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ABSTRACT Tailored scaling represents a principle of success
that, both in nature and in technology, allows the effectiveness
of physical effects to be enhanced. Mutation and selection in na-
ture are imitated in technology, e.g. by model calculation and
design. Proper scaling of dimensions in natural photonic crys-
tals and our fabricated artificial 1D photonic crystals (DBRs,
distributed Bragg reflectors) enable efficient diffractive interac-
tion in a specific spectral range. For our optical microsystems
we illustrate that tailored miniaturization may also increase
the mechanical stability and the effectiveness of spectral tun-
ing by thermal and electrostatic actuation, since the relative
significance of the fundamental physical forces involved con-
siderably changes with scaling. These basic physical principles
are rigorously applied in micromachined 1.55-µm vertical-
resonator-based devices. We modeled, implemented and char-
acterized 1.55-µm micromachined optical filters and vertical-
cavity surface-emitting laser devices capable of wide, mono-
tonic and kink-free tuning by a single control parameter. Tuning
is achieved by mechanical actuation of one or several air-gaps
that are part of the vertical resonator including two ultra-highly
reflective DBR mirrors of strong refractive index contrast: (i)
∆n = 2.17 for InP/air-gap DBRs (3.5 periods) using GaInAs
sacrificial layers and (ii) ∆n = 0.5 for Si3N4/SiO2 DBRs (12
periods) with a polymer sacrificial layer to implement the air-
cavity. In semiconductor multiple air-gap filters, a continuous
tuning of > 8% of the absolute wavelength is obtained. Varying
the reverse voltage (U = 0–5 V) between the membranes (elec-
trostatic actuation), a tuning range of > 110 nm was obtained
for a large number of devices. The correlation of the wavelength
and the applied voltage is accurately reproducible without any
hysteresis. In two filters, tuning of 127 and 130 nm was ob-
served for about ∆U = 7 V. The extremely wide tuning range
and the very small voltage required are record values to the best
of our knowledge. For thermally actuated dielectric filters based
on polymer sacrificial layers, ∆λ/∆U = −7 nm/V is found.

PACS 85.60.Jb; 85.30.De; 85.30.Kk, 42.79.Ci; 77.55.+f;
78.66.Fd

1 Introduction

Approaching optimum functionality in the design
of optical, mechanical and electronic components always re-
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quires characteristic structure sizes to be tailored according
to key quantities of fundamental physics. For obtaining a dis-
tinct diffraction by an optical grating, it is necessary, for
example, for the grating period to be in the same order of
magnitude as the light wavelength [1]. To achieve a proper
operation of field-effect transistors, for example, the length
of the gate electrode has to be in the same order of magni-
tude as the carrier diffusion length. Thus, the structure size
has to be carefully designed in consideration of carrier life-
time, carrier mobility and carrier densities. Concerning the
field effect transistor operation, the importance of miniatur-
ization in semiconductors [2] or the increase in temperature
and the decrease in structure size of alkali halides [3] has been
recognized very early. Further examples are mentioned below.
This paper intends to demonstrate this principle also for spe-
cial microsystems in which microoptics, micromechanics and
microelectronics are combined and which may hold a very
large potential for future optical communications.

Advanced long-haul optical 1.55-µm or 1.3-µm com-
munications systems require diverse high-quality active and
passive optoelectronic components, preferentially tailored to
achieve high functionality and specific device properties. The
ultra-high bit-rate capacity required can be obtained, for in-
stance, by dense wavelength division multiplexing (DWDM),
i.e. by using a large number of spectrally closely neigh-
bored and independently modulated transmission channels.
Recently, vertical microresonator based devices such as filters
and vertical-cavity surface-emitting lasers (VCSELs) have
become very attractive for DWDM systems. In this field,
widely and continuously tunable 1.55-µm optoelectronic de-
vices based on a single control parameter are highly desir-
able, but very difficult to implement. Another difficulty is the
implementation of the required ultra-highly reflective Bragg
mirrors (distributed Bragg reflectors, DBRs) in that wave-
length range.

As far as filters are concerned, many different approaches
and material systems have been implemented. Among the
multiple-layer-based devices, bulk-like and non-tunable com-
ponents are absolutely dominant. Only a few devices are
macromechanically tunable. Very rare are surface-micro-
machined tunable components: AlAs/AlGaAs [4, 5],
GaInAs/InP [6] and Si-SiO2-TiO2 [7] and bulk-micro-
machined two-chip devices: AlAs/GaAs [8].

In the literature, many promising and interesting concepts
concerning VCSELs can be found. Absolutely dominating
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are lasers with emission wavelengths below 1 µm. Although
1.55-µm VCSELs are highly desirable, only very few imple-
mentations have been reported up to now: GaInAsP VCSELs
with fused AlAs/GaAs DBRs [9, 10], GaInAsP VCSELs
with metamorphic AlAs/GaAs DBRs [11], highly effi-
cient AlGaInAs VCSELs [12] and AlGaInAs VCSELs with
AlAsSb/AlGaAsSb DBRs [13]. These electrically pumped
devices are not tunable at the moment, apart from the option
of temperature variations. In addition, a non-tunable optically
pumped 1.26-µm multiple air-gap GaInAsP VCSEL has been
reported [14]. Micromachined GaAs VCSELs have shown
a tunability of 18 nm [15] and 31.6 nm [16]. For 1.55-µm
devices, concepts [8, 16–21] based on micromachining tech-
nologies and enabling tunability via micromachined actuation
have been applied very rarely, although the principles were
successfully demonstrated in the GaAs material system as
early as 1995 [4, 5, 13].

This paper deals with micromachined 1.55-µm vertical-
resonator-based devices enabling both a wide tunability based
on a single control parameter and highly reflective DBRs. To
achieve this with a minimum number of Bragg periods, we
combine materials having a very strong refractive index con-
trast. We focus on two material systems: InP/air-gap DBRs
and Si3N4/SiO2 DBRs. Membrane/air-gap structures are at-
tractive due to their inherent large refractive index contrast.
However, these membrane-based systems raise questions of
mechanical stability.

