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ABSTRACT

This paper describes the novel structure of thetilnndvelength reconfigurable Vertical Cavity Suac
Emitting Laser (VCSEL) with tunable Fabry Perot iti@g. This device is designed to operate in the C
band. The tunability is achieved by varying theigalength of the filter using electrostatic actoratThe
cavity length of the filter is varied to resonatediscrete wavelengths. The cavity length variatisn
achieved by using MEMS based electrostatic actudtoe active layer of VCSEL is modeled with three
quantum wells, and is sandwiched between the DBfRomsito give high gain. The tunable portion cotssis
of an array of four filters to give different waeelgths. The detail analysis of the filter is caftraut and
the performance is analysed using Intellisuitevsarfe.
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1. INTRODUCTION die itself is possible [9]. The tunable VCSEL with
MEMS technology gives a promising idea of
The MEMS technology integrated with photoniatesigning the long wavelength VCSEL. The MEMS
has been one of the essential techniques in téhnology gives continuous tuning range, low
fabrication of optical device. The advantages dd tlpower and the low cost of manufacturing also. The
fusion technology give good optical performancé30nm and 900 nm are fabricated using GaAs [10].
reconfigurabilty, tunablity, CMOS integration wittstill designing a device structure that can be
optical device, batch processing and theretmanufactured with as low cost as 850-nm GA As-
reducing the cost of the device [8]. The all odtichased VCSELs remains a major challenge. For the
network nowadays has a very high demand in teéecommunication application the 10 Gbps speed
telecommunication field. In recent years, researthshould be achieved using long wavelength VCSEL
VCSELs has shifted from short-wavelength (850 wath direct modulation.
980 nm) GAAs-based [1] materials to InP-based [2],
GaN-based [3] and GaSb-based [4] materials
fabricate long wavelength devices [5], fixe

o With respect to the substrate selection as
aAs or InP, Long Wavelength VCSELs are

wavelength devices [6], tunable lasers [7] a tegorized into two types. One is GaAs-based

multiwavelength arrays [8]. Intensive research h@’fx_ﬁfalj:e;vncc%itésv?;;ﬂvi\llgée":igngrthg;;hssrgs
been made in the area of long wavelength tunab)l

VCSEL with great progress. The VCSEL h Ctive layers. For better performance InP-basedjLon

tremendous advantages such as vertical emis velength VCSELs use buried tunnel junction

. . J) for current confinement [11]. In GaAs-based
from the substrate, low power consumption, circular .
beam profile, very low threshold operatio ong Wavelength VCSELs, AlGaAs oxide current

wavelength and thresholds are relatively inseresitf\flonﬁnement structure is widely used due to the

: o Cs dvantage of using epitaxial growth technique for
with temperature variation, dynamic single mo :
operation, high speed modulation, long devi ose compound materials. AlGalnAs/InP VCSELs

lifetime due to the completely embedded acti\iave been mostly designed for wavelength of

. . . Onm and above which are mostly suitable for
region and passivated surfaces and high po L .
. - : . ong haul telecommunication [12]. It is well known
conversion efficiency. Easy coupling to the singte

: . o that the small active volume and high mirror
multi-mode fibers, mass fabrication, densely pdcke o . .

! : . reflectivity of a VCSEL contribute to its very low
and precisely arranged two-dimensional (2-D) lasgr

. reshold current. With this low threshold current
arrays can be formed and easy probe testing in SELs allow high-speed operation around 10 Gbps
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in data transmission over the optical fiber [13heT
longer wavelength VCSEL is fabricated using InP.
the recent past a lot of research has focussed
designing a low cost InP-based long waveleng
VCSEL. This paper describes all optical devic >
namely the tunable VCSEL laser combined wi
Fabry filter or Bragg filter. In designing the . Qs el
VCSEL, the InP multiple quantum wells ar

sandwiched between AIGaAs DBR mirrors wit —_— }Bmmmmm
alternate low and high refractive index. The tgnil =

portion of the VCSEL is basically used to shift tt 7

output wavelength to the desired wavelength. T i of

tuning may be continuous or discrete. The . :

continuous tuning will be affected by the RC Figure 1. Proposed Tunable Vesd

parasitic. But the surface micromachining will helprpe 4ctive region comprises of multiple quantum
the device separating the tuning part from a5 \ith alternating thin layers of wider and

VCSEL. So the parasitic effects may be avoided. Th&q\er hand-gaps. The stack of band gaps creates
frequency shift from the fixed wavelength output E;e

- > Electrodes of varying gag
-

Top DBRmirrors

. : ; series of potential wells. As the dimensionshef t
in other words the tuning may be achieved

