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~ Abstract—Tunable vertical cavity devices including an air-gap and lasers can be replaced. This cost reduction is an advan-
integrated in the cavity have been designed, fabricated, and tage in long-haul networks with dense wavelength division
investigated. The ultrawide wavelength tuning is realized by mi- multiplexing (DWDM) systems as well as in metropolitan

cromechanical actuation of Bragg mirror membranes. Based on twork ith | th divisi ltiolexi
optical and mechanical model calculations, the air-gap filters and &€& NEWOrKS with coarse wavelength division muitipiexing

vertical cavity surface emitting lasers (VCSELSs) are designed for Systems. Presently, the first widely tunable lasers are projected
investigating mainly the optical tuning efficiency. In our research, to incorporate in metro networks as well as in DWDM systems
we focus on two different mirror material systems, dielectric in the near future [2].

SizIN,/SiO, and InP/air-gap Bragg mirrors and on two tuning In VCSELSs and Fabry—Pérot filters, the resonant microcavity

concepts, respectively. For the dielectric mirrors, continuous . . . . .
tuning is achieved by thermal actuation of the SizN, /SiOs is enclosed between two highly reflective mirrors, namely dis-

mirror membranes, and for InP/air-gap mirrors, electrostatic ~ tributed Bragg reflectors (DBR) with a required reflectivity of
actuation of the InP membranes is used. To verify the optical more than 99.8%. In Fabry-Pérot filters the high quality mirrors
and mechanical simulations, InP/air-gap filters are characterized \ith low absorption enable minimized insertion loss and thus
by measuring reflectance spectra and the tuning behavior. The a small full width of half maximum (FWHM) of the filter res-
measured results agree with the simulations used to optimize the . L

onance wavelength. For VCSELSs, the high reflectivity ensures

micromechanical and optical characteristics of air-gap filters and . It - -
VCSELSs for optical communication applications. a high resonator quality, increasing the number of photon cir-

. . . . . culations, since the amplification per circulation is very small
Index Terms—Air-gap devices, electrostatic actuation, modeling, b P y

microoptoelectromechanical system (MOEMS), optical device de- N & vertical cavity Iase'r. In the past, sevgral mirror material
sign, tunable filter, tunable vertical cavity surface emitting laser Systems and technologies have been applied. Most of the cur-
(VCSEL), vertical cavity devices, WDM. rent long-wavelength VCSELSs 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 GalnAsP/InP [5], [8], AlGalnAs/AllnAs [9], [10],
UNABLE vertical cavity air-gap devices combine theor AIGaAsSb/AlAsSb [11], dielectric mirrors, e.8i3N,/SiO-
disciplines of optoelectronics and micromechanics 18], [12], MgF,/a — Si [9], or AloO3/a — Si [10], and recently
enable novel device features and additional functionalities. TigP/air-gap DBRs [13]-[15]. For all the semiconductor mirrors,
achieve this goal, surface micromachining is used to implemamihether fused or metamorphic or monolithic, many Bragg pe-
air-gaps and flexible Bragg mirror membranes, which are thigds of 25 up to 50 layers are necessary for the high reflectivity
key elements of tunable vertical cavity surface emitting lasedsie to the relatively low refractive index contrast achievable
(VCSELs) and Fabry—Pérot filters. With micromechanicah the semiconductor materials. This requires expensive tech-
actuation of the mirror membranes, very efficient ultrawidaologies and is difficult to implement. With dielectric DBRSs,
continuous wavelength tuning is achieved with only a singk higher refractive index contrast is achievable and thus, less
control parameter [1]. This device feature, attained by miayer periods are needed. A second advantage is the low cost and
crooptoelectromechanical system (MOEMS) technology, émple fabrication of dielectric materials. However, the highest
very attractive for advanced optical communication systemsfractive index contrast is obtained by semiconductor/air-gap
based on wavelength division multiplexing systems. Devic@BRs: Using InP membranes only three Bragg periods are suffi-
with a tuning range covering the 1.5-1u8a range of the cient for highly reflective mirrors. Therefore, the reduced semi-
C and L band allow a considerable reduction of inventoryonductor material and growth process time, as well as applying
costs, if the high number of currently used nontunable filteesbatch process and avoiding subsequent micromounting enable
as well cost effective and economic mass production. Our con-
cept combines these three features.
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I. INTRODUCTION
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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 ag
structure optimization are based on self-consistent moc
calculations including carrier transport, optical waveguid
properties, heat flux, electrooptical and strained QW ga
modeling. For the micromechanically tunable vertical cavit
air-gap devices, in addition, the mechanical properties are ve
important for the device functionality and design. Howeve _
since the development of these tunable air-gap devices stat
just a few years ago, design investigations with model calc]
lations have been rarely reported up to now. Tunable air-g
devices withAl,O3/GaAs mirrors have been analyzed recently
using a simplified analytical optomechanical model to stud®
the spectral linewidth dependence on mirror deformations [3(

