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Abstract—Vibration and displacement sensors need to be 
compact for many applications in automation or consumer 
electronics, and microelectromechanical structures are a 
convenient way to implement such sensors. For these MEMS 
devices, optical readout methods have proven to be superior to 
capacitive or piezoresistive strategies in terms of sensitivity as 
well as noise and interference immunity, however the integration 
of light sources and detectors is not easily possible. This paper 
presents an approach to use organic optoelectronic devices for 
the readout. OLED and OPD (organic photo detector) are 
structured on the glass substrate and cover encapsulating the 
MEMS devices, allowing for a tightly integrated sensor based on 
vertical light flux modulation by a horizontally moving proof 
mass. The paper describes the principle sensor structure as well 
as the fabrication of suitable organic devices. First test results 
show that the approach is feasible. 
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I.  INTRODUCTION 
Measuring vibrations and displacements is crucial for 

many automation and control applications, for health 
monitoring of machine parts (such as rotating elements) or 
building structures, but also for environmental surveillance 
including seismic monitoring. In several of these applications, 
miniaturization is important [1, 2]. Thanks to silicon 
micromachining technology, small sized and cheap inertial 
sensor devices emerged on the market, that are suited for 
everyday consumer applications like automotive traction 
control or camera jitter compensation. In addition to size, also 
robustness is an issue, as many of these sensors are used in 
harsh environments. “Harsh” in this context often means 
exposure to strong fields, but also to mechanical stress and 
shocks that can be significant even in consumer devices such 
as smart phones. The design of micro-electromechanical 
(MEMS) devices is therefore always a tradeoff between 
robustness and sensitivity, even more so when considering the 
readout principle used to extract the measurement signal from 
the mechanical structure. 

The classical readout strategies for MEMS displacement 
and vibration sensors are piezoresistive or –electric and 
capacitive. However, they have limitations. Piezoelectric 
transducers are complex in terms of fabrication processes, 
whereas piezoresistive devices as all resistors suffer from high 
1/f noise, which limits resolution, and are also temperature-
dependent [3, 4]. For high-precision applications, capacitive 
readout concepts are therefore usually the method of choice, 
where a set of fixed and movable electrodes form a capacitor 
whose capacitance is measured to determine the static 
displacement or vibration amplitude [5, 6, 7]. However, they 
have limitations for practical use, too: To achieve high 
sensitivity and resolution, distances between the electrodes 
have to be small, which limits the measurement range. 
Especially for vibration sensors, the spring suspension must be 
sufficiently stiff in order to avoid a detrimental pull-in effect 
due to electrostatic forces when the gap becomes too small [8, 
9], which in turn prohibits low mechanical resonance 
frequencies that might be interesting for certain applications. 

Optical readout principles were proposed as seemingly 
ideal solution [10-14]. They are contactless, require no 
electrical leads on the movable parts of the sensor, are free 
from electrostatic force-feedback, and they also allow for 
galvanic insulation between the actual transducer and the 
electronics required for generation and detection of the optical 
signal modulated by the MEMS resonator. Nevertheless, they 
have drawbacks in that the light source and detector can 
hardly be integrated with the MEMS device because of the 
different semiconductor materials involved. Hence, the 
miniaturization is limited when using solid-state 
optoelectronic devices. This paper presents an idea to 
overcome this deficiency by the use of organic optoelectronics 
that can be integrated much tighter with the MEMS structures. 
In the subsequent sections we describe the starting points for 
the optical MEMS vibration and displacement sensor, for the 
technology needed to produce the organic devices, and how to 
combine both to a sensor device that is much more compact as 
its solid-state counterparts. 



II. OPTICAL MEMS SENSOR 
The transduction principle applied in the sensor is simple 

light intensity modulation derived from displacement or 
inertia. To that end, two corresponding stencil masks are 
placed in front of each other as shown in Fig. 1. One mask is 
formed by openings in a spring-suspended mass that can 
laterally move in-plane. The second mask is fixed with respect 
to the frame holding the movable mass and is typically 
implemented as an opaque grid deposited on a glass substrate. 
It would also be possible to coat the photo detector directly 
with a structured metal layer and implement the second mask 
this way. Using this setup, by illuminating the structure from 
the top side, the transmitted light intensity can be measured 
with the detector placed at the bottom.  