. : X Ytential wells are reduced to the order of 10 nm,
varying the gap between the reflecting mirrors. T movement of electrons is restricted inside the

gap wil (_jecide whic_h_ wavelength _the V_CSEbotential well and quantum effects are more
should emit. The tunability can be achieved e'merprominent. The quantum well effect makes it
using the Br?‘gg or Fabry pe_rot_filtering concept. hossible to tailor the shapes of the gain functibn
the Bragg filter the tunablity is achieved by the ycgg| g0 that it is peaked at a specified
changing the grating period. The Bragg wavelengiy ency[13]. Large tuning-range and high-speed
is calculated using Ae=kg.Wherea is the grating oneration can be achieved by using highly strained
period and yis the effective refractive index of they a1 m wells, thereby increasing the differential
medium. The Fabry Perot filter consists of Wiy anq reducing the threshold carrier densite Th
parallel, highly reflecting mirrors separated by IAAIGaAS/INP  active cavity quantum well is
small distance 'd’ to form a resonant optical cavit.ombined with wafer-fused AlGaAs/GaAs DBR
The micromachining technique gives a new approggyorg in this proposed structure, the design eslu
to the fabrication of Fabry-Perot tunable filtefhie ¢ \/,cSEL is based on the design proposed in [2]
length of the Fabry perot filter is varied by varyi 9] and [11]. It contains three QWSs of '

the gap between the mirrors. Al odGa 3dNps7AS separated by InP barriers as the

In this work the Fabry-Perot cavityactive layers for 1550nm operation.
adjustment is used for tuning the gap between the
mirrors. Section | provides the introduction ané th Figure.2 shows the active layer of the
related work done. Section Il describes the strectY CSEL consisting of two cladding layers of
of tunable VCSEL. The structure of tunable fo¥osGasAs. The cladding and active layer
array filter is is discussed in section lll. Thetaihed materials are separated by two separate

results are presented in section IV. confinement heterostructure (SCH) layers of InP.
On the top and bottom of 3QW cavity active
2. TUNABLE VCSEL region, upper and lower Distributed Bragg

The novel optical device such as filter and laser a Reflector (DBR) stacks are formed. The energy
coupled to form a novel reconfigurable tunabldevel of the quantum well is designed with the
VCSEL structures which are shown in Figure 1following equation [1]

The design of a novel tunable structure with

cantilever beams and parallel plate actuator hdgy = 1.35+ (0.642+0.758x)x+ (0.101y-1.101)y-
been proposed. The Fabry Perot concept can K&28x-0.109y+0.159) xy . 1)
achieved using the cantilever beam or parallekeplat

actuators. In both the cases, the electrostatithere x and y represents the mole fraction of the
actuation can be used. material. The quantum well materials chosen to

have the band gap energy of 0.89eV. ThefEnP
barrier material, is calculated as 1.351eV andghe
of As cladding material is calculated as 2.24eV.
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which resonate within the cavity, with

transmittance rapidly falling away on either side o

the resonant waveledengths. If no phagdenge is

present in the mirrorsrs, the resonant wavelengtbs ar
\ given by A = 2d/m wihere m is an integer known as
B the order of the peak. k. The power transfer function
T(f) is the fraction of input light power that is
transmitted by the filtlter [14].

QW Barrier SCH y

Eg cladding= §.24eV (1-A-R)?

- (1-R)2+R[2 sin(27fT)]?

T(f) ©)

Eg=1.351eV(InP)

where A = Absorptionn loss of each mirror,
R = Reflectivitity of each mirror,
T =d/c = one wvay propagation time
c=velocity of lilight
A= wave lengtlth,
n=Refractive I1 Index of cavity.
Y The resonant condndition of the optical cavity
(d=mA/2) is changedd dynamically, by moving one
Figure :2 Quantum Well Used In The Active Layer Of of the mirrors. This Fabry Perot filter is desigrted
VCSEL . have the tunability in C-Band from 1520nm to
1550nm [15]. The initial cavity length of the fite
Values of a number of parameters are obtaingd selected using its power transfer function. The
from different published sources [13].. The latic power transfer function T(f) of the Fabry Perot
constant of QW and barrier material is 5.869. Thélter is modeled in MATLAB by assuming zero
active region of the VCSEL is separated by twabsorption loss of the mirrors. The power transfer
upper and lower DBR stacks. The upper 26 DBRunction is maximum, when the cavity length of the
mirrors are designed to get 96.1% reflectivity andesonator d= 2. High tuning range can be
the lower 60 DBR mirrors are designed to geachieved when the filter operates in first order
99.9% reflectivity. The reflectivity is calculatdry mode. So, the initial cavity length is chosen as

