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Abstract—Tunable vertical cavity devices including an air-gap
integrated in the cavity have been designed, fabricated, and
investigated. The ultrawide wavelength tuning is realized by mi-
cromechanical actuation of Bragg mirror membranes. Based on
optical and mechanical model calculations, the air-gap filters and
vertical cavity surface emitting lasers (VCSELs) are designed for
investigating mainly the optical tuning efficiency. In our research,
we focus on two different mirror material systems, dielectric
Si3N4 SiO2 and InP/air-gap Bragg mirrors and on two tuning
concepts, respectively. For the dielectric mirrors, continuous
tuning is achieved by thermal actuation of the Si3N4 SiO2

mirror membranes, and for InP/air-gap mirrors, electrostatic
actuation of the InP membranes is used. To verify the optical
and mechanical simulations, InP/air-gap filters are characterized
by measuring reflectance spectra and the tuning behavior. The
measured results agree with the simulations used to optimize the
micromechanical and optical characteristics of air-gap filters and
VCSELs for optical communication applications.

Index Terms—Air-gap devices, electrostatic actuation, modeling,
microoptoelectromechanical system (MOEMS), optical device de-
sign, tunable filter, tunable vertical cavity surface emitting laser
(VCSEL), vertical cavity devices, WDM.

I. INTRODUCTION

T UNABLE vertical cavity air-gap devices combine the
disciplines of optoelectronics and micromechanics to

enable novel device features and additional functionalities. To
achieve this goal, surface micromachining is used to implement
air-gaps and flexible Bragg mirror membranes, which are the
key elements of tunable vertical cavity surface emitting lasers
(VCSELs) and Fabry–Pérot filters. With micromechanical
actuation of the mirror membranes, very efficient ultrawide
continuous wavelength tuning is achieved with only a single
control parameter [1]. This device feature, attained by mi-
crooptoelectromechanical system (MOEMS) technology, is
very attractive for advanced optical communication systems
based on wavelength division multiplexing systems. Devices
with a tuning range covering the 1.5–1.6-m range of the
C and L band allow a considerable reduction of inventory
costs, if the high number of currently used nontunable filters
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and lasers can be replaced. This cost reduction is an advan-
tage in long-haul networks with dense wavelength division
multiplexing (DWDM) systems as well as in metropolitan
area networks with coarse wavelength division multiplexing
systems. Presently, the first widely tunable lasers are projected
to incorporate in metro networks as well as in DWDM systems
in the near future [2].

In VCSELs and Fabry–Pérot filters, the resonant microcavity
is enclosed between two highly reflective mirrors, namely dis-
tributed Bragg reflectors (DBR) with a required reflectivity of
more than 99.8%. In Fabry-Pérot filters the high quality mirrors
with low absorption enable minimized insertion loss and thus
a small full width of half maximum (FWHM) of the filter res-
onance wavelength. For VCSELs, the high reflectivity ensures
a high resonator quality, increasing the number of photon cir-
culations, since the amplification per circulation is very small
in a vertical cavity laser. In the past, several mirror material
systems and technologies have been applied. Most of the cur-
rent long-wavelength VCSELs on InP substrates are not tunable
and feature wafer-fused AlAs/GaAs or AlGaAs/GaAs DBRs
[3]–[5], metamorphic AlGaAs/GaAs DBRs [6], [7], monolithic
DBRs with GaInAsP/InP [5], [8], AlGaInAs/AlInAs [9], [10],
or AlGaAsSb/AlAsSb [11], dielectric mirrors, e.g.
[8], [12], [9], or [10], and recently
InP/air-gap DBRs [13]–[15]. For all the semiconductor mirrors,
whether fused or metamorphic or monolithic, many Bragg pe-
riods of 25 up to 50 layers are necessary for the high reflectivity
due to the relatively low refractive index contrast achievable
in the semiconductor materials. This requires expensive tech-
nologies and is difficult to implement. With dielectric DBRs,
a higher refractive index contrast is achievable and thus, less
layer periods are needed. A second advantage is the low cost and
simple fabrication of dielectric materials. However, the highest
refractive index contrast is obtained by semiconductor/air-gap
DBRs: Using InP membranes only three Bragg periods are suffi-
cient for highly reflective mirrors. Therefore, the reduced semi-
conductor material and growth process time, as well as applying
a batch process and avoiding subsequent micromounting enable
as well cost effective and economic mass production. Our con-
cept combines these three features.

