supply limited to about 18 V at most. Hence, two MEMS structures E and F 
corresponding to the design N°2 have been developed to have pull-in voltages of 5 V and 10 V 
respectively. The layout of the design N°2 is depicted in Fig. 4. It is based on a silicon disk plate with 
three straight suspending springs. In this design the nominal capacitance of the movable part is much 
higher than the parasitic capacitance induced by the anchorage points, which are now of small size, 
and the contact pads limited here to just one electrical contact. The value of the movable capacitor is 
now of 23 pF against 5 pF for the design N°1. Moreover, the structures are guarded by a silicon ring of 

A B C
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65 µm width to avoid the effect of any leakage currents. The dimensions of the two MEMS are given 
in Table 1 and both structures have been modelled with CoventorWare. The calculated parameters of 
the two structures E and F are summarized in Table 2 where the capacitance C0 at x=0, the spring 
constant k, the resonance frequency and the pull-in voltage are given. 
 
 

Gard ringMEMS 
disk plate

Anchorage 
points

Contact pad 

Gard ringMEMS 
disk plate

Anchorage 
points

Contact pad 

 
 

Fig. 4. MEMS design N°2 used for the E and F samples. 
 
 

Table 1. Dimensions of the MEMS devices of the design N°2. 
 

MEMS Diameter (µm) Length (µm) Width (µm) 
E 2210 1072 10 
F 2210 884 10 

 
 

Table 2. Calculated MEMS characteristics of the design N°2. 
 

MEMS C0 (pF) k (N/m) f0 (kHz) Vpi (V) 
E 22.8 1437 10 5.5 
F 22.8 437 18 10 

 
 

3. MEMS Fabrication 
 
The choice of the technological process has been driven by the theoretical considerations of the 
previous sections where it is very important to have a technology which minimizes the gradient of 
stress and that allows a good control of the dimensions. We have chosen a Silicon On Insulator (SOI) 
surface micromachining process and a Multi-project Wafer (MPW) of an industrial foundry (Tronic’s 
Microsystems) to make sure that the process will be repeatable. The SOI top layer is a 60 µm thick 
monocrystalline silicon layer used for the mechanically active layer, exhibiting excellent mechanical 
characteristics (it can tolerate up to 1010 cycles without any crack or fatigue [24]). The silicon dioxide 
layer acting as insulator and spacer defines the gap of 2 µm and the silicon substrate of 450 µm thick 
acting as the fixed electrode. Silicon wafers resistivity is in the range of 0.02 .cm obtained by a high 
boron p-type doping of 2.1018 cm-3. 
 
Fig. 5 illustrates the process flow used for the realizations of our structures. The top layer is first 
etched in order to realize the disk plate suspended with springs and then gold contact pads are realized. 
After the partial selective etching of the silicon dioxide, the plate and the springs are released from the 
substrate. 
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1 - SOI wafer – Si et SiO2 Etching

2 - Epitaxy – Implant – Passivation - Metallisation

3 - Etching of the microstructures

4 - Releasing of the microstructures

1 - SOI wafer – Si et SiO2 Etching

2 - Epitaxy – Implant – Passivation - Metallisation

3 - Etching of the microstructures

4 - Releasing of the microstructures

3 - Etching of the microstructures

4 - Releasing of the microstructures  
 

Fig. 5. SOI process flow of Tronic’s Microsystems used for MEMS fabrication. 
 
 
To ensure the stability of the MEMS, a vacuum hermetic silicon wafer level packaging protects the 
die. The final structure is composed by the assembly of the SOI wafer where the MEMS is realized 
and a silicon wafer acting as a cap for protecting the MEMS. The non-sealed areas are defined by 
partial etch of a silicon dioxide initially realized and the metallization define the sealing areas for 
assembly. After assembly, via holes are realized to allow electrical contact of the structure to the pads. 
 
Tronic’s process has been used for elaborating our MEMS devices. Fig. 6 shows photos of the three 
fabricated MEMS of the design N°1 (A, B and C). To control the quality of the micromachining and 
etching processes, test patterns were realized on the same silicon wafer in the shape of beams and gaps 
of 3 µm and 4 µm width respectively. Measurements of these parameters over a dozen of samples 
corresponding to a dozen of dies, show a dispersion of less than 0.2 µm, which indicates a very good 
technology process control and an excellent repeatability. 
 
 

 
Fig. 6. SEM photos of the MEMS A, B and C fabricated following the design N°1. 