In this paper, we investigate micromechanically tunabl

4

g

16638 1@.0kV X888 37.5)w

2.5 periods

air-gap Fabry—Pérot filter and VCSEL devices using combine InP/air DBR

mechanical and optical model calcqlatlons. Our resee}rch «)/2 air-cavity

focused on two Bragg mirror material systems: InP/air-ge _

and dielectric mirrors witt$i; N, andSiO, layers. The tuning 2.5 periods
InP/air DBR

concepts are based on electrostatic and thermal actuation of

mirror membranes.
Tunable filters were designed, fabricated, and measur¢

With InP/air-gap mirrors using the electrostatic tuning prin

ciple a record tuning range of 142 nm has been achiev I ERL I LTl

with a low voltage of only 3.2 V. The mechanical and optica

model calculations are verified by comparing the results Wimg. 1. Scanning electron micrographs of an InP/air-gap filter with three

measured electrostatic tuning results. Based on the optig@mbranes per mirror and four suspensions.

simulations, the tuning behavior of filter and VCSEL devices

for optical pumping as well as the spectral filter linewidth hajjie. &= = = 48 b SR

been investigated. i

InP substrate

4 periods
Il. DEVICE STRUCTURE InP/air DBR
A. Air-Gap Filter and VCSEL Design ' } gain region
Our vertical cavity air-gap devices consist of a microcavit
embedded between two highly reflective Bragg mirrors. G
the one hand, we use dielectric DBRs wkhy N, and SiO- 4 periods

layers. One advantage of this material system is the simj} InP/air DBR

techniques. The first process step is growing InP/GalnAs layé¢
by metal organic vapor phase epitaxy. The second step is
definition of the lateral filter structure by dry etching; the
GalnAs serve as sacrificial layers. In the third step, they are
removed by selective chemical wet etching Wid#Cl3 + HoO  Fig. 2. Scanning electron micrograph with a detailed view of an InP/air-gap
to obtain the air-gaps [23], [32]. VCSEL structure with four membranes per mirror.

The lateral filter or VCSEL structure features circular-shaped
mirror membranes with several suspensions and supportingrhe VCSEL structures are based on the filter design with an
posts. An example of a multiple air-gap/InP filter with three InRdditional active region embedded in the microcavity. They are
membranes per mirror is shown in Fig. 1, where the diameteradsigned at first for optical pumping. In Fig. 2, a detailed view
the membranes is 40m, the suspension length in the displayedf an air-gap VCSEL layer structure is presented. The Bragg
sample is 3Qum, whereby this length varies between 10 andhirrors consist of four InP membranes and the active region has
80 um in our devices. The InP thickness of the membranestlwree pairs of QW layers.
dp = 357 nm, the mirror air-gaps aré,;; = 375-nm-thick, The resonator quality depends on the refractive index contrast
and the air-cavity ig.,;, = 830 nm. between the Bragg mirror layer materials, on the absorption and

substrate
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on the number of periods. For the dielectric mirrors, the optic‘a) thin film Untuned
material parameters depend significantly on the PECVD proce hei‘m m m
parameters. Using spectroscopic ellipsometry, we measured,

E 3 p
our standard process, the wavelength dependence of refrac _
index and absorption coefficient to be considered in our d L air-gap cavity L

:

vice modeling. The measured values of the refractive index B n
1.55 um arengisna = 1.932 andngio2 = 1.469, and the — i

values of the absorption coefficient akgjsxs < 3 cm™! and

asioz < 1cmt for SigNy andSiO,, respectively. With this  thermal expansion of electrostatic attraction
high refractive index contrast, 12-layer periods are required g suspensions by heating Tuned of InP membranes

DBR, ensuring a high reflectivity of more than 99.8%. The ac | m I

vantage of InP/air-gap Bragg mirrors with,p = 3.167 and - ‘m’ b

nair = 1 1S an even much higher refractive index contrast c_,-—--"-—-"--.._
An = 2.167. Thus, only three layer periods are necessary fi 1 EiAL $ AL u®
the same value of reflectivity. : : !