For tunable vertical cavity filters or VCSELs, a few im-
plementations of air-gaps in the cavity have been reported.
Based on GaAs in the short-wavelength range, electrostatic
tuning is demonstrated for Fabry–Pérot filters, as well as
VCSELs achieving tuning ranges of 18 and 32 nm, for instance
[16]–[18]. For 1.55- m wavelength, tunable Fabry–Pérot filter
concepts based on electrostatic or electrothermal actuation
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[19]–[27] and electrostatically tunable VCSEL with tuning
ranges of 31.6 to 50 nm [28], [29] have been reported.

In general, investigations concerning the laser design and
structure optimization are based on self-consistent model
calculations including carrier transport, optical waveguide
properties, heat flux, electrooptical and strained QW gain
modeling. For the micromechanically tunable vertical cavity
air-gap devices, in addition, the mechanical properties are very
important for the device functionality and design. However,
since the development of these tunable air-gap devices started
just a few years ago, design investigations with model calcu-
lations have been rarely reported up to now. Tunable air-gap
devices with mirrors have been analyzed recently
using a simplified analytical optomechanical model to study
the spectral linewidth dependence on mirror deformations [30].

In this paper, we investigate micromechanically tunable
air-gap Fabry–Pérot filter and VCSEL devices using combined
mechanical and optical model calculations. Our research is
focused on two Bragg mirror material systems: InP/air-gap
and dielectric mirrors with and layers. The tuning
concepts are based on electrostatic and thermal actuation of the
mirror membranes.

Tunable filters were designed, fabricated, and measured.
With InP/air-gap mirrors using the electrostatic tuning prin-
ciple a record tuning range of 142 nm has been achieved
with a low voltage of only 3.2 V. The mechanical and optical
model calculations are verified by comparing the results with
measured electrostatic tuning results. Based on the optical
simulations, the tuning behavior of filter and VCSEL devices
for optical pumping as well as the spectral filter linewidth has
been investigated.

II. DEVICE STRUCTURE

A. Air-Gap Filter and VCSEL Design

Our vertical cavity air-gap devices consist of a microcavity
embedded between two highly reflective Bragg mirrors. On
the one hand, we use dielectric DBRs with and
layers. One advantage of this material system is the simple
and low-cost fabrication by plasma enhanced chemical vapor
deposition (PECVD) [31]. On the other hand, InP/air-gap mir-
rors are used. They are fabricated by surface micromachining
techniques. The first process step is growing InP/GaInAs layers
by metal organic vapor phase epitaxy. The second step is the
definition of the lateral filter structure by dry etching; the
GaInAs serve as sacrificial layers. In the third step, they are
removed by selective chemical wet etching with
to obtain the air-gaps [23], [32].

The lateral filter or VCSEL structure features circular-shaped
mirror membranes with several suspensions and supporting
posts. An example of a multiple air-gap/InP filter with three InP
membranes per mirror is shown in Fig. 1, where the diameter of
the membranes is 40m, the suspension length in the displayed
sample is 30 m, whereby this length varies between 10 and
80 m in our devices. The InP thickness of the membranes is

nm, the mirror air-gaps are -nm-thick,
and the air-cavity is nm.

Fig. 1. Scanning electron micrographs of an InP/air-gap filter with three
membranes per mirror and four suspensions.

Fig. 2. Scanning electron micrograph with a detailed view of an InP/air-gap
VCSEL structure with four membranes per mirror.

The VCSEL structures are based on the filter design with an
additional active region embedded in the microcavity. They are
designed at first for optical pumping. In Fig. 2, a detailed view
of an air-gap VCSEL layer structure is presented. The Bragg
mirrors consist of four InP membranes and the active region has
three pairs of QW layers.