Al 0:Gag 35In053As(Eg=§89¢eV)

using the formula. 775nm for filtering a wavelength of 1550nm. The
sharp response of the Fabry Perot filter can be
| nazmy? obtained when the reflectivity R of the mirrors is
R= [ gizm] (2) high. When the reflectivity of mirror is 95%, highl
nz sharp response can be observed. For R=35%, the

sharpness of the filter response is moderate and fo

Where R = Reflectivity of the mirrors R=5%, a very low sharpness in its power transfer
n= refractive index of AlGaAs function can be observed.
B= refractive index of InAlGaAs
m= no of mirrors To achieve high tuning range, the filter

The current is injected through the upper p-typehust operate in first order, and in this situatibe
contact and the lower n-type contact is connectagaximum tuning range of the actuator becomes an

with the substrate. issue. Compared to other actuators electrostatic
actuation is a best choice for MEMS-based Fabry-
3. TUNABLE FOUR ARRAY FILTER Perot filters. Electrostatic actuators exhibit fast

response time and are easily integrated into micro
The tunability is achieved by using thesystems because they can be fabricated with
Fabry Perot filter. The four arrays Fabry Perdefil standard IC micromachining processes and
comprises of two parallel, highly reflecting mirsor materials. The parallel-plate electrostatic actuato
separated by a small distance’d’ to form a resonagple to tune over one-third of the initial separati
optical cavity is shown in Figure.2. A very highpetween the two mirrors that define the cavity [16]
mirror reflectivity is required to obtain good so, fixed-fixed beam electrostatic actuator is used
isolation of adjacent channels. The Fabry Pergh this design. The key factors to be considered in
filter exhibits a peak transmittance at wavelengthsapry Perot devices are the free spectral range
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(FSR) and the finesse (F). The FSR defines thHerought back to its original position when the
spectral distance between two consecutiveoltage is removed, if an appropriate mechanical
interference peaks, while finesse (F) is the FSRBesign is used. The voltage applied to the eleesod
divided by the full width at half maximum of the is calculated by using the equation (4)

interference peaks. FSR indicates the spectral

tunability of the Fabry Perot device, while F _ 2eAL3v?

specifies its spectral resolution. The Finesse of a TEWt3(go—d)? 4

Fabry Perot cavity is a function of fabrication

imperfections and the reflectance of the mirrorswhere g = initial air gap between the mirrors,

Tunable MEMS-based Fabry Perot filter is d = displacement to be achieved,
fabricated by using inexpensive batch processing V = voltage to be applied,
micromachining process and hence is a suitable E = young’s modulus of the electrode
choice for integrating with the VCSEL. material,

A = the area of the electrode.
L, W, t= length, width, and thicknexfsthe
electrodes respectively [7].

IntelliSuite
The pull in voltage defines the growth of

aplecrodes the electrostatic force becoming dominant over the
increasing mechanical restoring force and the upper
electrode quickly pulls into the bottom electrode.
To avoid the collapse between the electrodes the
——__Bottom Electrodes pull in voltage is calculated using the equation

_ 8](903
Vii= \} 27€A ©)
EWt3
Where k=
413

k = spring constant of material

E = young’s modulus of the electrode material,

. - . A = the area of the electrode.

Figure 3: Tunable Section In Fabry Perot Filter Array L, W, t = length, width, and thickness of the

electrodes respectively.
The parallel plate actuator structure for

varying the gap between the Fabry Perot filter is Beyond this ; the upper electrode is
S|ml_JIated using I_ntel_lls_mte. Extensive analyses Asyddenly pulled down by the lower electrode.
carried out in finalizing the materials for the ance the maximum displacement between the

pa_lrallel plate actuator . The_ ma_terials_com_pared Blectrodes will be corresponding to that of V
this structure are Silicon di oxide ($jp Silicon

Nitrite (S|3N4) and pOIy silicon. It has been fOUnd4 RESULTS AND DISCUSSION
that Sig is the suitable material for the design of

Fabry — Perot filter. ~Materials —used are The VCSEL is designed with active region
Silicon_bulk_general for the fixed supporting paying 3 quantum wells. The active layers of
beams,  Alluminium_bulk_general ~ for the \scsg| are sandwiched between the DBR mirrors.
electrodes, Glass_Hoya_Sd2 for the reflectinge gptimal number of mirrors is selected based on
mirrors. All the faces of the bottom electrodes, e reflectivity. The variation of number of mirror
supporting beams  are fixed. All the faces of the giacks with reflectivity is shown in Figure 4.t i

electrode and mirror in top side are made ag)pserved that the number of mirrors is found to be
movable. In the Intellisuite TEM analysis, a vokag 60 for 99.9% reflectivity and 26 for 96.1%
range of 0-to-9V is applied to the fixed electrade reflectivity.

bottom layer and 0V is applied to the free eleatrod
in top layer. Initial gap between the mirrors ikea

as 775nm. Due to the electrostatic force of
attraction the free electrode is moved down towards
the fixed electrode. The free electrode can be

...........................
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Figure 4: Reflectivity Verses Number Of Mirrors.