 
 

With this same MPW Tronic's process, we have then fabricated structures following the design N°2 
where the silicon membrane is fitted with a guard ring which can be put to a chosen electrical 
potential. Fig. 7 shows a SEM photo of a chip containing the two MEMS devices E (5 V) and F  
(10 V); sealed and not sealed dies have been fabricated. For each MEMS, there are several contact 
pads corresponding to the movable electrode, the guard, the silicon cap protecting the die and the 
silicon substrate. Let us note that for the hermetic dies, the pads are larger and contribute more in the 
total capacitance of the MEMS. 
 
In the two previous technological runs, for each kind of MEMS architecture, we have produced 22 dies 
corresponding in total to 220 samples. 
 
 

A B C
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Contact pad of the gard ring

MEMS F

(10 V)
MEMS E

(5 V)

MEMS contact pad

Contact pad of the gard ring

MEMS F

(10 V)
MEMS E

(5 V)

MEMS contact pad  
 

Fig. 7. SEM photo of a die containing both E and F MEMS structures fabricated following the design N°2. 
 
 
4. Read-out Electronics 
 
The principle of actuation of capacitive MEMS for the AC voltage reference needs relatively simple 
electronics. However, it must be carefully designed to avoid parasitic noises, given the values of the 
MEMS capacitance compared to the stray capacitance of the system itself (few pF). To drive the 
MEMS to the pull-in voltage for defining the AC voltage reference, we have developed two read-out 
electronics: a circuit stabilized by the MEMS capacitance but whose gain adjustment is manual, and a 
more sophisticated system that can automatically adjust the output voltage of the MEMS to its 
maximum value. 
 
The scheme of the first electronics is shown in Fig. 8. As the MEMS have to be biased with an AC 
current, they are put in the feedback loop of amplifier A1 consisting in a voltage-to-current converter. 
Amplifier A1 should have a great product gain-bandwidth to work up to some hundreds of kHz. 
However, this kind of components has rarely small voltage offsets and polarization currents, then the 
low frequency precision amplifier A2 is used to fix the DC output voltage to zero. 
 
 

 

C1=15pF

Rp=22M

MEMS=15pF

R2=10k

C2=150nF

R5=10M

R3=10kC3=150nF

A1

A2

 
 

Fig. 8. Voltage-to-current read-out electronics. 
 
 
To drive automatically the MEMS to the pull-in position, a proposed solution consists in controlling 
the operating point using an amplitude modulation (AM) of the RF signal, typically at 100 kHz, by a 
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small sinusoidal signal at very low frequency. Indeed, such a feedback-loop eliminates many error 
sources, and the only remaining error is the amplifier gain. In this approach, a modulator performs the 
product of the input RF signal by the sum of a DC voltage and a small ac voltage. This signal has 
average amplitude that depends on the DC voltage, and a small depth amplitude modulation. If the 
average amplitude is correct, there is no very low frequency component in the amplitude of the 
detected output signal (except a residual signal at double of the modulating frequency). If there is a 
positive or a negative error, an AC voltage at very low frequency appears in phase or in opposite phase 
with the modulating signal (slope change in the U-I characteristic). A synchronous detection and a low 
pass filter allow to obtain an error voltage, which after integration constitutes the voltage control. In 
our case, we have applied the amplitude modulation detection by using a square-modulating signal 
instead of a sinusoidal wave. With such a modulation called ASK (Amplitude Shift Keyed), the current 
takes only two fixed values Ipi±I (the operating point no longer describes the arc of the U-I 
characteristic), and there is no residual modulation at double of the modulating frequency. This new 
approach has two advantages: 
 
- There is no problem with sampled systems or pulses. 
 
- The filtering circuits become very simple and therefore provide less phase shift in the loop. 
 
For the same modulating frequency in both cases (sinusoidal and square modulating signals), the loop 
bandwidth can be greater. Moreover, instead of adding the modulating signal and the integrated control 
voltage, it has to be multiplied by the chosen modulation envelope and then to modulate the signal 
with this product. With a modulating sinusoidal, this requires an additional multiplier. With a square 
wave, the product is made with a simple CMOS analog switch, followed by a low-pass filter to control 
the harmonic content of the modulating signal. The synchronous demodulator is an analog switch, 
much more stable in DC current than an analog multiplier. Fig. 9 presents the block diagram of the 
AM electronic module for the AC voltage reference and shows the third generation AM electronics 
which integrates a temperature regulation of the MEMS by using small Peltier modules ensuring 
temperature stability at some mK. 
 