Therefore, fundamental physical properties are studied
qualitatively in Sect. 2 as a function of structure size. The re-
sults of these qualitative studies underline the need for minia-
turization if we intend to increase the mechanical stability and
spectral tunability of the optoelectronic components obtained
by micromachined actuation. We study physical aspects of
the efficiency of electrostatic and thermal actuation and their
potential in cases where the harmful influence of inertia and
gravity forces is tremendously reduced to avoid material fa-
tigue. In Sect. 3, the optical properties of Bragg mirrors are
investigated in order to optimize the maximum spectral mirror
reflectance as a function of the number of periods, consider-
ing different values of material absorption. Different material
systems are compared for the purpose of achieving a high
reflectance with a minimum total layer thickness. The prin-
ciples of electrostatic tuning are discussed in Sect. 4, while
Sect. 5 deals with device fabrication using surface microma-
chining and sacrificial layer techniques. These methods allow
devices including actuable parts to be batch-processed with-
out any need for expensive mechanical micromounting at the
end of the fabrication process. Sections 6 and 7 present ex-
perimental and theoretical results such as reflectance spectra,
tuning efficiencies and tuning ranges. Finally, the results are
summarized.

2 Tailored scaling, a principle of success in nature

Physics strongly correlates structure sizes and phe-
nomena associated with interactions. First, the crucial impor-
tance of structure size will be illustrated by light interacting
with structured solids. In the following, we will briefly men-
tion three different possibilities of physical interactions. Let
us consider monochromatic light of, say, 3-µm wavelength in-

teracting with an optical grating. In a first scenario, we assume
an amplitude grating having a period considerably larger (e.g.
3 cm) than the wavelength. The resulting distinct shadows
projected by the opaque lines on a screen are well known in
our daily life, for instance, from bridge railings illuminated by
sunlight. In a second scenario in which the grating period is
in the same order of magnitude as the wavelength, we observe
diffraction patterns, i.e. the Fourier transformation of the grat-
ing, on a screen. The last scenario involves a phase grating
consisting of transparent ridges alternating with transparent
grooves, the grating period of which is, for instance, 30 nm.
In this case, the grating acts as an artificial quasi-layer, which
exactly coincides in thickness with the grating height (thick-
ness). Since the refractive index of this layer is determined
by the duty cycle of the grating and the refractive indices in-
volved, artificial materials with tailored refractive indices can
be implemented by the definition of structure sizes. Hence,
the effectiveness of physical effects is determined by tailored
scaling of structure sizes.

Photonic or acoustic crystals are further examples of the
interaction of electromagnetic waves (e.g. light) or acoustic
waves with periodic structures. Natural opals show wonder-
ful opalescent colors, which change whenever these natural
3D photonic crystals are rotated. The wings of very rare ex-
otic butterfly species include 1D photonic crystal structures
composed of periodic multiple layers of alternating refractive
indices. These insects are able to change the color of their
wings by tilting the wings with respect to the positions of the
sun and the eye acting as a detector. In this case again, the pe-
riodicity of the structures is in the same order of magnitude
as the light wavelength. In physics, these phenomena are ex-
plained by constructive interference occurring in the case of
specific angles and wavelengths according to the Bragg con-
dition.

A very recent investigation started by our group concerns
the quetzal (the resplendent bird depicted in the flag of the
state of Guatemala), which mainly lives in the rain forests
of Central America. Vertical incidence of light on the wings
and an observation angle of zero degrees yield a yellow-color
impression. Increasing the observation angle from 0◦ to 90◦
changes the color impression continuously from yellow to
green to blue and finally to violet. Photonic crystals also seem
to be involved in this case. Further investigations are under
way in our group.

In summary, optical, mechanical and electronic compo-
nents can be optimized if characteristic structure sizes are
designed and tailored according to key quantities of funda-
mental physics. Physics behind recipes for success in nature
are inspiring models for scientists and engineers using ad-
vanced and interdisciplinary methods. Mutation and selection
in nature are imitated and copied by model calculation and
design in technology. Thus, bionics can be a very interesting
field offering an enormous potential for the future. The filter
and VCSEL structures implemented and studied in this pa-
per are very closely related to the exotic butterfly and quetzal
wings, since they do not represent 1D natural, but 1D artifi-
cial, photonic crystals. Before going into the technology and
characterization of these devices, we will give a few general
considerations related to the size of those structures, i.e. mi-
crosystems.
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These membrane/air-gap structures (see Figs. 3–6 below)
are attractive due to their inherent large refractive index con-
trast. At a first glance, however, the mechanical stability does
not seem to be very high. In our macro world, strong acceler-
ations and decelerations cause noticeable fatigue of material
due to the harmful influence of inertia and gravity forces.
All physical quantities depend in different ways on space
coordinates. Thus, the relative significance of fundamental
physical forces considerably varies with structure size. This
is studied by scaling each direction in space xi (i = 1, 2, 3)
by the same factor 1/a by replacing xi → xi/a. Miniaturiza-
tion increases with growing a (magnification would increase
with decreasing a). Disregarding effects mentioned below, we
find the following potential relations: gravity force ∼ a−3,
inertia force ∼ a−4, magnetic force ∼ a−2,...,4, electrostatic
force ∼ a−0,...,2 and thermal expansion force ∼ a−2. Figure 1
schematically depicts these forces as a function of the scal-
ing factor in a double-logarithmic plot. If, in addition, material
constants become dependent on dimensions and quantization
effects in electron, phonon and photon systems are involved,
there will be no strict potential law (∼ a−n) for the electro-
static, the magnetic and the thermal expansion forces. Exam-
ples of systems of the above-mentioned variable dimension-
ality (3D, 2D, 1D, 0D) are photonic crystals, quantum wells
(QWs), quantum wires, quantum dots and systems contain-
ing slab phonons. The absence of such potential laws (∼ a−n)
will cause the straight lines in the diagram to be bent, i.e.
the exponent n may vary with the structure size. In the case
of the electrostatic force, the exponent may vary between 0
and 2, depending on the specific situation. For the magnetic
force, the variation of the exponent may range from 2 to 4.
For a demonstration of the principle as intended in this pa-
per, however, these details are of minor importance. For the
schematic plot shown in Fig. 1, the potential relations a−1.5

and a−4 have been chosen as an example for the electrostatic
and magnetic forces, respectively. In addition, the absolute

FIGURE 1 Schematic diagram visualizing scaling of fundamental forces

values of the forces depend on the geometries and materials
of all components of the system considered. Thus, varying the
ratio between length, width and height of a mechanical mem-
brane, for instance, will slightly shift the lines in the vertical
direction relative to each other. Similar shifts would occur if
materials are exchanged.