The tunable four array filter is modeled using

Intellisuite and is shown in figure 3. The TEM
analysis in the intellisuite software is carried tw

Table 1: Comparison Of Materials

\% Sio, Sizny Polysilicon

M [ n d x d x
(um) | (um) [ (um) | (um) [ (um) | (um)

5 334 | 156| .8212 1.49 1202 1.4

10 | 415 | 156| 1.847 157 2598 1.56

It is found that Sio2 is the best insulator as
it provides good isolation of MEMS structure when
compareed to other materials and could yield
1556nm and the comparisonsigown in the figure 6.

The simulation has been carried out for the
designed length and breadth, by varying the plate
thickness from gm to 5 um. It is observed that as

determine the pull in voltage. The variation ofplate thickness increases displacement decreases
displacement values obtained for different values @and the results are tabulated in the Table 2.
voltage is shown in Figure 5. It is found that the
displacement reduces drastically at 9 volts. Hence

the pull in voltage is fixed at 9v.

1 Displacement vs Voltage
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Figure 6: Comparison Of Materials For The 1556 Nm

Table 2: Comparison Of Electrode And Mirror Thickness

. Figure5: Pull In Voltage

The simulation for the structure shown is done I

considering different materials such as sio2, si3n

polysilicon for the plates. The displacements

values(d) and their corresponding wavelengjhs

for different voltages applied are compared fo
these materials and are presented in Table 1.

Vol Sio, Sizny Polysilicon
tage | displacement displacement displacement
W) (Hm) (Hm) (nm)
4 t=2um | t=5pm| t=2unl t=5pm t=2pf =5
1 .04 3.3 9.8 .82 2.1 25
3 .01 1.665 4.3 .40 8.2 .37
5 .01 .809 2.7 .02 5.3 .48
7 7.05 .392 1.5 .05 2.9 .29
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To obtain the desired wavelength range of the
tunable VCSEL in the range of C band , the voltage
applied is varied from 0 to max of pullin voltagk [4]
9v. The displacements for this wavelength range
are determined for the varying voltages.The
corresponding final gap are calculated and these

emitting laser,"Applied Physics Letter, vol.
69, no. 1, 1996.

A. Bachmann, K. Kashani-Shirazi, S. Arafin
and M. C. Amann, "GaSbh-Based VCSEL
With Buried Tunnel Junction for Emission
Around 2.3 um,"IEEE Journal of Selected

values are presented in Table 3.

Table 3: Intellisuite Smulated Results That Show Voltage
Vs Displacement Values When The Initial Gap Between

Electrodes Is 775nm

Topics in quantum Electronics, vol. 15, no. 3,
pp. 933-940,2009.

[5] W. H. Hofmann, “"P. Moser, P. Wolf, A. Mutig,
M.Krohand.Bimberd',44Gb/sVCSELopticalin
terconnects,” in OFC, Los Angeles,
California, USA, 2011.

[6] M. C. Y. Huang, Y. Zhou and C. J. Chang-
Hasnain, "A nanoelectromechanical tunable
laser," Nature Photonics, vol. 2, pp. 180-184,
2008.

[7] C. Chang-Hasnain, J. Harbison, C.-E. Zah, M.
Maeda, L. Florez, N. Stoffel and T.-P. Lee,
"Multiple wavelength tunable surface-mitting

V(v) d (nm) g (nm) A
(nm)

0 0 775 1550
2.05 -2.5 772.5 1545
2.91 -5 770 1540
3.55 -7.5 767.5 1535
4.1 -10 765 1530
4.57 -12.5 762.5 1525
5.01 -15 760 1520

The optimal values of voltage(V), displacement(d)
and final gap(g) are determined to yield the
required wavelength rangg(of 1520 to1550 nm

5. CONCLUSION

laser arrays," |EEE Journal of
uantumElectronics, vol. 17, no. 6, pp. 1368-
1376 ,1991.

[8] T. Wipiejewski, J. Ko, B. Thibeault and

.Coldren, "Multiple wavelength vertical-
cavity laser array employing molecular beam
epitaxy  regrowth,Electronics Letters, vol.

32, n0.4, pp.340-342, 1998.

In this paper a novel reconfigurable multiig) k |ga, "Surface-emitting laser-its birth and

wavelength tunable VCSEL structure based on
MEMS is proposed to operate in the C band. The
substrate and design values are identified for the
proposed structure and simulated using Intellisuit
the simulated results shows the tuning over 1520 t@o
1550 nm. The surface micro machining process
gives the advantages of batch processing, thereby
indicating the possibility to realize, a low cost
reconfigurable all optical VCSEL.
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