))i

_= n

B. Tuning Principles *

For both material systems, the ultrawide continuous tunirb) . . . . .
is achieved by micromechanical actuation of the mirrc 10l ]
membranes, but with two different tuning principles. For th
Si3N,4/SiO2 mirrors, electrothermal actuation is used anc o 08
for the InP/air, electrostatic actuation is used. Both tunin §
principles are demonstrated in Fig. 3. The dielectric mirroi E be
have meanderlike chromium thin-film heaters deposited ¢ 2 ,,|
the suspensions. Actuation of the top mirror membrane ¢ =
be obtained by thermal expansion of the heated suspensi 02}
[Fig. 3(a) left]. This actuation results in a change of the cavit ‘
length and, therefore, the filter resonance wavelength is tune 00— —T450 76007800 2000

In the case of semiconductor/air-gap structures, the mei Wavelength / nm

branes of one Bragg mirror aredoped and the other mirror

membranes arg-doped forming a pin-diode including the in-Fig. 3. Micromechanical tuning principles: (a) thermal actuation (left) and
trinsic cavity GalnAs sacrificial layer residual in the Support|n%ectrostatlc actuatKTn (n?'lhtf)IOf m|rrc|)(r meLnbrerl]nes and (b) resulting tuning of
posts. When applying a reverse bias very efficient tuning e resonance wavelength (filter peak) within the transmittance spectrum.

is achieved by electrostatic actuation of the two InP mem-

branes embedding the cavity [Fig. 3(a) right]. Thus, the filtedhe tuned reflection dip for a filter with three 30w suspensions
transmission peak (or resonance wavelength) shifts to shoglowing a tuning range @k A = 127 nm with a voltage of only
wavelength with increasing reverse bias as demonstrated7i V [1], [26]. The FWHM of the filter dip decreases during
Fig. 3(b). Thereby, the reason for the high efficiency of thituning from 7.5 to 3.5 nm.

tuning method is the device miniaturization and the remaining The bottom graph in Fig. 4 demonstrates measured spectra
significant part of electrostatic force during the scaling down tf a structure featuring four suspensions with 4@-length.

nanoworld dimensions [1]. With a very low voltage of 3.2 V, a record tuning range of
A\ = 142 nm is achieved [32], [33]. The FWHM of the filter

increase or decrease of the dip I|neW|dth durlng tuning are dis-

For the experimental characterization, reflectance spectra9ksed in the next chapter of optical model calculations.
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- The efficiency of the ultrawide continuous tuning in vertical
trum analyzer. We studied InP/air-gap filter structures with thmavity devices depends on both the mechanical properties of
geometry described previously. An air-gap cavity is embeddéte InP membranes and the optical properties of the multilayer
between two 2.5 periods InP/air Bragg mirrors appropriatirggructure. For investigations and design of the micromechan-
three InP membranes with a diameter of 20 or40. In this ical tuning behavior, we performed basic optical and mechanical
paper, measured reflectance spectra are presented wjtm40model calculations. The results on air-gap filters are presented
membranes held by three or four suspensions with a lengthimthe following two sections. In the third section, the combined
20 to 40um. optical and mechanical simulations are compared with the mea-

Fig. 4 presents measured reflectance spectra of two differsnted tuning behavior. The device modeling of VCSELs based
InP/air filters with applied tuning voltages. The top figure showsn these verified tools is presented in the next chapter.