In the following, we will qualitatively compare the relative
significance of the above-mentioned forces for a hypotheti-
cal system in which forces are assumed to scale with structure
size according to Fig. 1. Next, two systems are assumed which
are identical in proportions and materials, but differ consid-
erably in size. The macrosystem is indicated in Fig. 1 by the
vertical dotted line on the left; the microsystem by the dot-
ted line on the right. For the microsystem, electrostatic and
thermal expansion forces dominate. In the macrosystem these
forces play a less important role and gravity as well as inertia
forces dominate. The latter cause fatigue of the material in the
presence of strong accelerations and a weakly supported long
cantilever structure, for instance.

In our macro world electrostatic and magnetic forces are
of comparable magnitude, enabling constructions such as
our well-known electro-motors. However, these motors do
not work if they are excessively miniaturized or magnified.
Among electro-motors of identical structure which are 10 km,
10 cm or 10 nm in size, only those we are familiar with (e.g.
10 cm in size) will work. The ultra-large motor (10 km in
size) would suffer from a too weak electrostatic force. The
ultra-small version (10 nm in size) would not rotate since the
magnetic forces are too small. To implement ultra-small mo-
tors the electrostatic comb actuator principle is applied [22],
which does not involve magnetic forces.

Note that in cosmic systems mass attraction becomes very
dominant. With strongly increasing size the potential relation
of the gravity force will continuously change from a−3 to a−4.
The latter case represents astrophysical situations (planets,
moons, solar systems). However, the range shown in Fig. 1
refers to a system much smaller than the planets and it implies
an unchanged gravity constant. This means that the planet it-
self is not scaled. In the case of scaling both, the system and
the planet, a relation a−6 will result.

Most interesting is the fact that the electrostatic force de-
pends much less on scaling (or is even insensitive to scal-
ing if the exponent 0 comes into play) than the inertia and
gravity forces. Note that a small dust particle electrostati-
cally sticking to the ceiling overcompensates for the gravity
force. In micro- and nanosystems, gravity and inertia forces
become very small relative to other forces. This means that
increasing miniaturization makes systems more and more sta-
ble. Note that it is very easy to break an (empty!) wine glass
by dropping it to the floor. It is still easy to break a larger
one of the fragments. However, it becomes increasingly dif-
ficult to break and divide the very small fractions of this
glass a second and a third time by dropping them to the
ground. Hence, inertia forces, which are mainly responsi-
ble for breaking, become significantly weaker with minia-
turization. Thus, tailored miniaturization supports a tremen-
dous stability increase of micro- and nanosystems and en-
ables dominating roles of electrostatic and thermal forces.
Therefore, these forces seem to be very attractive for actu-
ation in micro- and nanosystems. The essential message of
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this section is: an appropriate choice of the system size al-
lows the relative significance of the physical phenomena in-
volved to be changed and specific desired system features to
be tailored.

Our microsystems reported below take advantage of the
fact that miniaturization increases the effectiveness of electro-
static and thermal expansion forces while, at the same time,
the harmful influence of inertia and gravity forces is reduced.
This contributes to preventing fatigue of the material making
up the structures.

3 Highly reflective Bragg mirrors

A single DBR mirror (left inset in Fig. 2) consists
of an alternating sequence of two different material layers.
Two neighboring layers define a period of optical thickness
m Pλ/2 (m P = 1, 2, ...). In our paper, each individual DBR
layer has a thickness of miλi/4 (mi = 1, 3, ...) where λi is
the material wavelength of material i (λ in air is 1.55 µm).
Using transfer-matrix calculations, the reflectance has been
calculated as a function of wavelength for different p and
different material absorption coefficients α. The spectral vari-
ation α = α(λ) is taken into account. The right inset in Fig. 2
shows the spectral reflectance for a Si3N4/SiO2 DBR (p = 12,
λi/4 layers, α = 0). The maximum spectral reflectivity Rmax

at λ = 1.55 µm (see arrow) is evaluated from the individual
spectra calculated for Si3N4/SiO2 and InP/air-gap DBRs and
plotted in Fig. 2 as a function of the number of periods p.
Series of spectra are calculated for Si3N4/SiO2 DBRs with
varying absorption loss α = 0, 0.1, 0.3, 1, 3, 10, 20, 100 cm−1.
Note that α markedly depends on the technological fabrica-
tion and the process parameters in these amorphous materials.
In contrast, optical loss in semiconductor material dominantly
depends on the band structure in high-quality crystalline ma-
terial. Therefore, material loss is far better known quantita-
tively in the latter material class. Figure 2 shows that the max-
imum spectral reflectance Rmax of a DBR strongly increases
with p, but saturates for higher values. The saturation level of
Rmax strongly decreases with increasing loss. The stop-band

FIGURE 2 Calculated maximum spectral reflectance versus periods p with
loss as a variation parameter; left inset: DBR mirror structure, right inset:
calculated reflectance spectrum

represents the extended spectral region of high reflectivity (i.e
the spectral plateau-like structure in the inset of Fig. 2).