 

RF signal 
generator 
(100kHz) 

MEMS

Envelope 
detection  

B-P 
Filter

synchronous 
Demodulator 

L-P 
Filter 

Output

Integration and 
phase correction  

Amplif.

Modulator 

Modulating 
signal 

Generator 
(>10 Hz) 

L-P 
Filter 

0°

180°

Attenuator  
(x1 ou x0,998) 

 

 
(a) 

 
(b) 

 
Fig. 9. Block diagram and photo of the AM electronics module integrating a temperature regulation  

of the MEMS with Peltier modules. 
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5. Measurements Results 
 
5.1. Design N°1 
 
First C-V curves have been carried out on the MEMS of the structure A by using a LCR-meter. An 
external DC bias voltage is applied to the MEMS and the capacitance is measured with an AC voltage 
of 0.1 V at 100 kHz. Fig. 10a shows the C-V characteristic of the structure A at 100 kHz for a bias 
voltage ranging from -2.5 V to 2.5 V. This C-V characteristic is quite symmetrical in positive and 
negative bias voltages. Indeed, the shift of the curve relatively to the zero voltage is only of tens of 
mV, reflecting an extremely low built-in voltage compared with samples from the literature showing 
built-in voltages up to 0.8 V [20]. In this case, the electrodes were metal coated, which is not the case 
for our devices. Furthermore, one can see clearly a pull-in effect occurring at Vpi = 1.96 V (and a  
pull-out voltage around 0.7 V) in a good agreement with the calculated value of 1.4 V made by 
ConventorWare. The same results on the pull-in voltages measured and calculated have been obtained 
on the other test structures (B and C). 
 

 
 

Fig. 10. C-V (a) and U-I (b) characteristics of the MEMS A at 100 kHz. 
 
 
Measurements of the MEMS output RMS voltage according to the current IRMS flowing in the MEMS 
(U-I characteristic) have been carried out at frequencies ranging from 10 kHz to 200 kHz. Fig. 10b 
displays the characteristic of the structure A at 100 kHz. All the other curves show the same maximum 
of the output voltage corresponding exactly to the pull-in voltage Vpi = 1.96 V observed in the C-V 
curve. 
 
The objectives of this first step and the test structures of the design N°1 were to assess the ability of 
finite element software to design specific architectures, the capabilities of an industrial MEMS SOI 
process for the fabrication and to develop read-out electronics. The evaluation of the whole set of 
devices of the design N°1 allows us to collect information and to make the following recommendations 
that will be used to design next generations of MEMS and have been followed for the design N°2: 
 
- We have had many failures with MEMS having curved springs (samples A). Consequently, only 
structures with straight springs have to be considered in making the design N°2, which makes it 
possible to better predict the characteristics of the devices by modelling and analytical calculations. 
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- Limiting the number of electrical contact pads and reducing the size of the anchorage points of the 
movable electrode on the silicon substrate should significantly reduce the parasitic capacitances. 
We may also consider increasing the nominal capacitance by taking into account the limitations 
imposed by the rules of Tronic’s process. 

- To develop a precision electronics for driving the MEMS by using the best electronic components 
available and especially the main amplifier, one must work with MEMS structures with pull-in 
voltages below 20 V, ideally between 1 V and 10 V. This will enable an effective assessment of the 
intrinsic stability of the MEMS without being hindered by the electronics instabilities. 

- To reduce the number of MEMS components per chip to avoid possible interactions and to ensure 
that all the different parts of the chip (inactive silicon, protecting cap) are put to a suitable potential 
by making dedicated contact pads. 

 
 
5.2. Design N°2 
 
The devices of this design have been realized by taking into account the previous remarks. Fig. 11a 
shows the C-V characteristic at 100 kHz of the structure E-HK11 corresponding to a MEMS E of the 
die named K11 sealed hermetically in vacuum. The nominal capacitance (at zero voltage) is 29 pF, 
which means that stray capacitances are of about 6 pF. The main part comes from the air-capacitance 
formed between the movable electrode and the silicon-covering cap that protects the MEMS. Indeed, 
the gap between these two parts is only of 5 µm and this capacitor is directly in parallel with the 
MEMS capacitor if both the substrate and the cap are grounded. Moreover, the shift of the center of the 
C-V curve corresponding to the built-in voltage is only of some tens of mV. This value is much lower 
in our devices compared to samples with metalized electrodes; the only contribution to the built-in 
voltage in our systems comes from the silicon-gold interface of the contact pads. The value of the pull-
in voltage determined from Fig. 11a is of 4.095 V for this sample when the simulated value for these 
structures is of 5.5 V. Let us note that the dispersion of the pull-in voltage over several tested E 
samples is of a few tenths of volts. 
 