IV. DEVICE MODELING OF AIR-GAP FILTER TUNING
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Fig. 5. Transfer matrix simulations of#; N, /SiO- air-cavity filter: a) layer

structure and electric field distribution of the photon wave and b) reflectance

Fig. 4. Measured reflectance spectra of two different InP/air-gap filt:
structures. Top: filter with three suspensions of ;@@-length and applied
tuning voltages up to 7.3 V resulting in a tuning rangeok = 127 nm.
Bottom: filter with four suspensions of 4@m length and applied tuning
voltages up to 3.2 V resulting in a record tuning range\df = 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,.s (resonance wavelength). For optical
model calculations of our filters and VCSELSs, 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

Spectra resulting in an optical tuning efficiencyf /AL = 0.63.
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eigenmodes in the vertical resonator and their modal irradiatiofig. 6.  Transfer matrix simulations of an InP/air-gap filter. (a) Layer structure

and losses, especially in the case of bent mirror membranes [:?Gfu

Using the 1-D transfer matrix method, we first calculated
for our air-cavity filters the electric field distribution corre-

electric field distribution of the photon wave. (b) Reflectance spectra
Iting in an optical tuning efficiency dfA/AL = 0.8.

sponding to the photon wave at the resonance wavelengthbedded between two mirrors of: 1) 12 peri@dsN,/SiO4
Ares @nd, second, the reflectance spectrum. Based on thase 2) 3-periods InP/air-gap. The results are presented in
simulations we compared filters with a 1/2.s air-cavity Figs. 5 and 6, respectively.
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Fig. 5(a) displays the dielectric air-cavity filter structure witt
1/4 A\pgr layers ofSizN, andSiO» for a Bragg mirror center
wavelength of\pgr = 1.55 um and the corresponding electric
field distribution. In the calculated reflectance spectra figure

T

in Fig. 5(b), the tuning is considered by varying the air-cavitg 4 membranes
length L between 725 and 825 nm. All spectra show a Bra¢g 0.6  FWHM 122 pm
mirror stopband of 300-nm width nearly unaffected by thg ’L=1_5gzdggs nm :
Ron=0. 3 membranes

varied cavity length. However, the filter resonance waveleng@ 0.4

tuning is AX = 62.6 nm with AL = 100 nm. Therefore, an FWHM 1010 pm
optical tuning efficiency ofA\/AL = 0.626 is obtained for 0,2} InP/Air-Gap-Filter-Structure: L :‘jgi&ggjjm |
this dielectric air-cavity filter. Qirfﬁi?t,y;‘m nm T

Fig. 6 shows the corresponding results for a multiple ai g g " L ! \, L
gap/InP filter with 3/4Apgr INP membranes and 14psr 1560 1561 1562 1563 1564 1565

mirror air-gaps, for a center wavelength Xxfgr = 1.50 pum. Wavelength / nm
In Fig. 6(b), the stop band of the Bragg mirrors covers a very
wide range of 600 nm. Therefore, we chose the lower cenigg. 7. FWHM of an InP/air-gap filter with three and four membranes per
wavelength to shift this wide stop band to cover also they8- mirror.
wavelength range. This is an optimized feature especially for
optical fiber communication in the 1.55n range with simul- modes diminish. This is observed for the three suspension filter
taneous total reflection of the 1,8n wavelength. For tuning in- and for high voltages a small shoulder of higher order modes
vestigations, the reflectance spectra are calculated for the sagains on the left filter dip side. In the other case of the four
air-cavity length variatiol\ L = 100 nm, wheread. is changed suspensions filter, the tuning generates a small deformation of
between 830 and 730 nm. Considering that only the inner memembranes in such a way that the number of excitable modes
branes are deflected by electrostatic tuning, this results iringreases.
tuning range ofAA = 80 nm. Otherwise, if all membranes For optical communication applications, a small spectral
would be actuated, the tuning range woulddg = 89 nm. linewidth of devices is required, particularly for DWDM
Compared to the dielectric filter, a better optical tuning effisystems. A significant reduction of the spectral filter linewidth
ciency ofAA/AL = 0.8 is achieved with this InP/air-gap filter. can be achieved by increasing the reflectivity of the mirrors,
In the measured reflectance spectra, broad filter dips witlence, by using more layer periods in the mirrors. This is
a FWHM of 3.5 to 7.5 nm were observed, whereas the 1-emonstrated in Fig. 7, which shows reflectance spectra in a
optical simulations predict a FWHM of 1 nm for these filterszoomed wavelength range around the filter dip calculated with
One reason for the higher measured spectral linewidth isttee 1-D transfer matrix method. The filter dips are compared
small bending of the mirror membranes due to residual strées the implemented and measured InP/air-gap filter with 3 InP
in the epitaxial InP layers [35]. This causes a widening of thmembranes per mirror and for a structure with four membranes.
incident Gaussian beam during the multiple reflections withwith the additional membrane per mirror, the FWHM of 1 nm
the cavity and leads to lateral irradiations and cavity loss@&sreduced to 122 pm. Due to the marginal absorption in the InP
entailing a broadening of the filter dip. In the 1-D opticalayers(ar,p = 3.43cm~1), a small shift of the dip wavelength
simulations, these irradiations are not considered. However, withobserved and a small increase of the minimum reflectance
a multidimensional simulation tool, several 3-D eigenmodes the dip.
as well as their irradiations are determined for ideal planar and
bent filter membranes [36]. Considering these cavity losses tBe Mechanical Model Calculations for Electrostatic Tuning
FWHM values for the several vertical eigenmodes are higherror complete investigation of the tuning efficiency, we