The resonator quality depends on the refractive index contrast
between the Bragg mirror layer materials, on the absorption and
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on the number of periods. For the dielectric mirrors, the optical
material parameters depend significantly on the PECVD process
parameters. Using spectroscopic ellipsometry, we measured, for
our standard process, the wavelength dependence of refractive
index and absorption coefficient to be considered in our de-
vice modeling. The measured values of the refractive index at
1.55 m are and , and the
values of the absorption coefficient are cm and

cm for and , respectively. With this
high refractive index contrast, 12-layer periods are required per
DBR, ensuring a high reflectivity of more than 99.8%. The ad-
vantage of InP/air-gap Bragg mirrors with and

is an even much higher refractive index contrast of
. Thus, only three layer periods are necessary for

the same value of reflectivity.

B. Tuning Principles

For both material systems, the ultrawide continuous tuning
is achieved by micromechanical actuation of the mirror
membranes, but with two different tuning principles. For the

mirrors, electrothermal actuation is used and,
for the InP/air, electrostatic actuation is used. Both tuning
principles are demonstrated in Fig. 3. The dielectric mirrors
have meanderlike chromium thin-film heaters deposited on
the suspensions. Actuation of the top mirror membrane can
be obtained by thermal expansion of the heated suspensions
[Fig. 3(a) left]. This actuation results in a change of the cavity
length and, therefore, the filter resonance wavelength is tuned.

In the case of semiconductor/air-gap structures, the mem-
branes of one Bragg mirror are-doped and the other mirror
membranes are-doped forming a pin-diode including the in-
trinsic cavity GaInAs sacrificial layer residual in the supporting
posts. When applying a reverse bias very efficient tuning
is achieved by electrostatic actuation of the two InP mem-
branes embedding the cavity [Fig. 3(a) right]. Thus, the filter
transmission peak (or resonance wavelength) shifts to shorter
wavelength with increasing reverse bias as demonstrated in
Fig. 3(b). Thereby, the reason for the high efficiency of this
tuning method is the device miniaturization and the remaining
significant part of electrostatic force during the scaling down to
nanoworld dimensions [1].

III. EXPERIMENTAL RESULTS OFINP/AIR-GAP FILTERS

For the experimental characterization, reflectance spectra of
various InP/air-gap filters were measured using a single mode
(SM) fiber setup [26]. An erbium-doped fiber amplifier was de-
ployed as a white light source and the reflected light was coupled
directly into the SM fiber and measured with an optical spec-
trum analyzer. We studied InP/air-gap filter structures with the
geometry described previously. An air-gap cavity is embedded
between two 2.5 periods InP/air Bragg mirrors appropriating
three InP membranes with a diameter of 20 or 40m. In this
paper, measured reflectance spectra are presented with 40m
membranes held by three or four suspensions with a length of
20 to 40 m.

Fig. 4 presents measured reflectance spectra of two different
InP/air filters with applied tuning voltages. The top figure shows

Fig. 3. Micromechanical tuning principles: (a) thermal actuation (left) and
electrostatic actuation (right) of mirror membranes and (b) resulting tuning of
the resonance wavelength (filter peak) within the transmittance spectrum.

the tuned reflection dip for a filter with three 30-m suspensions
showing a tuning range of nm with a voltage of only
7.3 V [1], [26]. The FWHM of the filter dip decreases during
tuning from 7.5 to 3.5 nm.

The bottom graph in Fig. 4 demonstrates measured spectra
of a structure featuring four suspensions with 40-m length.
With a very low voltage of 3.2 V, a record tuning range of

nm is achieved [32], [33]. The FWHM of the filter
dip increases with tuning from 3.5 to 4.5 nm. Reasons for the
increase or decrease of the dip linewidth during tuning are dis-
cussed in the next chapter of optical model calculations.

IV. DEVICE MODELING OF AIR-GAP FILTER TUNING

The efficiency of the ultrawide continuous tuning in vertical
cavity devices depends on both the mechanical properties of
the InP membranes and the optical properties of the multilayer
structure. For investigations and design of the micromechan-
ical tuning behavior, we performed basic optical and mechanical
model calculations. The results on air-gap filters are presented
in the following two sections. In the third section, the combined
optical and mechanical simulations are compared with the mea-
sured tuning behavior. The device modeling of VCSELs based
on these verified tools is presented in the next chapter.
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Fig. 4. Measured reflectance spectra of two different InP/air-gap filter
structures. Top: filter with three suspensions of 30-�m length and applied
tuning voltages up to 7.3 V resulting in a tuning range of�� = 127 nm.
Bottom: filter with four suspensions of 40-�m length and applied tuning
voltages up to 3.2 V resulting in a record tuning range of�� = 142 nm.