 

Fig. 1. Cross section of the mechanical structure of a MEMS vibration sensor 
with optical readout [13]. 

The transduction principle is relatively simple: The light 
impinging on the photo detector is modulated by the in-plane 
relative movements of the two arrays of apertures. The 
concept is easily understood using the simple ray optics 
approach sketched in Fig 1. We aim at sensor configurations 
facilitating highly sensitive devices. Therefore, the aperture 
arrays are aligned such that at the resting position, the light 
flux is blocked. This way, small lateral displacements already 
create a significant relative signal change at the photo 
detector. If the apertures have a rectangular shape as in Fig. 2, 
the light flux shows a linear dependency on the displacement, 
at least within the periodicity of the pattern. Nevertheless, the 
transduction principle permits also more complex aperture 
patterns with non-rectangular shape that may be used to 
extend the dynamic range or to implement dynamic 
compression already on the mechanical level [15]. 

The spring-suspended mass system of the sensor shown in 
Fig. 2 is fabricated using a deep reactive ion etching (DRIE) in 
the device layer of a silicon-on-insulator (SOI) wafer. 
Monocrystalline Si has excellent mechanical properties, in 
particular high stability, making it well suited as material for 
implementing springs. After the DRIE process, the structure is 
released from the handle layer by wet etching, and the 
remaining sacrificial SiO2 layer is removed. The stationary 
aperture array is fabricated as chromium layer evaporated on a 
Pyrex glass wafer and structured by lift-off techniques.  

 

Fig. 2. Technology prototype of the two aperture arrays [12]. 

The two wafers are connected by a custom SU-8 bonding 
process which creates a 10-µm spacer between the two masks. 
For the optical readout, a standard surface-mounted device 
(SMD) LED and a photo detector are attached at the top and 
bottom of the sandwich structure, respectively.  

III. IMPROVED SENSOR CONCEPT 
The optical readout principle was tested in a prototype 

implementation and proved to be feasible and sensitive [13]. 
Nevertheless, the sensor concept shown in Fig. 1 has some 
drawbacks. First of all, even if small SMD optoelectronic 
devices are used, the overall device is quite bulky, as shown in 
Fig. 3.  

 

Fig. 3. Exploded view of the sensor with MEMS aperture array and SMD-
type LED and photodetector. Actual implementations have a larger MEMS 
structure (about double length and width). 

This problem could be alleviated by using bare die devices 
without housing; however this entails a new difficulty: The 
active area of an LED is relatively small, and it can be 



considered a point source for the light emission. In devices 
with housing, the package is often implemented as a concave, 
almost parabolic reflector that parallelizes the light flux. Using 
bare LED dies reduces the overall sensor size, but the ray 
optics sketched in Fig. 1 no longer hold, particularly not if the 
aperture arrays are made larger to increase sensitivity. 
Especially towards the rim of the aperture array, the precision 
of the optical readout will degrade. In principle, the Si holes 
could be considered as optical wave guides, but due to the 
DRIE process there is a certain residual roughness in the walls 
of the holes that will lead to partial diffraction of the 
impinging light, thereby reducing the sensitivity. 

In order to address both problems, planar light sources and 
detectors are desirable. The idea put forward in this paper is to 
use organic devices for this purpose, as sketched in Fig. 4. The 
organic LEDs (OLEDs) and photo detectors (OPDs) can be 
applied directly on the surface of the glass carrier and cover of 
the MEMS structure. The benefits of such a structure are 
obvious: While the basic design is similar to the one shown in 
Fig. 1, additional bonding processes between devices are not 
necessary. Using OLEDs/OPDs, the sensor can be made much 
more compact and better integrated, moreover the light 
distribution will be more homogeneous. 