In addition, the reflectance also strongly increases with
a growing refractive index difference ∆n between the layers.
In the AlAs/GaAs system on GaAs substrates (λ = 1.55 µm,
∆n = 0.5, nAlAs = 2.9, αAlAs = 3 cm−1, nGaAs = 3.4, αGaAs =
6 cm−1) we found a maximum spectral reflectance Rmax of
0.996 for p = 20 and it reached 99.8% for p ≥ 22. In the
AlGaInAs/AlInAs system on InP substrates (λ = 1.55 µm,
∆n = 0.3, nAlGaInAs = 3.5, αAlGaInAs = 4 cm−1, nAlInAs = 3.2,
αAlInAs = 3.4 cm−1) we found Rmax = 0.9993 for p = 44
and it exceeded 99.8% at p > 37. Another calculation in
the latter material system shows that for different com-
positions and a low refractive index contrast, the num-
ber of periods required is considerably increased: for the
AlGaInAs/AlGaInAs system on InP substrates (λ= 1.55 µm,
∆n = 0.18, nAlGaInAs,I = 3.42, αAlGaInAs,I = 4 cm−1,
nAlGaInAs,II = 3.24, αAlGaInAs,II = 3.4 cm−1) we found
Rmax = 0.999 for p = 70 and it reached 99.8% for p > 58.
In the AlGaInAs material system, a higher refractive index
contrast can be obtained in contrast to the GaInAsP system
without unacceptable loss in the low band-gap layers of the
DBRs. Thus, the number p required to exceed the reflectivity
of 99.8%, for instance, is larger in GaInAsP than in AlGaInAs.
Anyway, in both systems, a relatively large number of periods
is required, which is an enormous challenge for the epitaxy. In
order to reduce p, the contrast ∆n has to be increased consid-
erably. The AlAs/GaAs system seems to be very attractive for
DBRs but it involves additional technological difficulties in
the fabrication process arising from the large lattice mismatch
with InP substrates.

According to Fig. 2, the dielectric Si3N4/SiO2 system
(λ = 1.55 µm, ∆n = 0.47, nSi3N4 = 1.94, αSi3N4 = αSiO2 both
varied, nSiO2 = 1.47) provides Rmax > 0.998 already for
p ≥ 12 if loss is neglected. For αSi3N4 = αSiO2 = 15 cm−1

a reflectivity of 99.8% is exceeded for p > 14. In contrast,
99.8% cannot be reached for αSi3N4 = αSiO2 = 20 cm−1 since
Rmax saturates at Rmax,sat = 0.997. In order to further in-
crease ∆n, we studied InP/air-gap structures on InP sub-
strates (λ = 1.55 µm, ∆n = 2.167, nInP = 3.167, nair = 1,
αInP = 3.4 cm−1), which yield a maximum reflectance of
0.9998 for p = 4 and enable Rmax to exceed 99.8% if p ≥ 3.
Note that three InP/air-gap membranes embedded in air on
both sides (in contrast to the previous structure) provide
Rmax = 0.9996 for p = 3.5 and 0.99993 for p = 4.5. This
shows that an air ‘substrate’ instead of an InP substrate pro-
vides a much higher Rmax already for smaller p. Hence, the
presence and type of a substrate markedly influence the re-
sults, especially for small numbers of periods p.

For the implementation of optical filters, two DBR mirrors
have to be combined, the mirrors being separated by a cavity
of thickness L. In our case, we mainly study the two mate-
rial systems shown in Fig. 3. In the case of air cavities, there
is no solid medium between the two DBRs (cavity length
L). In the case of solid-cavity VCSELs, the central disk on
the left is involved, filling the entire cavity. In the case of
air-gap cavity VCSELs, the solid disk only partly fills the cav-
ity. This will be explained in more detail in Sect. 7. Nearly
all combination possibilities indicated in Fig. 3 have been
investigated.
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FIGURE 3 Studied filter and VCSEL structures;
left: all-dielectric DBRs, right: semiconductor/
multiple air-gap DBRs

4 Micromachined actuation providing
single-parameter tuning

In the case of semiconductor DBRs, electrostatic
actuation can be achieved by n-doping of one DBR mirror and
by p-doping of the other. Reverse biasing of this p–n junction
and varying the voltage enables us to control the cavity length
L (Fig. 4). Depending on L, the filter can be adjusted such as to
be transparent for only one of the DWDM channels (different
vertical arrows) while blocking the others. In Fig. 4a, the top
DBR is a circular membrane suspended in the lateral plane by
two, three or four suspensions (support beams) of small width.
The cross-sectional view (Fig. 4a bottom) intersects from the
left to the right: the tilted suspension on the left, the horizontal
membrane and the tilted suspension on the right. The tilted sus-
pensions are intended to display the principle in this schematic
diagram. In reality, the actuated situation is more complicated,
as will be discussed in more detail in Sect. 5.

The optical transmission, calculated as a function
of the wavelength for a filter including a 0.5λ air-cavity and
two InP/air DBRs (3λInP/4 InP, λair/4 air, 2.5 periods each),
is shown in Fig. 4b. Due to the large refractive index contrast,
the stop-band is very large (> 600 nm) and the filter dip has
a small spectral line width. Varying the applied voltage en-

a b

FIGURE 4 a Electromechan-
ical tuning principle of optical
filters: untuned resonator (top),
electrostatically actuated cavity
(bottom), b spectral transmis-
sion of InP/air-gap filters (p =
2.5)

ables a spectral tuning of the filter peak (horizontal arrow).
As already mentioned in Sect. 2, reductions of the structure
size lead both to increasing efficiency of electrostatic actua-
tion and growing stability (Fig. 1). This allows structures to be
implemented which look rather brittle if seen with eyes used
to our macro world. This holds especially if each DBR is not
homogeneously solid, but consists of InP membranes stacked
in parallel and separated by air-gaps (multiple air-gap mirror,
Fig. 3, right-hand side). The concept for the use of microma-
chining implies that we obtain a trade-off between maximum
tunability and mechanical stability. Suspensions of extremely
small width and thickness as well as enormous length would
enable very high tuning efficiencies (differential wavelength
shift divided by the square of the differential actuation volt-
age), but guarantee only a minimum mechanical stability. On
the other hand, mechanically ultra-stable membranes of enor-
mous thickness and very short suspensions do not yield no-
ticeable tuning efficiencies. Detailed model calculations have
shown that InP/air filters with reduced membrane thickness
(λInP/4 InP, λair/4) show higher tuning efficiencies and also
extremely large stop-bands of 1500 nm. Unfortunately, these
structures have so far been found to be mechanically unstable.