A. Optical Model Calculations

The basic model for describing the transmission and reflec-
tion of light at interfaces is the scattering theory using matrix
formalism for the linear relation of light input and output. This
enables a very convenient description of lightwave propaga-
tion through multiple layer structures by using matrix multi-
plication. Thereby, all layers and interfaces are described with
matrices using the layer thickness and the optical parameters
as the refractive index and absorption. In multilayer structures,
e.g., in DBRs, forward and backward traveling lightwaves inter-
fere constructively or destructively. In vertical cavity devices, a
standing photon wave is generated at the wavelength of con-
structive interference (resonance wavelength). For optical
model calculations of our filters and VCSELs, we used this
transfer matrix method [34] based on the one-dimensional (1-D)
scattering theory in axial direction. To investigate and optimize
the optical tuning efficiency, the 1-D transfer matrix method is a
very suitable and effective tool, whereas solving the full three-
dimensional (3-D) waveguide equation is a very complicated
method. However, such two-dimensional (2-D) or 3-D simu-
lations are necessary for investigations of all feasible optical
eigenmodes in the vertical resonator and their modal irradiations
and losses, especially in the case of bent mirror membranes [36].

Using the 1-D transfer matrix method, we first calculated
for our air-cavity filters the electric field distribution corre-
sponding to the photon wave at the resonance wavelength

and, second, the reflectance spectrum. Based on these
simulations we compared filters with a 1/2 air-cavity

Fig. 5. Transfer matrix simulations of aSi N =SiO air-cavity filter: a) layer
structure and electric field distribution of the photon wave and b) reflectance
spectra resulting in an optical tuning efficiency of��=�L = 0:63.

Fig. 6. Transfer matrix simulations of an InP/air-gap filter. (a) Layer structure
and electric field distribution of the photon wave. (b) Reflectance spectra
resulting in an optical tuning efficiency of��=�L = 0:8.

embedded between two mirrors of: 1) 12 periods
and 2) 3-periods InP/air-gap. The results are presented in
Figs. 5 and 6, respectively.
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Fig. 5(a) displays the dielectric air-cavity filter structure with
1/4 layers of and for a Bragg mirror center
wavelength of m and the corresponding electric
field distribution. In the calculated reflectance spectra figured
in Fig. 5(b), the tuning is considered by varying the air-cavity
length between 725 and 825 nm. All spectra show a Bragg
mirror stopband of 300-nm width nearly unaffected by the
varied cavity length. However, the filter resonance wavelength
tuning is nm with nm. Therefore, an
optical tuning efficiency of is obtained for
this dielectric air-cavity filter.

Fig. 6 shows the corresponding results for a multiple air-
gap/InP filter with 3/4 InP membranes and 1/4
mirror air-gaps, for a center wavelength of m.
In Fig. 6(b), the stop band of the Bragg mirrors covers a very
wide range of 600 nm. Therefore, we chose the lower center
wavelength to shift this wide stop band to cover also the 1.3-m
wavelength range. This is an optimized feature especially for
optical fiber communication in the 1.55-m range with simul-
taneous total reflection of the 1.3-m wavelength. For tuning in-
vestigations, the reflectance spectra are calculated for the same
air-cavity length variation nm, whereas is changed
between 830 and 730 nm. Considering that only the inner mem-
branes are deflected by electrostatic tuning, this results in a
tuning range of nm. Otherwise, if all membranes
would be actuated, the tuning range would be nm.
Compared to the dielectric filter, a better optical tuning effi-
ciency of is achieved with this InP/air-gap filter.