 

Fig. 4. Schematical cross section of a MEMS structure with integrated 
organic optoelectronic devices. 

The problem to be solved is primarily the fabrication of the 
organic devices on the glass substrates. OLEDs and OPDs, 
particularly when processed in a solution, are very well suited 
for fabricating thin, large-area devices. For the application 
considered here, they must be also structured to yield the 
desired patch size.  

IV. OPTOELECTRONIC DEVICE TECHNOLOGY 
The schematic diagram of a solution-processed green 

OLED is shown in Fig. 5(a). The glass substrate is first 
patterned with a transparent ITO electrode. The PEDOT:PSS 
polymer is used as conducting layer to interconnect to the 
active layer: TCTA is used as hole transporting layer, TPBi as 
electron transporting layer to form a structure similar to a pn 
junction in semiconductors. To achieve the green emission, 
Ir(mppy)3 is used embedded in a CBP polymer. The top 
electrode is made of Al. The OLED structure is produced by 
blade coating technology which can be used for multi-layer 
solution coating without dissolution problems [16, 17]. A 
good efficiency as high as 25 cd/A can be obtained. Fig. 5(b) 

shows the energy band diagram and the materials of the green 
OLED. A photograph of the device under operation is shown 
in Fig. 5(c).  

 

Fig. 5. (a) layer structure, (b) enenegy band diagram, and (c) photograph of 
the solution-processed green OLED.  

The structure and band diagram of the solution-processed 
OPD are shown in Fig. 6. A conventional donor-acceptor 
blended system using p-type P3HT and n-type PCBM is used 
as the active layer [18, 19]. The detail process steps are shown 
in Fig. 7. First, PEDOT:PSS is coated on an ITO patterned 
glass substrate. Then, blended P3HT:PCBM is coated and 
annealed at 140°C. Aluminium is evaporated to form the top 
electrode. To facilitate the alignment between OPD and 
MEMS structure, it is beneficial to remove the organic layers 
outside the active region. Hence, oxygen plasma etching is 
used to etch through the organic layer to form a final device as 
shown in Fig. 7(e).  

 

Fig. 6. (a) schematic layer diagram and (b) energy band diagram of the 
solution-processed OPD. 

 

Fig. 7. Process steps to fabricate OPD on glass substrate. 
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Fig. 8 shows the incident photon-to-electron conversion 
efficiency (IPCE, also known as external quantum efficiency, 
EQE) of the produced OPD. After oxygen plasma etching, a 
10% drop of the IPCE (at 450-600 nm) may be due to the 
oxygen doping in P3HT. Further examination to explain the 
mechanism is required in future work. The proposed OPD 
with 50% IPCE is reasonably sensitive. With the feasibility of 
OLEDs and OPDs on simple glass substrates, in future work, 
the OPD and the OLED can successfully be integrated with 
the MEMS structure to realize the targeted compact 
displacement sensor. 

 

Fig. 8. The incident photon-to-electron conversion efficiency (IPCE) of the 
OPDs with and without post-plasma-etching. 

V. CONCLUSIONS 
The combination of MEMS structures and organic 

optoelectronic devices is very promising to achieve highly 
integrated, compact displacement and vibration sensors. First 
results show that the approach is feasible. Next steps in this 
research will be the integration of the different fabrication 
technologies. Possible further improvements can be made by 
an even more advanced structuring of the light source. It 
seems possible that the OLED can be structured in the same 
shape (but negative structure) as the fixed Cr mask currently 
evaporated on the top cover. This will lead to a smaller active 
area of the OLED, thus less power consumption, and the fixed 
mask can be omitted. 

Open technological challenges are the lifetime of the 
devices and the related passivation technology. Organic 
semiconductors are sensitive to oxidation and humidity. Glass 
sealing with nitrogen atmosphere is usually employed to 
encapsulate OLEDs and OPDs. Future research is needed for 
thin film passivation methods to make the integrated device 
even more compact. 
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