than 1 nm, depending on the lateral irradiation losses for eagftermined the achievable deflection of the mirror membranes.
mode. For the first mode with the smallest irradiation losseg, this paper, we concentrate on the electrostatic tuning method
e.g., an FWHM of 1.5 nm is obtained for planar membrang |np/air-gap devices. Based on a 3-D structural mechanics
filters with 3-D simulations. model, we studied the electrostatic actuation with the finite
A second and more important reason for the observed difflement method (FEM) [37], [38]. By the structural mechanics
ence of the calculated and measured linewidth is that the spgfdel, material deformations generated by stress or external
tral mode spacing is in the 1-nm range and two or three modggces acting on the material are described. Based on the static
are overlapping, forming the broadened filter dip in the me@quilibrium conditions between the stress matixand the
sured spectra. In the measurement setup, the incident Gausgiime force densityf and Hooke's law for elastic materials

beam is able to excite several modes within the filter cavity, thge following equations system has to be solved [38]:
fundamental mode normally with the highest efficiency and the

higher order modes less. B {iG <3u7: n a“j) L9 ( %)} W
In the measurements, a considerable decrease or increase of r Ox; Ozj;  Ox; Ox; “(‘)xj S

the filter dip linewidth during tuning was observed. One reason

for this is a tuning induced small deformation of the mirrowherez; andz;(¢, j = 1,2, 3) denote the space coordinates of

membranes in such a way that the parts of the higher ordee vectorr = (21, z2,x3), u;, andu; the deformation compo-

Authorized licensed use limited to: Moi University Library. Downloaded on March 11,2020 at 06:13:42 UTC from IEEE Xplore. Restrictions apply.



PROTTet al. MODELING OF ULTRAWIDELY TUNABLE VERTICAL CAVITY AIR-GAP FILTERS AND VCSELS 923

nents of deformation vectas(z) = (u1,us,us), G is the shear a) membrane supporting