In the measured reflectance spectra, broad filter dips with
a FWHM of 3.5 to 7.5 nm were observed, whereas the 1-D
optical simulations predict a FWHM of 1 nm for these filters.
One reason for the higher measured spectral linewidth is a
small bending of the mirror membranes due to residual stress
in the epitaxial InP layers [35]. This causes a widening of the
incident Gaussian beam during the multiple reflections within
the cavity and leads to lateral irradiations and cavity losses
entailing a broadening of the filter dip. In the 1-D optical
simulations, these irradiations are not considered. However, with
a multidimensional simulation tool, several 3-D eigenmodes
as well as their irradiations are determined for ideal planar and
bent filter membranes [36]. Considering these cavity losses the
FWHM values for the several vertical eigenmodes are higher
than 1 nm, depending on the lateral irradiation losses for each
mode. For the first mode with the smallest irradiation losses,
e.g., an FWHM of 1.5 nm is obtained for planar membrane
filters with 3-D simulations.

A second and more important reason for the observed differ-
ence of the calculated and measured linewidth is that the spec-
tral mode spacing is in the 1-nm range and two or three modes
are overlapping, forming the broadened filter dip in the mea-
sured spectra. In the measurement setup, the incident Gaussian
beam is able to excite several modes within the filter cavity, the
fundamental mode normally with the highest efficiency and the
higher order modes less.

In the measurements, a considerable decrease or increase of
the filter dip linewidth during tuning was observed. One reason
for this is a tuning induced small deformation of the mirror
membranes in such a way that the parts of the higher order

Fig. 7. FWHM of an InP/air-gap filter with three and four membranes per
mirror.

modes diminish. This is observed for the three suspension filter
and for high voltages a small shoulder of higher order modes
remains on the left filter dip side. In the other case of the four
suspensions filter, the tuning generates a small deformation of
membranes in such a way that the number of excitable modes
increases.

For optical communication applications, a small spectral
linewidth of devices is required, particularly for DWDM
systems. A significant reduction of the spectral filter linewidth
can be achieved by increasing the reflectivity of the mirrors,
hence, by using more layer periods in the mirrors. This is
demonstrated in Fig. 7, which shows reflectance spectra in a
zoomed wavelength range around the filter dip calculated with
the 1-D transfer matrix method. The filter dips are compared
for the implemented and measured InP/air-gap filter with 3 InP
membranes per mirror and for a structure with four membranes.
With the additional membrane per mirror, the FWHM of 1 nm
is reduced to 122 pm. Due to the marginal absorption in the InP
layers cm , a small shift of the dip wavelength
is observed and a small increase of the minimum reflectance
of the dip.

B. Mechanical Model Calculations for Electrostatic Tuning

For complete investigation of the tuning efficiency, we
determined the achievable deflection of the mirror membranes.
In this paper, we concentrate on the electrostatic tuning method
of InP/air-gap devices. Based on a 3-D structural mechanics
model, we studied the electrostatic actuation with the finite
element method (FEM) [37], [38]. By the structural mechanics
model, material deformations generated by stress or external
forces acting on the material are described. Based on the static
equilibrium conditions between the stress matrixand the
volume force density and Hooke’s law for elastic materials
the following equations system has to be solved [38]:

(1)

where and denote the space coordinates of
the vector , , and the deformation compo-
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nents of deformation vector , is the shear
modulus

(2)

and the Lamé constant results from

(3)

including Young’s modulus and the Poisson ratio, with
values of and for InP [39].

In our tunable InP/air-gap devices, an applied voltagegen-
erates the electrostatic force acting on the InP membrane
surface. This is considered by the force [40] per area

(4)

where is the nontuned cavity length and denotes the
resulting change of the cavity length due to the elastic deflec-
tion of the membrane. In our filter structures, the two interior
InP membranes are actuated symmetrically and the change of
the cavity length is two times the deflection of one membrane