In the case of dielectric DBRs (Fig. 2, left), either ad-
ditional defined electrodes enable electrostatic actuation or
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thermal actuation can be brought about by additional defined
thin-film heaters [23, 24]. The tuning of our dielectric Bragg
mirror devices is achievable by a heating current and, thus,
by thermal expansion of the suspensions clamping the di-
electric mirror membranes. These air-cavity structures also
allow for wide continuous tuning by means of a single control
parameter.

5 Technological device fabrication

The implementation of micromachined structures
is essentially based on the selective removal of sacrificial
layers. Our multiple air-gap filter structures are techno-
logically fabricated using three main steps: (i) definition of
the multiple-layer structure by epitaxy or other deposition
methods, (ii) dry etching in order to define the lateral structure
(vertical patterning of the mesa) and (iii) removing the sacri-
ficial layers by selective wet-chemical underetching to define
the air-gaps.

The masks include different membrane geometries as
well as strain-indicating structures, quality-control elements
and alignment marks. For the four-suspension filter structure
(Figs. 5 and 6), the membranes have diameters of 40 µm;
the suspensions are 10 µm in width and between 10 µm and
80 µm in length, ending at square supporting posts (150 µm×
150 µm).

5.1 InP/air-gap filters

Metal-organic vapor phase epitoxy (MOCVD) is
used to grow the multiple-layer structure lattice-matched
with (100) n-InP substrates: λair/4 GaInAs sacrificial layers
(defining finally the position of the air-gaps) alternating with
3λInP/4 InP membranes. The InP layers of the bottom DBR
(below the air-gap cavity) are n-doped; the InP layers of
the top DBR (above the air-gap cavity) are p-doped. First,
Si3N4 is deposited by plasma-enhanced chemical vapor de-
position (PECVD) on the epitaxial structure; then a positive
resist mask is used in combination with reactive ion etching
(5.1 sccm Ar, 3.5 sccm CHF3, 50 mTorr, 100 W) to define the
mask. Figure 5a shows the multiple-layer structure of a single
filter element including the black Si3N4 mask. 400 filter elem-
ents are fabricated at the moment on a wafer area of 10 mm×

a b

c d

FIGURE 5 Technological implementation of GaInAsP/air-gap filters.
a mask definition, b mesa definition by dry etching, c wet-chemical un-
deretching (sacrificial layer removal), d side view of underetched filter
membranes. The lateral extension of the suspension/membrane region is
between 50 and 100 µm. Each supporting post has a lateral size of 150 µm

a

b

c

d

FIGURE 6 Scanning electron micrographs of semiconductor multiple air-
gap filters with membranes 30 µm in diameter and four suspensions.
a 30-µm-long suspensions, b blow-up of a, c spiral-shaped suspensions,
d 10-µm-long suspensions

10 mm. Outside the black area, the semiconductor surface
is uncovered, ready for dry etching. Subsequent reactive ion
etching (20 sccm CH4, 70 sccm H2, 35 mTorr, 200 W) is used
to obtain an etch depth down to ∼ 5.5 µm. Using a Si3N4
mask instead of a resist mask guarantees higher selectivity
during dry etching and prevents polymer deposition, which is
highly undesired on the mesa side walls. This non-selective
process provides vertical side walls and sharp, straight edges.
Next, the etch mask is removed wet-chemically (HF/H2O),
providing the pure semiconductor mesa (Fig. 5b). For the
underetching of the InP membranes the GaInAs sacrificial
layers are selectively removed by means of FeCl3/H2O so as
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to achieve excellent selectivity and good semiconductor/air
interfaces (Fig. 5c). At a temperature of T = 21 ◦C, an op-
timized etching time for the above-described structures was
found to be 35 min. The membranes and suspensions have
to be underetched completely to enable free vertical motion.
However, the four support posts are also underetched. This
can be avoided by the use of additional masking techniques.
Figure 5d depicts a 3D side view of the multiple-membrane
filter structure. The three membranes of the top DBR are
clearly separated from the three membranes of the bottom
DBR. The larger air-gap in the center is the air-cavity.

Figure 6a,c,d display a scanning electron microscope
image of a filter structure with four suspensions (resonator
details in Fig. 6b). The InP membranes have an optical thick-
ness of 3/4λ. The optical quality of the two surfaces of each
membrane is defined by the quality of the epitaxial heteroin-
terfaces. The surface micromachining fabrication process
requires no micromounting since the entire structure is fabri-
cated in a batch process. Furthermore, we have a monolithic
implementation in the GaInAsP/InP material system. White-
light interferometry is used to study the surface morphology
with ultra-high spatial resolution (Fig. 7). Note the homoge-
neous behavior of the four support posts and the four stripe-
shaped suspensions among equivalent elements and lateral
positions, respectively. The four supporting posts are covered
by a protective layer serving to avoid underetching.

In principle, white-light interferometry allows the real
bends of the suspensions to be studied. The rather filigree
suspensions are found to be continuously bent. However, the
main bends are close to the transitions between (i) membrane
and suspensions and (ii) suspensions and supporting posts,
justifying the schematic depicted in Fig. 4 as a rough approx-
imation. Undesirable bends of the surface membrane can be
very well identified. Since the deformation of the bends de-
pends on material parameters, the shape and all geometric
parameters of the structure, design involving interferometry is
crucial for optimizing the filter function. Special care has to
be taken to ensure optimum lattice matching since compres-
sive strain and vertical strain gradients are very critical [25],
leading to undesired bends of the underetched membranes.