modulus

E

“=air @

andy the Lamé constant results from

tion of the membrane. In our filter structures, the two interior
InP membranes are actuated symmetrically and the change of 420k L = 20pm
the cavity length is two times the deflection of one membrane —eo—|_ = 30um "
Al(z), considered witAL(z) = 2 Al(z). 140 }—4—L..= 40um |
To investigate the tuning behavior, the deflection is calculated L
recursively with 3-D FEM analysis and the results are depicted 0O 1 2 3 4 5 6 7 8
qualitatively for one filter structure example in Fig. 8(a). The Voltage / V
simulations show a strong bending of the suspensions, whereas
the membranes remain nearly planar in the center with ondly g (a) Qualitative FEM simulation of an InP membrane and the
a small curvature of the membrane margin. The mechanie#ictrostatic actuation (b) resulting wavelength tuning of combined optical and
properties of the INnP membranes and suspensions, name|ynfﬁg1anical simulations for filters with varied suspension lengths.
flexibility and the spring properties, are determined by the ge-
ometry of the filter structure and by the material parameteii§ linear withL using an analytical mechanical model [40], [41].
Hence, for detailed tuning investigations, the geometric pararherefore, increasing the tuning voltage across the membranes
eters are varied. The first parameter to be varied is the susp&$ults in a fast-growing electrostatic force, which exceeds the
sion length for a filter structure with four suspensions of.df- €lastic restoring force. The force equilibrium determines the
width, a membrane diameter of 40m, and a layer thickness maximum possible membrane actuation prior to the pull-in in-
of 357 nm for the membrane and suspensions. The membr&pility occurs related to the pull-in voltage. Analytical me-
center deflection\/.. is determined and the resulting changes @hanical model calculations lead to a maximum change of the
the cavity length is\L = 2 Al.. Combined with the tuning ef- cavity lengthAL,,.. = 1/3 Lo [26], [41]. Therefore ALyax
ficiency AA/AL = 0.8 obtained by the optical calculations dedepends only on the initial cavity length, but not on other
scribed above, the wavelength tuning is defined and plotted geometric parameters.
versus the apphed V0|tage in F|g 8(b) The results of ourtheoret.Additiona| simulations on filter structures with two and three
ical model calculations are compared for suspension lengthssgfspensions result in a considerably increased actuation effi-
20, 30, and 4@m, showing the most efficient tuning for the longciency with a decreased number of suspensions. Therefore, two
suspensions. Filters with suspensions of lergth, = 20 um long suspension would be preferable for an optimized electro-
result inAX = 61 nm for an applied voltage of 8 V, whereasstatic actuation of the filter membranes, but the technological
usinglsus, = 30 pm, the same tuning range is achieved fomplementation of stable filter structures without strain-induced
4.7V, and withl,., = 40 um, only 2.8 V is necessary. Amongdeformations is very difficult for less or long suspensions. Fur-

the three samples, the best electrostatic tuning efficiency is dBermore, filter structures with long suspensions are more sensi-
tained with the 40um suspensions, e.gAA = 140 nm is tive to thermal and mechanical instabilities. InP/air filters with

obtained at 3.7 V tuning voltage. 2, 3, and 4 suspensions having a length of 10 tq.80have
Generally, it is possible to achieve these tuning values alggen implemented. Optical measurements show a filter tuning

for the 20 and 3Q:m suspensions, but for higher voltages. Howdp to 40um long suspensions, however.

ever, the tuning range is limited by the “pull-in” instability of the

actuated membranes. The reason for this is the nonlinear efgc-

trostatic force is as in (3), which depends on the cavity length The results of the combined mechanical FEM and optical

with 1/ L2, whereas the elastic restoring force of the membrasanmulations are compared to measured tuning behavior of sev-

_ Ev 3)
H= (1+v)(1—2v) suspensions
including Young's modulusZ and the Poisson ratip, with ) S
values ofE = 61.06 GPa andv = 0.357 for InP [39]. . AMAL=0.8
In our tunable InP/air-gap devices, an applied volteggen- 20k \, ™~ g
erates the electrostatic forde,; acting on the InP membrane A\ \
surface. This is considered by the force [40] per atea e -40} . .
=t
F, eoU? =
fa= g =y (4) 2 60t \ |
2(L0 — AL(.Z‘)) § L 14
whereL is the nontuned cavity length am¥L(x) denotes the %, ) I
resulting change of the cavity length due to the elastic deflec- & -100} |
§

Comparison of Simulations and Measurements
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Fig. 9. Comparison of measured and calculated tuning versus applied volt: 10}k — - - . J
for two InP/air-gap filters with 3 suspensions of 2a length. r

0,8}
eral filter devices. In Fig. 9, a comparison of measured at
calculated wavelength tuning\\ versus applied voltage is
figured for two different filters. Both examples have thre:
suspensions of 20m length, but slightly different cavity \

. ) 04} |
thicknesses ol.; = 840 nm (left) andL, = 860 nm (right), —L,,=725nm [
showing nearly identical tuning behavior. The simulations sha 0.2 —L.=775nm
an excellent agreement with the measurements. To determ 2 f} L =825 nm
A, the optical tuning efficiency is calculated using the pre =
viously described 1-D optical model. A very good agreeme!
between simulations and measurements is also obtained
other filter structures with different geometries and suspensic..
lengths. These investigations demonstrate that the combined
mechanical FEM and the optical simulations fulfill the refig. 10.  Simulation results fora VCSEL witiz; N4 /SiO» mirrors and 1.25