, considered with .
To investigate the tuning behavior, the deflection is calculated

recursively with 3-D FEM analysis and the results are depicted
qualitatively for one filter structure example in Fig. 8(a). The
simulations show a strong bending of the suspensions, whereas
the membranes remain nearly planar in the center with only
a small curvature of the membrane margin. The mechanical
properties of the InP membranes and suspensions, namely the
flexibility and the spring properties, are determined by the ge-
ometry of the filter structure and by the material parameters.
Hence, for detailed tuning investigations, the geometric param-
eters are varied. The first parameter to be varied is the suspen-
sion length for a filter structure with four suspensions of 10-m
width, a membrane diameter of 40m, and a layer thickness
of 357 nm for the membrane and suspensions. The membrane
center deflection is determined and the resulting changes of
the cavity length is . Combined with the tuning ef-
ficiency obtained by the optical calculations de-
scribed above, the wavelength tuning is defined and plotted
versus the applied voltage in Fig. 8(b). The results of our theoret-
ical model calculations are compared for suspension lengths of
20, 30, and 40 m, showing the most efficient tuning for the long
suspensions. Filters with suspensions of length m
result in nm for an applied voltage of 8 V, whereas
using m, the same tuning range is achieved for
4.7 V, and with m, only 2.8 V is necessary. Among
the three samples, the best electrostatic tuning efficiency is ob-
tained with the 40 m suspensions, e.g., nm is
obtained at 3.7 V tuning voltage.

Generally, it is possible to achieve these tuning values also
for the 20 and 30-m suspensions, but for higher voltages. How-
ever, the tuning range is limited by the “pull-in” instability of the
actuated membranes. The reason for this is the nonlinear elec-
trostatic force is as in (3), which depends on the cavity length
with , whereas the elastic restoring force of the membrane

Fig. 8. (a) Qualitative FEM simulation of an InP membrane and the
electrostatic actuation (b) resulting wavelength tuning of combined optical and
mechanical simulations for filters with varied suspension lengths.

is linear with using an analytical mechanical model [40], [41].
Therefore, increasing the tuning voltage across the membranes
results in a fast-growing electrostatic force, which exceeds the
elastic restoring force. The force equilibrium determines the
maximum possible membrane actuation prior to the pull-in in-
stability occurs related to the pull-in voltage. Analytical me-
chanical model calculations lead to a maximum change of the
cavity length [26], [41]. Therefore,
depends only on the initial cavity length but not on other
geometric parameters.

Additional simulations on filter structures with two and three
suspensions result in a considerably increased actuation effi-
ciency with a decreased number of suspensions. Therefore, two
long suspension would be preferable for an optimized electro-
static actuation of the filter membranes, but the technological
implementation of stable filter structures without strain-induced
deformations is very difficult for less or long suspensions. Fur-
thermore, filter structures with long suspensions are more sensi-
tive to thermal and mechanical instabilities. InP/air filters with
2, 3, and 4 suspensions having a length of 10 to 80m have
been implemented. Optical measurements show a filter tuning
up to 40 m long suspensions, however.

C. Comparison of Simulations and Measurements

The results of the combined mechanical FEM and optical
simulations are compared to measured tuning behavior of sev-
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Fig. 9. Comparison of measured and calculated tuning versus applied voltage
for two InP/air-gap filters with 3 suspensions of 20-�m length.

eral filter devices. In Fig. 9, a comparison of measured and
calculated wavelength tuning versus applied voltage is
figured for two different filters. Both examples have three
suspensions of 20-m length, but slightly different cavity
thicknesses of nm (left) and nm (right),
showing nearly identical tuning behavior. The simulations show
an excellent agreement with the measurements. To determine

, the optical tuning efficiency is calculated using the pre-
viously described 1-D optical model. A very good agreement
between simulations and measurements is also obtained for
other filter structures with different geometries and suspension
lengths. These investigations demonstrate that the combined
mechanical FEM and the optical simulations fulfill the re-
quirements to calculate the tuning behavior as a function of
applied voltage for device structures with an arbitrary ge-
ometry. For this tuning prediction, only material parameters
and the device geometry is required without involving any fit
parameter from measurements. Such a curve fitting would be
necessary for analytical mechanical model calculations, e.g.,
based on a linear spring model using a spring constant as
fit parameter. In conclusion, we demonstrated that the model
calculations are a suitable tool for a design optimization of
vertical cavity devices. In the next chapter, we use this tool for
an optimization of the tuning behavior of air-gap VCSELs.