Since the all-semiconductor devices require high-quality
materials and epitaxial processes, the devices have a potential
for a very high optical performance. However, the filter can

FIGURE 7 White-light interferometric image (Zygo LOT) for a device in-
cluding 80-µm-long suspensions

only be a low-cost product if a very large number of devices
is batch-fabricated simultaneously. This is guaranteed by the
fact that our technological process is compatible with mass
production. If, in addition, use is made of cheaper materials,
deposition processes and sacrificial layers, the total price may
be substantially reduced.

The use of Si3N4/SiO2 DBRs in combination with a poly-
mer sacrificial layer enables low-cost filters which also have
been fabricated and studied. The dielectric DBRs were de-
posited by PECVD at low temperatures. The compositions
and layer thicknesses of the structure were optimized and con-
trolled, using ellipsometry in combination with transfer ma-
trix model calculations. The sacrificial layers were removed
by isopropanol/acetone. Meander-shaped thin-film heaters
are defined on the suspensions to allow for thermal actuation
of the membranes. In this case, the geometric design of the
microstructures is of crucial importance.

6 Results obtained for filter devices

To characterize the filter devices, we use three dif-
ferent set-ups. First, a tunable semiconductor edge-emitting
laser with an external resonator (1.46–1.57 µm) and a GaInAs
photodiode for monitoring the intensity are employed to char-
acterize the reflectance of the filter devices. This has the ad-
vantages of (i) an ultra-high spectral resolution due to the
extremely sharp laser line (100 kHz) and (ii) a high signal-to-
noise ratio since high spectral power densities can be applied.
Second, a white-light source (amplified spontaneous emission
of an Er3+-doped fiber amplifier, 1.45 µm to 1.65 µm) is used
in combination with an optical spectrum analyzer. Third, as
an alternative, a broad-band high-power edge-emitting LED
(1.42 µm to 1.7 µm) efficiently coupled to a single-mode fiber
and an optical spectrum analyzer is used. The entire set-ups
are based on single-mode fibers.

Various filter devices were implemented, having two,
three or four suspensions, different membrane diameters
and different suspension lengths. In the experiment, a clear
correlation was observed between suspension length and
tuning efficiency. The shorter the suspensions, the smaller
the tunability, as intuitively presumed. By varying the volt-
age (0–5 V) between the membranes (electrostatic actuation)
a tuning range of about 110 nm was obtained for a large num-
ber of devices. In the case of two filter devices, tuning ranges
of 130 nm and 127 nm were measured for ∆U approximately
equal. Thus, a continuous tuning of > 8% of the absolute
wavelength is obtained. This enormous tuning range even ex-
ceeds the spectral width of semiconductor laser gain profiles,
typically in the range of 110 nm. The extremely wide tuning
∆λ, the very small actuation voltage ∆U as well as the large
ratio ∆λ/∆U2 are record values to the best of our knowledge.
The very low absolute voltage values required are very attrac-
tive for low-voltage-based low-cost electronics. As already
mentioned, the electrostatic actuation is achieved by reverse
biasing of the diode formed by the filter. A reverse current
< 1 µA is used, enabling an extremely low total power con-
sumption. Figure 8 displays the experimental results obtained
for a filter having three suspensions of 30-µm length which
were measured using the fiber amplifier. The transmission
dip of the device is located at λ = 1.628 µm for non-actuated
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FIGURE 8 Measured electrostatic tuning of a GaInAsP/air-gap filter (p =
3.5). Insets indicate corresponding spectral reflectance spectra

membranes (U = 0 V) and at λ = 1.501 µm in the case of ac-
tuation by U = 7.3 V, covering a tuning range of 127 nm. The
insets indicate corresponding spectra of low line widths, i.e. of
low values for the full width at half maximum (FWHM). Cur-
rently, we measured a minimum value of FWHM = 3.5 nm
and a change between 3.5 and 4.5 nm across the entire tun-
ing range. For the filter displayed in Fig. 8, the FWHM varies
between 3.7 and 7.7 nm. Corresponding model calculations
yield a FWHM of 0.8 nm. For the purpose of reducing the line
widths, optimizing design and technology are under way. In-
creasing both the number of periods and the cavity length as
well as reducing residual membrane bending would result in
a reduction of the line widths. For a similar all-air-gap filter
structure, an insertion loss of −3 dB and line widths as small
as 0.4 nm have been reported [17]. Tuning ranges between 20
and 70 nm have been reported in the literature for actuation
voltages between 14 and 40 V [5–8, 17].

The correlation of the wavelength and the applied voltage
is accurately reproducible and does not depend on increasing
or decreasing the voltage used to scan the tuning range. Thus,
single-parameter tuning without any hysteresis is achieved.
Small degradations observed for structures with very long
suspensions will most probably be avoided in the future by
improvements in design and technology. We believe that the
hysteresis-free tuning is due to the zinc-blende lattice of the
III/V semiconductors applied. This lattice is strongly related
to the Si and diamond lattices of well-known extremely high
stability and thus, guarantees the absence of plastic, inelastic
mechanic flow.

Care has been taken during the experiments to ensure
maximum mechanical stability in order to avoid noise gener-
ated by mechanical vibrations. Noise can, however, also be
reduced by miniaturization, thus shifting the mechanical res-
onance frequency into the range between 10 kHz and several
MHz. This leads to considerable reductions of the sensitivity
of the system to low-frequency vibrations and acoustic waves.

DWDM systems benefit from the extremely large stop-
bands provided by the high refractive index differences and
short resonators. A single DWDM channel can pass the low
line-width filter while blocking the entire range spanned by
the second and third telecommunications windows. It is even
possible, without difficulty, to extend this range very much if
so desired.