. . . . active region: (a) layer structure and electric field distribution and (b) reflectance
quirements to calculate the tuning behavior as a function gﬁ‘éctra resulting in an optical tuning efficiencysf /AL = 0.6.
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 ffpne difference is the total thickness of this active region with

parameter from measurements. Such a curve fitting would b&>Ares N Fig. 10 and ., in Fig. 11, respectively. The latter

necessary for analytical mechanical model calculations, e g€ has an additional 1/4.,-thick Si;N, antireflection layer
ween the air-gap and the active region. In both designs, the

based on a linear spring model using a spring constant i ) = X
fit parameter. In conclusion, we demonstrated that the modgft Bragg mirror consists of 12 period;N,/SiO, and the

calculations are a suitable tool for a design optimization &@ht one of 11.5 periodSiz;N,/SiO,.
vertical cavity devices. In the next chapter, we use this tool for " Fi9s: 10(a) and 11(a), the layer structure as well as the

an optimization of the tuning behavior of air-gap VCSELs 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 tuningf.,;, = 100 nm.
For comparing the field strength amplitudes, the results in

The results obtained for the air-gap filters are extended to s model calculations are related to a fixed total power. In
VCSEL-design optimization. The mechanical properties of thghtimized VCSEL structures, the position of active layers is
InP membranes during tuning is transferable exactly to electig-the antinodes of the electric field. The structure with the
statically tuned VCSELSs, but the optical tuning properties d&-25 ) . -thick active region includes two QW active layers.
pend on the multiple layer structure and the cavity length. Thughe achieved tuning ranges\ = 60 nm for A Lair = 100 m,
they are different from filter tuning behavior and they vary eXesulting in a tuning efficiency ofAA/AL., = 0.6. In
tremely with the VCSEL design. In the following sections, theontrast, the structure with the X... active region (Fig. 11)
Optical tuning efﬁCiency of VCSEL structures is investigateq']dudes one QW active |ayer and reveals a smaller tuning
and again the two material systems are compared. range ofAX = 40 nm and a corresponding tuning efficiency of

) ) o AN/ AL,; = 0.4. Compared to the first VCSEL structure, this

A. Air-Gap VCSELs With Dielectric Mirrors device has the advantage that, due to the additi®nal, an-

First, VCSELs with two dielectric Bragg mirrors definingtireflection layer, the maximum electric field in the QW active
the cavity are discussed. The cavity includes aXL{2 air-gap layer is twice as high. This ensures a better lasing efficiency
((Ares = 1.55 upm) and a GalnAsP/InP-based active region comper active layer and this compensates the reduced number of
sisting of a variable number of quantum well active layers. TH@W layers in the VCSEL structure of Fig. 11 compared to that
simulation results of the transfer matrix model are presentedimFig. 10. However, due to th&i;N, layer, a reduced tuning
Figs. 10 and 11 for two different VCSEL samples, respectivelgfficiency is obtained. By increasing the layer thickness of the

Reflectance

0‘0 i 1 1 L
1300 1400 1500 1600 1700 1800
Wavelength / nm

V. DEVICE MODELING OF TUNABLE AIR-GAP VCSELs
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1300 1400 1500 1600 1700 1800 Fig. 12. Simulation results for an InP/air-gap VCSEL with a 1¥active
Wavelength / nm region: (a) layer structure and electric field distribution and (b) reflectance
spectra resulting in an optical tuning efficiencysaf /AL = 0.678.

Fig. 11. Simulation results for a VCSEL wii; N, /SiO, mirrors and 1\
st eon o) et st ton a0 EENGR 1.75),., acive region and he 12, tuing air-0ap.
The extremely wide stop bandwidth of 600 nm enables two
additional resonance wavelengths to appear around 1350 and
active region in 1/2\..; steps, the electric field distribution 1800 nm, but they are barely tuned.
shows more antinodes, and the number of active layers can bene disadvantage of an all-air-gap VCSEL is the fact that the
increased simultaneously. However, this results in a reductiggive region is enclosed by two air-gaps and, thus, thermally
of tuning range and efficiency. For three antinodes and QWplated by air. The generated heat during optical pumping and
layers, i.e., an active region thickness of 1Xg is necessary |asing has to be transferred through the suspensions of the active
without antireflection layer, and a reduced tuning efficiencyegion and therefore, the heat dissipation is rather low, whereas
of AA/AL,, = 0.54 is obtained. With the antireflection for the dielectric mirror VCSELSs the solid mirror structure at-
layer, a 2\, active region implies three antinodes addicted t@ched to the active region enables a better thermal behavior and
AM/AL,;, = 0.3. Therefore, a tradeoff between optimizationower temperatures. Based on heat flux simulations the temper-
of the tuning efficiency and lasing efficiency is observed.  ature distribution of both VCSEL types is determined for the
same heat source conditions. Thereby, a heat source power of
B. Design of All-Air-Gap VCSELs 1 mW within an active region of 14 diameter generates a