V. DEVICE MODELING OFTUNABLE AIR-GAP VCSELS

The results obtained for the air-gap filters are extended to the
VCSEL-design optimization. The mechanical properties of the
InP membranes during tuning is transferable exactly to electro-
statically tuned VCSELs, but the optical tuning properties de-
pend on the multiple layer structure and the cavity length. Thus,
they are different from filter tuning behavior and they vary ex-
tremely with the VCSEL design. In the following sections, the
optical tuning efficiency of VCSEL structures is investigated
and again the two material systems are compared.

A. Air-Gap VCSELs With Dielectric Mirrors

First, VCSELs with two dielectric Bragg mirrors defining
the cavity are discussed. The cavity includes a 1/2 air-gap
( m) and a GaInAsP/InP-based active region con-
sisting of a variable number of quantum well active layers. The
simulation results of the transfer matrix model are presented in
Figs. 10 and 11 for two different VCSEL samples, respectively.

Fig. 10. Simulation results for a VCSEL withSi N =SiO mirrors and 1.25�
active region: (a) layer structure and electric field distribution and (b) reflectance
spectra resulting in an optical tuning efficiency of��=�L = 0:6.

One difference is the total thickness of this active region with
1.25 in Fig. 10 and 1 in Fig. 11, respectively. The latter
one has an additional 1/4 -thick antireflection layer
between the air-gap and the active region. In both designs, the
left Bragg mirror consists of 12 periods and the
right one of 11.5 periods .

In Figs. 10(a) and 11(a), the layer structure as well as the
electric field distribution for the resonance wavelength is
displayed and in Figs. 10(b) and 11(b), the corresponding
reflectance spectra for an air-gap tuning of nm.
For comparing the field strength amplitudes, the results in
the model calculations are related to a fixed total power. In
optimized VCSEL structures, the position of active layers is
in the antinodes of the electric field. The structure with the
1.25 -thick active region includes two QW active layers.
The achieved tuning range is nm for m,
resulting in a tuning efficiency of . In
contrast, the structure with the 1 active region (Fig. 11)
includes one QW active layer and reveals a smaller tuning
range of nm and a corresponding tuning efficiency of

. Compared to the first VCSEL structure, this
device has the advantage that, due to the additional an-
tireflection layer, the maximum electric field in the QW active
layer is twice as high. This ensures a better lasing efficiency
per active layer and this compensates the reduced number of
QW layers in the VCSEL structure of Fig. 11 compared to that
in Fig. 10. However, due to the layer, a reduced tuning
efficiency is obtained. By increasing the layer thickness of the
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Fig. 11. Simulation results for a VCSEL withSi N =SiO mirrors and 1�
active region: (a) layer structure and electric field distribution and (b) reflectance
spectra resulting in an optical tuning efficiency of��=�L = 0:4.

active region in 1/2 steps, the electric field distribution
shows more antinodes, and the number of active layers can be
increased simultaneously. However, this results in a reduction
of tuning range and efficiency. For three antinodes and QW
layers, i.e., an active region thickness of 1.75 is necessary
without antireflection layer, and a reduced tuning efficiency
of is obtained. With the antireflection
layer, a 2 active region implies three antinodes addicted to

. Therefore, a tradeoff between optimization
of the tuning efficiency and lasing efficiency is observed.

B. Design of All-Air-Gap VCSELs

In this section, all-air-gap VCSELs with two InP/air mirrors
are the main focus. Concerning the tuning efficiency, an
optimized structure with four InP membranes per mirror and a
1.75- active region is presented in Fig. 12. The electric field
distribution in Fig. 12(a) features three antinodes in the active
region for three QW layers. The field maxima are considerably
higher, compared with the dielectric mirror VCSELs, resulting
in a better lasing efficiency per QW layer. In addition, the
maximum electric field in the tuning air-gap is higher as well.
This enables an enhanced tuning range of nm for
an air-gap thickness variation of nm, as shown
in Fig. 12(b). Therefore, the optical tuning efficiency for the
all-air-gap VCSEL is better in comparison to the dielectric VC-
SELs. However, compared with the InP/air-gap filter structures
with (chapter III.A), the tuning efficiency is
decreased due to the enhanced thickness of the cavity including

Fig. 12. Simulation results for an InP/air-gap VCSEL with a 1.75� active
region: (a) layer structure and electric field distribution and (b) reflectance
spectra resulting in an optical tuning efficiency of��=�L = 0:678.

the 1.75 active region and the 1/2 tuning air-gap.
The extremely wide stop bandwidth of 600 nm enables two
additional resonance wavelengths to appear around 1350 and
1800 nm, but they are barely tuned.