 

 
Fig. 11. C-V (a) and U-I (b) characteristics of the E-HK11 MEMS at 100 kHz. 

 
 
The RMS output voltage of E-HK11 sample according to the driving current at 100 kHz is shown in 
Fig. 11b. The value of maximum voltage is of 4.095 V and corresponds exactly to the pull-in voltage 
previously determined. This point will define the value of the MEMS AC voltage reference whose 
stability must be fully evaluated and characterized according to environmental conditions. 
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For the MEMS of the structure F, the measured pull-in voltages are about 8 V, which corresponds to 
the same relative difference between the simulated and measured pull-in values for both types of 
samples. This discrepancy is due to a no optimized mesh of the structures and a low computation 
precision used in the software to reduce the computation time. The problem has been solved for an 
other run of fabrication not presented in this paper where the deviation between the simulated and 
measured pull-in voltages has been reduced to some %, which gives us best capabilities to simulate 
complex components. 
 
Deep Level Transient Spectroscopy (DLTS) measurements have been carried out on these MEMS to 
analyze the dynamic behaviour of the movable plate by measuring the capacitance change in the time 
domain. Indeed, this technique allows to give information on the mechanical behaviour of 
Microsystems such as mechanical time responses, damping or resonance frequencies. Fig. 12 
represents the response of E-HP11 MEMS to a DC voltage step of 3 V during 10 ms. The membrane 
oscillations represented by the oscillations of the MEMS capacitance are clearly observed over a time 
period lower than 5 ms beyond which the movable electrode becomes stable. Moreover, the membrane 
behaves in the same way when establishing and stopping the voltage step. This indicates that the 
system is not very damped which is consistent with the fact that the MEMS in HP11 die are 
hermetically sealed in a vacuum. The resonance frequency of the MEMS determined from the DLTS 
measurements is of about 2.8 kHz, which makes it possible to have AC voltage references working 
from about 30 kHz (ten times the resonance frequency). 
 
 

37.5
38.0
38.5

39.0
39.5
40.0
40.5
41.0

41.5
42.0
42.5

0 5 10 15 20
Time (ms )

C
ap

ac
it

an
ce

 (
p

F
)

3 V step

0 V

37.5
38.0
38.5

39.0
39.5
40.0
40.5
41.0

41.5
42.0
42.5

0 5 10 15 20
Time (ms )

C
ap

ac
it

an
ce

 (
p

F
)

3 V step

0 V

3 V step

0 V

 
 

Fig. 12. DLTS measurements of the MEMS E-HP11 showing capacitance oscillations  
in the time domain when a voltage step of 3 V is applied. 

 
 
The stability measurements of the AC voltage reference, corresponding to the maximum of the  
U-I curves, have been performed on several MEMS devices of the design N°2. The driving current is 
supplied by a precision calibrator (Fluke 5720A). The MEMS RMS output voltage is measured by a 
digital voltmeter (Agilent 3458A) put in the AC analogue mode with an integration time of 10 s. 
Moreover, the read-out electronics is fitted with temperature (T), relative humidity (HR) and pressure 
(P) sensors. These environment parameters have been kept as stable as possible and are measured 
simultaneously with the MEMS output voltage. Fig. 13 presents the relative deviation from the mean 
value of the output voltage of the E-HK6 MEMS (4 V nominal value) at 100 kHz over almost 12 hours 
and in the following conditions: 24.36 °C < T < 24.37 °C, 43.2 % < HR < 44.4 % and  
995 hPa < P < 999 hPa. The mean standard deviation (1) of the pull-in voltage measurements for this 
device is about 6.3 ppm, which is at 100 kHz, a very good result regarding the state of the art in AC 
voltage metrology where typical ac-dc differences of thermal converters are of some ppm at 100 kHz. 
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However, for this sample and for some others devices as well, this deviation can reach up to 30 ppm 
when the measurements are carried out continuously over longer times (several days). 
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Fig. 13. Stability measurements of the RMS output voltage of E-HK6 sample.  
The mean standard deviation (1) is of 6.3 ppm. 

