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ABSTRACT: Based on Micro-Opto-Electro-Mechanical System (MOEMS) technology, vertical cavity devices
with an air-gap enable very efficient ultra-wide continuous tuning with only a single control parameter. The
vertical cavity filters and Lasers consist of an air-gap cavity embedded between two highly reflective
Bragg mirrors. Vertical Cavity Surface Emitting Lasers (VCSELS) have an active layer additionally integrated in
the cavity. The ultra-wide continuous tuning is achieved by micro-electromechanical actuation of the mirror
membranes. Our research activities concentrated on Bragg mirror material system with InP/air-gap mirror
structures. The resonator quality depends on the refractive index contrast between the Bragg mirror layer
materials and on the number of periods. The advantage of the semiconductor/air-gap system is the very high
refractive index contrast ensuring a high reflectivity of more than 99.8% with only three layer periods. The
semiconductor/air-gap structures forming the membranes of one Bragg mirror are n-doped while the other
mirror membranes are p-doped forming a diode structure. Due to device miniaturization very efficient tuning
is achieved by electrostatic actuation. The investigations presented focus on an InP/air-gap Fabry-Pérot-filter for
Aair =1.55um with an air-gap cavity thickness equal to a multiple of %2 A,;; embedded between two InP/air Bragg
mirrors. The InP membranes have a thickness of of % Ajnp, the air-gaps in between are Yk, thick. The tuning
behaviour is determined by the mechanical flexibility of the membranes and by the optical properties of the
vertical cavity. The electrostatic deflection due to a reverse voltage is calculated with FEM simulations
incorporating the effect of stress in the membranes. The results of the model calculations compared very well
with measured values. This study describes the optical micro-electromechanical design of the novel low cost device
structure applicable in optical filters, vertical cavity surface emitting lasers (VCSELs) and a host of other
optical applications. We also present a solution to one of the most challenging problems in the design
of micro-electromechanical devices consisting of thin-walled structures - that is residual stress. Residual stress
alters device characteristics if not taken into consideration during design and characterisation.

KEYWORDS: surface micromachining, electrostatic tuning, optical micro-cavity filters, tuneable filter, tuneable
VCSEL, membrane stress.
I.  INTRODUCTION

A wide continuous wavelength tuning of optical devices is very attractive for contemporary and future optical
communication systems based on Dense Wavelength Division Multiplexing (DWDM). Examples of such
systems are; the undersea optical fibre systems as well as terrestrial optical fibre communication networks. In
addition, very promising applications are in optical measurements for spectrometry or gas sensing.

The phenomenal growth in communications in recent years has stimulated a great demand for innovative
solutions in a bid to cost- effectively satisfy the ever growing need for larger bandwidth. DWDM has been
chosen as an optimum solution towards satisfying this need [1], [2],[3].[4].[5].[6]. Communication lasers and
optical filters are some of the key components of DWDM systems [7]. The choice of the type of devices for
application in such a system depends on excellent performance and high reliability. Even more crucial,
for the successful deployment of the devices in the market, is low cost. High production throughput especially
through batch processing and high vyield contribute greatly to reducing the cost. Reliable low cost
fabrication technologies are therefore major pursuits for the researchers and investors in this field [8].
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I. RELATED WORK

With every new dawn, the volume of data that needs to be transmitted from one point to the other in most of the
world grows almost exponentially [9]. This continues to exert more and more pressure on the available data
transmission capacities. In optical communications DWDM has a place as a promising and applied technology that
can be exploited to boost the aggregate system throughput. [10] Many innovators have come up with devices and
technologies that can enable DWDM to be applied in transparent all-optical networks. In particular, devices and
technologies such as wavelength routing switches, switched sources, tuneable Laser sources, tunable filters, and
wavelength converters have all been developed and demonstrated [10],[11],[12],[13],[14],[15],[16]. MOEMS
technology has been applied in most of these cases to realise tuneable filters and Laser sources, amongst others.
These devices have thin films/membranes that experience residual stress from the fabrication process. The stresses
cause out-of-plane deformations that often cause the device to function unpredictably. A number of studies have
been carried out to investigate and accurately characterise and control the effect of residual stress in different
material systems. [17],[18],[19]. Some theoretical models have also been proposed to enable predictability and
control of this stress. [17],[20], [21]. Often in the design and fabrication of MOEMS tuneable devices, the effect of
residual stress is not factored in. This research work combines both in a bid to come up with more reliable devices
with predictable functional characteristics.