In this section, all-air-gap VCSELSs with two InP/air mirrord€mperature increase &f1" = 49.8 K for the InP/air-gap mir-
are the main focus. Concerning the tuning efficiency, dfrsandonlyAT' = 8.1K fortheSi3Ny/SiO, mirrors. To com-
optimized structure with four InP membranes per mirror andine the advantages of both material systems, a mixed air-gap
1.75-\,es active region is presented in Fig. 12. The electric fiely CSEL is proposed using one dielectric mirror for the heat dis-
distribution in Fig. 12(a) features three antinodes in the actigéoation and one InP/air-gap mirror for advanced optical tuning
region for three QW layers. The field maxima are considerabgfficiency based on electrostatic tuning principle.
higher, compared with the dielectric mirror VCSELS, resultin . ) .
in a better lasing efficiency per QW layer. In addition, th&- Design of Mixed Air-Gap VCSELs
maximum electric field in the tuning air-gap is higher as well. The layer structure and the simulation results for this mixed
This enables an enhanced tuning rangé\af = 67.8 nm for VCSEL are displayed in Fig. 13. In comparison to the all-air-gap
an air-gap thickness variation &7,;, = 100 nm, as shown VCSEL, the maximum electric field in the active layers, as well
in Fig. 12(b). Therefore, the optical tuning efficiency for theas in the tuning air-gap, is lower (with a factor of 2). On the
all-air-gap VCSEL is better in comparison to the dielectric VCane hand, this fact decreases the expected lasing efficiency and,
SELs. However, compared with the InP/air-gap filter structur@s the other hand, the optical tuning efficiency. As can be ob-
with AA/AL,;, = 0.8 (chapter IIl.A), the tuning efficiency is served in Fig. 13(b) with the mixed VCSEL, a moderate tuning
decreased due to the enhanced thickness of the cavity includifigh\ /A L,;, = 0.46 nm is achievable. This is a better tuning
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per mirror an achievable FWHM of 1 nm. A considerable
reduction of linewidth up t&"WHM = 122 pm is obtainable

by using four InP membranes. The design optimization of
air-gap VCSELs with two dielectric mirrors results in optical
tuning efficiencies ofAA/AL = 0.3 to 0.6, depending on the
layer structure. The best optical tuning & /AL = 0.678 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 ors&; N, /SiO5 mirror

is proposed to profit from the advantages of both material
systems. This mixed VCSEL enables a moderate optical tuning
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Fig. 13. Simulation results for a VCSEL structure with one InP/air mirror, (1]
one SizN,/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 ofAN/AL = 0.46. 2]

behavior than a comparable VCSEL with thigN, /SiO5 mir- Bl
rors, an antireflection layer having three QW active layers and a
tuning efficiency ofAA/AL,;, = 0.3 nm. Thus, for optimiza-

tion of the tuning and the thermal properties the mixed VCSEL [4]
is a compromised VCSEL structure.

(5]
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 systemsisN,/SiO and InP/air, have been com-
pared for filter devices and for VCSEL structures. Two different
tuning principles have been presented: thermal tuning for thez
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 period3izN, /SiO, mirrors (8]
an optical tuning efficiency oAA/AL = 0.63 is obtainable
andAA/AL = 0.8 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 ofA ) = 142 nm with an applied voltage of only 19
3.2 V is achieved for a filter with four 4@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 paramH2]
eter. Optical 1-D model calculations for investigating the filter
dip linewidth indicated for a filter with three InP membranes

efficiency of AN\/AL = 0.46.
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