One disadvantage of an all-air-gap VCSEL is the fact that the
active region is enclosed by two air-gaps and, thus, thermally
isolated by air. The generated heat during optical pumping and
lasing has to be transferred through the suspensions of the active
region and therefore, the heat dissipation is rather low, whereas
for the dielectric mirror VCSELs the solid mirror structure at-
tached to the active region enables a better thermal behavior and
lower temperatures. Based on heat flux simulations the temper-
ature distribution of both VCSEL types is determined for the
same heat source conditions. Thereby, a heat source power of
1 mW within an active region of 10-m diameter generates a
temperature increase of for the InP/air-gap mir-
rors and only for the mirrors. To com-
bine the advantages of both material systems, a mixed air-gap
VCSEL is proposed using one dielectric mirror for the heat dis-
sipation and one InP/air-gap mirror for advanced optical tuning
efficiency based on electrostatic tuning principle.

C. Design of Mixed Air-Gap VCSELs

The layer structure and the simulation results for this mixed
VCSEL are displayed in Fig. 13. In comparison to the all-air-gap
VCSEL, the maximum electric field in the active layers, as well
as in the tuning air-gap, is lower (with a factor of 2). On the
one hand, this fact decreases the expected lasing efficiency and,
on the other hand, the optical tuning efficiency. As can be ob-
served in Fig. 13(b) with the mixed VCSEL, a moderate tuning
of nm is achievable. This is a better tuning
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Fig. 13. Simulation results for a VCSEL structure with one InP/air mirror,
oneSi N =SiO mirror and a 1.75� active region: (a) layer structure and
electric field distribution and (b) reflectance spectra resulting in an optical
tuning efficiency of��=�L = 0:46.

behavior than a comparable VCSEL with two mir-
rors, an antireflection layer having three QW active layers and a
tuning efficiency of nm. Thus, for optimiza-
tion of the tuning and the thermal properties the mixed VCSEL
is a compromised VCSEL structure.

VI. CONCLUSION

In conclusion we reported on the design optimization of ultra-
wide tunable vertical cavity air-gap filters and VCSELs mainly
for optical communication applications. For the Bragg mirrors
two material systems, and InP/air, have been com-
pared for filter devices and for VCSEL structures. Two different
tuning principles have been presented: thermal tuning for the
dielectric and electrostatic actuation of the InP/air-gap filters.
Based on combined optical and mechanical model calculations
the micromechanical tuning behavior has been investigated.
For a vertical cavity filter with 12 periods mirrors
an optical tuning efficiency of is obtainable
and nm for an InP/air-gap filter with three InP
membranes. Measured reflectance spectra of InP/air filter in-
cluding electrostatic tuning have been shown ultrawide tuning
ranges for several filter samples with different geometries. A
record value of nm with an applied voltage of only
3.2 V is achieved for a filter with four 40-m suspensions. The
results of the combined optical and mechanical simulation tool
show a very good agreement with experimental results. The
simulations enable a prediction of tuning behavior by using
only material and geometric parameters without any fit param-
eter. Optical 1-D model calculations for investigating the filter
dip linewidth indicated for a filter with three InP membranes

per mirror an achievable FWHM of 1 nm. A considerable
reduction of linewidth up to pm is obtainable
by using four InP membranes. The design optimization of
air-gap VCSELs with two dielectric mirrors results in optical
tuning efficiencies of 0.3 to 0.6, depending on the
layer structure. The best optical tuning of is
achieved by an all-air-gap VCSEL, but with the disadvantage
of a worse thermal behavior and, thus, higher operation tem-
peratures. To meet all of the thermal and optical requirements,
a mixed VCSEL with one InP/air and one mirror
is proposed to profit from the advantages of both material
systems. This mixed VCSEL enables a moderate optical tuning
efficiency of .
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