I1l. SIMULATION SETUP

Physical and Opto-electro-mechanical design
The low cost optical multiple-membrane devices covered in this work consists of two highly reflective distributed

Bragg reflectors (DBRs) separated by a resonant vertical air micro-cavity of thickness L = my /2, where
m=1, 2,... The DBRs consist of InP membranes that have a thickness of odd multiples of ¥4\.p, the air-gaps in

between are odd multiples of ¥a),; thick. Fig. 1 is a schematic model of the device structure. The thickness
values were determined from optical calculations which also showed that only three InP/air periods are sufficient
to produce a DBR with a reflectivity greater than 99.9%.The results from simulations done using the
Finite Element Method (FEM) are shown in Fig. 2. This arrangement forms a Fabry-Pérot filter. The DBRs
consist of circularly shaped membranes suspended in the lateral x-y plane, supported by 2, 3 or 4 beam-like
suspensions [14],[15],[16] as shown in Fig. 1 and Fig. 4. These devices work as optical filters by allowing
practically just one wavelength through. In addition they are tuneable, which means that the wavelength
allowed through can be varied. This tuning is achieved by varying the size of the air micro-cavity. Two tested
methods of achieving this are electrostatic and thermal actuation. In our case the electrostatic method was applied.
Fig. 3 illustrates the tuning concept.

suspension membrane supporting post
(all solid)

Fig.1: Structural set-up of a tuneable multi-membrane vertical air cavity optical filter structure showing circular membranes supported
by 4 suspensions each. The suspensions are in turn mounted on supporting posts. The air cavity is situated between two distributed
Bragg reflectors (DBRS).
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In electrostatic actuation, the top and bottom DBRs are oppositely doped resulting in a p-i-n structure. Reverse
biasing this structure results in an electrostatic attraction between the two DBRs causing a movement that changes
the air cavity size. One major advantage of this method is the high continuous tuning range achieved through a
single control parameter with low actuation power due to low leakage current [15],[16].

Several of these tuneable vertical-cavity multi-membrane filter devices with different structural
configurations were implemented. One set had three membrane suspensions and the other four, both with
membrane diameters of 20 and 40 um, suspension lengths between 10 and 80 umand suspension widths of 10
um. Fig. 4 shows the scanning electron micrograph of a filter structure with four suspensions.
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Fig. 2: FEM calculation results of the reflectivity of 2- and 3-period DBR mirrors. The
results show a reflectivity of more than 99.9% for a DBR with only 3 periods.
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Fig. 3: Results of FEM calculations of the tuning characteristics of a Fabry-Pérot filter

built with two DBR mirrors. Varying the air cavity length in between selects different
wavelengths.
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Fig. 4: The scanning electron micrograph of a filter structure with four suspensions.

IV. RESULTS AND DISCUSSION

4.1. Influence of residual stress on out-of-plane deformation and tuning

Residual stress can be defined as the stress that remains in a body after the technological realisation (or after
processing) that occurs in the absence of external forces or thermal influence. Residual stress can be
classified into two groups [22]; Macro and micro residual stress [23], [24], [25], [26].

Two main sources of residual stress in micro-machined thin film structures are thermal stress resulting from
mismatch in thermal expansion and intrinsic stress resulting from the micro-structural set-up of the film. At
substrate temperatures less than a quarter of the melting point, intrinsic stress due to incomplete structural ordering
dominates [27], [28], [29].

4.2. Control of residual stress in micromachining

Stress control in thin films is a very complex and challenging task. Some success has been reported in the
control of residual stress [30]. Stress control is achieved by varying the degree of energetic particle bombardment
during deposition. Compressive stress is usually attributed to atomic peening at low pressures [27], [29]. An
increase in pressure increases the frequency of gas phase collisions, reducing the kinetic energy of neutral atoms
impinging on the growing film. This reduction in atomic peening reduces compressive stress. The
deposition pressure at which a stress reversal from compressive to tensile occur increases with the atomic mass of
the element deposited [27], [29].