Thus, our filters combine several properties that are very
attractive for advanced DWDM systems:

– batch-process fabrication using surface micromachining
(no need for micromounting of two DBR mirrors, for in-
stance) and compatibility with mass production (low-cost
potential),

– extremely wide continuous and kink-free spectral tuning
based on a single control parameter,

– very low absolute actuation voltages, allowing the use of
low-voltage and, consequently, low-cost electronics,

– low power consumption,
– ultra-wide stop-bands,
– in the case of the semiconductor filters: (i) materials allow

the filters to be integrated with lasers and detectors, includ-
ing active layers of the same material class, (ii) potential
for ultra-long-term stability and no hysteresis in tuning,

– from the system point of view, rectangularly shaped spec-
tral filter lines are highly desirable. Intentional design of
DBRs with different air-gap widths allows the spectral
shape of the filter transmission peak to be tailored. Since
all the vertical dimensions of the filter are defined by epi-
taxy, chirped DBR mirrors can be produced without addi-
tional costs,

– potential for very low spectral line width,
– high potential for functionality,
– possible combination with other optoelectronic devices,
– application in optical communications, measurement

technologies and sensorics.

The batch process of surface micromachining has potential
for low production costs. Semiconductor epitaxy and III/V
semiconductor materials, however, are rather expensive. In
cases of mass-market products, the specifications may be re-
duced. Therefore, we additionally worked on micromachined
tunable optical filters based on dielectrics and polymers. Fig-
ure 9a displays the spectral reflectance of a Si3N4/SiO2 fil-
ter (p = 5.5 and p = 5.0 facing the Si substrate, suspension
length: 40 µm). For the implementation of this low-cost filter,
use was made of a cheap polymer sacrificial layer which, to
the best of our knowledge, has been done for the first time. As-
suming αSi3N4 = αSiO2 = 15 cm−1, we only reach Rmax = 0.97
and Rmin = 0.1 for a five-period DBR according to Fig. 2. Fur-
thermore, noticeable loss also broadens the spectral width and
reduces the maximum of the transmission peak. Experimen-
tal results of thermal tuning of this filter are shown in Fig. 9b,
revealing ∆λ/∆U = −7 nm/V. A large number of filter de-
vices have been measured, revealing tuning ranges between
10 and 17 nm. As already mentioned with respect to semicon-
ductor filters, an increase is observed for growing lengths of
the suspensions.

Transfer matrix model calculations are used to study mi-
cromechanically actuated tuning of filters. The semiconduc-
tor all-air-gap filter device consists of symmetrically sus-
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a b

FIGURE 9 Measurements of: a spectral re-
flectance of a Si3N4/SiO2 filter (p = 5.0 and
5.5), b tuning by thermal actuation as a func-
tion of the varied voltage applied to the thin-
film heaters

pended InP membranes that are 357 nm in thickness. Neigh-
boring membranes are spaced 375-nm apart from each other
in the DBRs. Reflectance spectra are displayed for different
air-cavity thickness values L reduced from 830 nm (untuned)
to 730 nm in Fig. 10a. Due to the short cavity and the high re-
fractive index difference, the stop-band exceeds 600 nm. For
membranes as thin in optical thickness as λ/4, a stop-band
width of even 1500 nm would be possible. This is very at-

b

a

FIGURE 10 Spectral reflectance of tunable air-cavity filters calculated for
a GaInAsP/air-gap DBRs and b Si3N4/SiO2 DBRs. The width of the air-
cavity L is varied

tractive for blocking all wavelengths in a very large range of
the entire telecommunications band. Figure 10a indicates that
all wavelengths in the second and third telecommunications
windows can be blocked and a single tunable ‘channel’ (fil-
ter dip) is allowed to pass. We obtain a reflectivity of 99.6%
at 1.3 µm, for instance. For a cavity-thickness reduction of
∆L = 100 nm, this calculation provides a spectral tuning of
the transmitted wavelength (filter dip) of ∆λ = 89 nm, corres-
ponding to a tuning efficiency of ∆λ/∆L = 0.89.

The structure studied in Fig. 8 is designed for intentional
detuning between the center wavelength of the stop-band of
the DBR mirrors (λstopband center) and the filter wavelength λfilter

(0 V) for non-actuated mirrors. Hoping to achieve a tuning of
∆λ = 120 nm, we designed the filter in a way providing λfilter

(0 V) – λstopband center = 60 nm. Thus, tuning the filter from
λfilter (0 V) to λfilter (7 V) with ∆λ = λfilter (0 V) – λfilter (7 V),
we meet λstopband center rather close to the center of the tuning
range. Second, due to the extremely large stop-band widths,
this design principle further allows the spectral range close to
1.3 µm (second telecommunications window) to be simultan-
eously blocked.

Figure 10b depicts the spectral reflectance of an air-cavity
Si3N4/SiO2 filter (p = 11.5 and 12). Reflectance spectra are
displayed for different air-cavity thickness values L reduced
from 900 nm (untuned) to 800 nm. The stop-band width is
> 300 nm and nearly unaffected by tuning. The transmitted
filter peak tunes as much as ∆λ = 46 nm due to the cavity-
thickness reduction of ∆L = 100 nm, resulting in a tuning
efficiency of ∆λ/∆L = 0.46.

7 Results obtained for VCSEL devices

System applications often require a wide contin-
uous spectral tunability of up to 100 nm, sometimes even
beyond 100 nm. For edge-emitting lasers, this is very diffi-
cult to achieve without macro- or micromechanical actua-
tion. Very effective widely tunable laser devices have been
reported in the literature, such as the super-structure grating
laser [26–28], the sampled grating laser [29], the Y-laser [30]
or codirectionally coupled lasers [31, 32]. However, all these
devices require more than a single control parameter (typic-
ally three or four different control currents) and very often
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they are subject to mode-jumps (discontinuous tuning) or very
strong variations of the line width and output power across
the tuning range. This complexity often requires a time-
consuming detailed characterization of each particular device
and subsequent recording of all data. Thus, a microprocessor
equipped with individual memory is necessary for each device
to control the output wavelength. Micromechanically actu-
ated devices may provide such a wide continuous tuning range
under low power consumption and simple control (a single
control parameter, most probably no microprocessor).