 
 
6. Discussions 
 
The measured stability of our MEMS structures include the stability of the MEMS output voltage, 
which depends on the electronics performance and its noise level, and also the stability of the digital 
voltmeter put in the AC analogue mode and measuring at 100 kHz. However, this cannot explain the 
larger deviations observed when the measurements last longer. Several reasons could explain this 
behavior: first, the electrode surfaces of our structures are not metalized due to the SOI process used 
for the fabrication. This makes the built-in voltage negligible in our MEMS and its correction not 
applicable. However, even if the silicon is strongly doped to be conductive, a natural silicon oxide can 
be formed on the electrode surfaces, and electrical charges can then accumulate on these surface 
regions causing instabilities of the voltage across the MEMS capacitor. Secondly, the MEMS 
components are stuck on TO8 supports by using a conductive epoxy having electrical characteristics 
and mechanical behavior that are not optimized. Indeed, one of the electrical contacts of the MEMS 
capacitor is made through this epoxy since the SOI substrate is acting as the fixed electrode. An 
electrical resistor is therefore added in series with the MEMS capacitor and its variations will directly 
impact the output voltage of the feedback amplifier that defines the voltage reference. But from our 
point of view, the main reason that could explain the obtained results comes from the mismatch 
between the vertical motion chosen for the movable electrode and the dimensional characteristics of 
the SOI wafer imposed by the industrial Tronic’s process, particularly the thickness of the silicon 
active layer of 60 µm. Indeed, to design MEMS structures with targeted pull-in voltages about 10 V or 
less, this thickness of the SOI wafer lead to designed springs having typically 10 µm of widths. This 
configuration is not really convenient with a vertical displacement of the movable membrane: such 
springs profiles (10 μm in width according to X-axis and 60 μm in depth according to Z-axis) lead to 
an anisotropic stress and displacement behaviors with an easy axis along x direction corresponding to 
an in-plane (horizontal) displacement instead of a vertical motion. From this assumption and taking 
into account the possibilities of the available SOI Tronic’s process, we have designed MEMS devices 
in which both electrodes (movable and fixed ones) are realized on the same silicon active layer in the 
shape of silicon split fingers as shown in Fig. 14. The displacement of the movable plate is now 
occurring in the plane of the system matching more with the spring dimensions. Full description and 



Sensors & Transducers Journal, Vol. 123, Issue 12, December 2010, pp. 1-15 

 13

results of the characterizations and measurements of these devices will be published elsewhere. Let us 
just mention that the stability of the voltage references ranging from 2 V to 14 V has been strongly 
enhanced with this split fingers systems reaching about 1 ppm of standard deviation at a frequency of 
100 kHz and over more than 150 hours of measuring time without any kind of error corrections on the 
raw data. 
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Fig. 14. Split fingers MEMS design with a lateral displacement of the movable electrode. The distance  
between two fingers of the fixed and movable electrodes defines the electrode gap. 

 
 
7. Conclusion 
 
This work was aiming at exploring MEMS architectures to fabricate AC voltage references by using 
the pull-in voltage approach. First test structures (design N°1) have been designed by finite element 
software and fabricated using a Silicon On Insulator Surface Micromachining process. The measured 
MEMS AC voltage reference values of these test structure have been found in a good agreement with 
the calculated values performed with CoventorWare. The objectives of this first work have been met in 
assessing the ability of the finite element software to design specific architectures, the capabilities of 
an industrial MEMS SOI process for the fabrication and in developing the read-out electronics. 
Moreover, the evaluation of the whole set of devices of the design N°1 allows us to collect information 
and to make recommendations that have been used to design the next generations of MEMS (design 
N°2). Deep Level Transient Spectroscopy (DLTS) measurements applied on the new devices showed 
resonance frequencies of about 3 kHz, which makes it possible to have AC voltage references working 
from about 30 kHz. The stability of the MEMS output voltage at 100 kHz has been found very 
promising for the best samples where the relative deviation from the mean value over almost 12 hours 
showed a standard deviation of about 6.3 ppm, which can be considered as a very good result. The 
assessment of these MEMS devices allowed to understand the larger discrepancies observed when the 
measurements are carried out over longer times, which have been identified as a result of a mismatch 
between the vertical motion chosen for the movable electrode and the dimensional characteristics of 
the SOI wafer imposed by the industrial Tronic’s process. Consolidated architectures based on split 
fingers MEMS showing voltage reference stability as high as 1 ppm at 100 kHz over more than  
150 hours. 
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