Residual stress has a major influence on the out-of-plane deformation of thin-walled structures, even in
the absence of an external force. Residual stress can be considered to compose of mainly the axial stress and
gradient stress. In the following section, results of the 3D FEM analysis of the effect of stress on a chosen structure
with and without the influence of an external (in this case electrostatic) force are presented. A stress profile
deduced from the deformation of a filter is extracted and used in the FEM model to calculate the tuning
characteristic. This is then compared with the experimentally measured curve.

4.3. Effect of gradient stress and comparison with measurement

The out-of-plane deformation results mostly from gradient stress. Figure 5 shows the FEM calculated amount
of out-of-plane deflection produced by various amounts of gradient residual stress without an external
force, as well as the deflection when in addition an external electrostatic force is applied. The fact that the
characteristics are not parallel shows that the effective stiffness of the structure is modified by the residual stress
gradient.

In the following, one measurement example is analysed. This was for an all air-gap InP filter with four
suspensions of 40um length and 10um width. The central membrane had a diameter of 40um. The membranes
had a thickness % of the reference wavelength in the material. The filter was characterised by measuring the
resonant wavelength for various cavity lengths. The cavity length was changed (reduced) by varying the
voltage, starting from zero volts.
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The design cavity was 830nm long, but with no actuation voltage applied, the measured wavelength was
1599nm. The tuning efficiency of the filter was calculated to be 0.71. The tuning efficiency is defined as the ratio
of the actual wavelength change to the cavity length change during tuning. With this value, it is deduced that the
actual cavity length at OV is 830+ (1599-1550)/0.71 nm. This gives about 899nm. This increment in cavity
length is caused by the residual stress. Assuming the lower and upper membranes are equally deformed in
opposite direction creating a concave cavity, the amount of deflection at the centre of each membrane is about
34.5nm.

The results of Fig. 5 are used to extract the value of the gradient stress causing such a deformation. This
value is then inserted in the FEM calculations to determine the tuning characteristic that takes gradient stress
into account. In this work, no mechanism was in place to estimate the biaxial stress. The results therefore
excluded this effect. Two characteristics were determined. The first marked “double”, assumed a
symmetrical actuation of the membranes. The second one marked “single”, assumed that only one membrane
moves in the actuation, the other being hindered somehow. These of course are extreme cases. The results are
plotted alongside the measured values in Fig. 6. It is interesting to note that although the characteristic
with symmetrical actuation shows a divergence from the measured value for large values, the experimentally
measured pull-in voltage agrees almost perfectly with the calculated one. It can also be observed that the
measured values lie in between the two calculated extremes. The justification of considering these extremes is
that so far, no working method has been devised for determining the deformation profiles of the inner
membranes in the filter, or knowing exactly what the stress profiles are. It is therefore difficult to characterise the
stress in these membranes, besides no estimate of the biaxial stress was used in the calculations. The results
presented here demonstrate that the treatment given is to a large extent very satisfactory.
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Fig. 5: Deflection vs gradient stress characteristics for various values of applied voltage.
Negative stress gradient imply compressive stress in the top half of the membrane, tensile
stress in the bottom half. The structure with four suspensions of 40um length and 10pm width with
membrane diameter of 40um is considered.
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Fig. 6: Comparison of FEM simulated and experimentally measured characteristics for a four
suspension all air-gap filter with 40pm and 10um suspension length and width, respectively. The
central membrane had a diameter of 40 ym.

Another factor that might have affected the outcome of the calculations is the uncertainty in the value of the
material parameters, in this case, the modulus of elasticity. In the literature, widely varying values for the
modulus of elasticity of InP were encountered. This ranged from 61 GPa [31] to 93.41 GPa [32].

V. CONCLUSION

In this paper a micro-electro-mechanical optical filter design is presented. It is shown that the filter exhibits
excellent performance even with just three periods of the DBR mirrors used. In attempting to characterise the
devices realised, it was observed that this can only be done accurately when the effect of residual stress is
taken into account. An explanation of the nature and sources of residual stress has been presented. The FEM
models used are modified to include the effect of residual stress. These have been used to determine the
influence of stress on the out-of-plane deformation of the unactuated structures as well as on the
electromechanical tuning behaviour. Comparison of model output with experimental measurements is
presented showing good agreement despite neglecting the effect of biaxial stress.
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