Air-gap cavity VCSELs including Si3N4/SiO2 DBRs
(p = 11.5 and 12) and GaInAsP multiple QW active layers
were studied. Three active regions, each consisting of two
7-nm-wide GaInAsP QWs, are embedded in four bulk
GaInAsP confinement layers. Together with two sandwich-
ing InP cladding layers this stack has either a total thickness
of 1.75λ (Fig. 11) or 2λ (Fig. 12). Thus, the entire structure
(Figs. 11a and 12a) consists of the following sequence: DBR1
(p = 12), the InP/GaInAsP/InP stack (including the QWs),
an optional Si3N4 antireflection (AR) layer of thickness λ/4,
the air-gap (thickness L ′) and DBR2 (p = 11.5). The cavity
length L comprises all layers between the two DBRs. Hence,
the cavity has a solid part (including the QWs) and the air-
gap part having a vertical extension of L ′. Model calculations
varying the air-gap thickness L ′ are performed to study the
corresponding tuning properties. Figures 11a and 12a fur-
ther display the corresponding electric field distribution inside
the resonator. For comparing the field amplitudes, the cal-
culated results are related to the total power. The three QW

a

b

FIGURE 11 Tunable air-cavity GaInAsP VCSEL with Si3N4/SiO2 DBRs
and uncoated cavity. a Structure and calculated optical field distribution,
b calculated spectral reflectance for differently tuned air-cavity L′

a

b

FIGURE 12 Tunable air-cavity GaInAsP VCSEL with Si3N4/SiO2 DBRs
and antireflection-coated cavity. a Structure and calculated optical field dis-
tribution, b calculated spectral reflectance for differently tuned air-cavity
L′

active layers are designed to be located at the antinodes of
the electric field. In both structures, we varied the air-gap
thickness between 0.44λ and 0.56λ (∆L = 0.12λ = 186 nm,
calculated for micromachined actuation) and found a strong
shift of the laser peak (corresponding to the dip of small
FWHM in the stop-band) in the reflectance spectra (Figs. 11b
and 12b). The uncoated VCSEL (Fig. 11) reveals a tun-
ing range of ∆λ = 101 nm for a reduction of the air-gap
by ∆L = 0.12λ = 186 nm. The single-sided AR-coated air-
cavity VCSEL (Fig. 12) reveals a tuning range of ∆λ = 55 nm
for the identical actuation. This results in tuning efficiencies
of ∆λ/∆L = 0.54 and 0.3, respectively. Differences between
the structures were also found in the minimum reflectivi-
ties Rmin ≈ 0.4 (Fig. 11) and Rmin ≈ 0.1 (Fig. 12) at the laser
wavelengths. Additionally, the uncoated laser enables only
a medium lasing efficiency because the maximum electric
field at the QW active layer is only 135 a.u. In contrast, the
AR-coated VCSEL has a maximum electric field of 270 a.u.
Since the number of QWs is identical in both structures, this
ensures a better lasing efficiency for the AR-coated VCSEL
but a higher tuning efficiency for the uncoated laser. There-
fore, a trade-off is observed between either the optimization
of the tuning efficiency or the lasing efficiency.

Finally, optically pumped GaInAsP/Si3N4-SiO2 VCSELs,
equivalent to the VCSELs studied above, but without air-
cavity, were investigated. Single-mode oscillation at λ =
1.57 µm, side mode suppression ratio > 40 dB, FWHM <

0.1 nm were measured, using a semiconductor pump laser
(λ = 980 nm, pulsed) for T = 300 K. A maximum output
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power of > 75 µW was found at 290 K. The lasers were
mounted on Au-plated Cu heat sinks, using In-based sol-
dering. The solder-layer thickness was minimized both by
mechanical support and wet-chemically, avoiding noticeable
oxide layers.

8 Conclusions

Optical, mechanical and electronic components are
optimized by tailoring characteristic structure sizes accord-
ing to key quantities of fundamental physics during the design
process. Physics behind recipes for success in nature are im-
buing models for scientists and engineers who are using ad-
vanced and interdisciplinary methods. Nature provides such
an example of tailored scaling: a principle of success in na-
ture is mutation and selection. Proper scaling in natural pho-
tonic crystals and our artificial 1D photonic crystals (DBR
resonators) determines the wavelength range of diffractive in-
teraction. In addition, proper scaling enhances the mechanical
stability and effectiveness of electrostatic and thermal tun-
ing. These basic physical principles are demonstrated in detail
by micromachined 1.55-µm vertical-resonator-based devices
(optical filters and VCSELs). The devices enable both wide
tunability based on a single control parameter and highly re-
flective DBRs.

(I) Using the InP/air-gap technology, only three
membranes per mirror (i.e. three Bragg periods) are sufficient
to guarantee reflectivities exceeding 99.8% and to offer enor-
mous stop-band widths > 600 nm. The circular membranes
are positioned by two, three or four suspensions, located be-
tween air-gaps and stacked in parallel. Micromechanical tun-
ing is obtained by changing the air-gap cavity by means of
electrostatic actuation. The structures are technologically fab-
ricated by surface micromachining, using sacrificial layers
and avoiding expensive mechanical alignment of the devices
by batch processing. Record tunabilities up to 130 nm are re-
ported experimentally for actuation voltages about 7 V. For
VCSELs, the air-gap technology offers two main advantages:
implementation of Bragg mirrors and active layers within the
GaInAsP/InP system and wide continuous tuning.

(II) Based on 12 periods of Si3N4/SiO2 and a polymer
sacrificial layer for implementing the air-cavity, we fabricated
low-cost optical filters capable of thermally actuated tuning of
∆λ/∆U = −7 nm/V.

For applications in optical communications and sensorics,
the multiple air-gap concept includes the following advan-
tages: batch-process fabrication using surface micromachin-
ing, low-cost potential, ultra-wide continuous and kink-free
spectral tuning based on a single control parameter, very low
absolute actuation voltages, good compatibility with low-cost
electronics, extremely low power consumption, ultra-wide
stop-bands, potential for a very low spectral line width, high
potential in functionality and possible integration with other
optoelectronic devices.
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