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Summary

The first direct detection of gravitational waves in September 2015 signified

both the culmination of a century long quest, and the beginning of an entirely

new chapter in our exploration of the Universe. Mankind has relied solely on

electromagnetic radiation for his understanding of the Universe for centuries,

and with the addition of gravitational waves to the arsenal of observable mes-

sengers from the cosmos, there are numerous new things to be learned. On

their own, the waves tell us a great deal about the properties of the source

that emitted them and its surroundings, but they can also augment electro-

magnetic observations by providing additional information on the sources of

particular cosmic events. With gravitational waves we can directly probe the

most dense and dynamic regions of the Universe, and finally look straight into

the sources that are driving the violent events in the Universe we have been

observing electromagnetically for centuries.

Over the coming few years, the currently operating gravitational wave de-

tectors will be brought to their design sensitivities, and new detectors with

comparable detection characteristics will come online in both Japan and India

which will increase the sky coverage of the Advanced detector network. This

detector network would be able to observe gravitational waves coming from

sources with a total mass similar to the first one detected in 2015 up to a red-

shift of approximately 1. In order to study the early Universe, this observation

horizon needs to be extended significantly. One of the proposed next genera-
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tion detector infrastructures, Einstein Telescope, will expand the observation

horizon for sources of similar totalmass to a redshift of approximately 50. This

increase in detection range is only possible when the detector’s bandwidth is

extended to lower frequencies. Einstein Telescope will be sensitive to gravit-

ational wave signals down to approximately 2Hz. For Earth-based detectors

such as Einstein Telescope, the detector noise at these low frequencies will

be limited by so-called Newtonian noise, which is caused by fluctuations in the

local gravitational field induced by seismic motion in the proximity of the de-

tector. In order to reach the design sensitivity, active cancellation of this New-

tonian noise needs to be implemented, requiring large arrays of low-noise seis-

mic sensors.

MEMS sensors are interesting for applications that require large numbers

of devices, because of the inherent batch-processing nature of their manufac-

turing. MEMS based seismometers are usually not considered for low-noise

applications, because of two main reasons. Firstly, the seismometer’s proof

mass is necessarily small because of the limited size of MEMS devices. This

makes that viscous damping effects caused by gases surrounding the proof

mass introduce a relatively large Brownian noise. Secondly, the stiffness of

the suspension springs can usually not be made small enough to obtain suf-

ficient sensitivity to acceleration in these tiny devices. The first problem can

be tackled by packaging the sensor mechanics inside a vacuum, which signific-

antly reduces the Brownian noise level. The relatively high suspension spring

stiffness, however, usually remains.

This dissertation presents a novel technique for increasing the sensitivity

of MEMS seismometers to acceleration by reducing their suspension spring

stiffness. This stiffness reduction is achieved by stressing the springs with a

specially designed compression mechanism. The idea was inspired by the geo-

metric anti-spring filters that are used in the auxiliary seismic isolation suspen-

sions of the Advanced Virgo gravitational wave detector. There, the concept

is used to obtain efficient vertical seismic filters with a low natural frequency.

Its application to MEMS seismometers is completely new, and the implement-

ation presented here has successfully demonstrated the ability to reduce the

initial suspension spring stiffness by a factor 20 to 25. This large stiffness re-

duction occurs in the sensing direction of the single-axis seismometer, while

only marginally affecting the stiffness in the other directions. Because a di-

mensionless design method was used, the results presented in this work can

be used to assess the feasibility of an implementation of such a geometric anti-

spring system at any scale.
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The reduction of the suspension spring stiffness increases the attainable

sensitivity of MEMS seismometers, and a noise performance below the seis-

mic background requirement of 2 ng/
√
Hz set for the future Einstein Telescope

host site was demonstrated using this novel technique. For a sensor that only

measures roughly a square centimetre, this level of noise performance is un-

precedented. The acceleration noise floor of the entire sensor system oper-

ating as a force balance accelerometer lies below 2ng/
√
Hz between 400mHz

and 20Hz, and remains below 10ng/
√
Hz all the way down to approximately

50mHz. This measurementmatches the noisemodels developed in this disser-

tation to better than 20% over the entire measured frequency range. Due to

the reduction of the suspension spring stiffness through the geometric anti-

spring effect, the noise contribution of the capacitive readout and feedback

circuitry is completely negligible below 20Hz, and the noise floor there is fully

dominated by thermomechanical noise in the MEMS mechanics itself.

The mechanical design of a MEMS device is always closely interwoven with

its fabrication process. Although many of the individual processing steps can

be considered standard practice in a semiconductor fabrication environment,

the process as a whole is unique for almost every MEMS device and requires

careful design. The seismometerpresented in this dissertationwasmadeusing

an elementary fabrication process that uses a single silicon-on-insulator wafer

with a 50µm thick device layer. Etching tests show that it is feasible to move

to wafers with a 100µm thick device layer, which has significant advantages

for themechanical robustness of the device. Amore elaborate fabrication pro-

cess was designed to overcome some of the shortcomings of the elementary

prototype process, mostly related to process yield and device robustness. It

uses a wafer bonding step to be able to tailor the cavity surrounding the seis-

mometer’s proof mass and minimise the potential contact area to all the mov-

ing parts in the device. Measurements show that in order to obtain its good

noise performance, theMEMS seismometer needs to be operated in a vacuum

environment better than 10−2mbar. To obtain a practically useful sensor, this

vacuum encapsulation needs to be incorporated as part of the fabrication se-

quence, either on the single-die-level or the wafer-level. The new process is

fully compatible with either of those vacuum encapsulation methods that will

have to be implemented in the future.
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