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Abstract—Vertical-cavity surface-emitting lasers (VCSELs) are and long-wavelength tunable VCSELSs [11] is taking place at
now key optical sources in optical communications. Their main an extraordinarily fast pace. Many of the new developments are
application is currently in local area networks using multimode made by startups and the information is proprietary at present.

optical fibers. VCSELs are also being rapidly commercialized for In thi L will f | the fund tals of t bl
single-mode fiber metropolitan area and wide area network appli- n this paper, T will tocus only on the Tundamentals of tunable

cations. The advantages of VCSEL include simpler fiber coupling, VCSEL.
easier packaging and testing, and the ability to be fabricated in
arrays. In addition, VCSELs have an inherent single-wavelength
structure that is well suited for wavelength engineering. All these

advantages promise to lead to cost-effective wavelength-tunable  The |nternet has exploded from a scientific experiment to a
lasers, which are essential for the future intelligent, all-optical net-

works. daily necessity over the pastten years. The number of Internet IP
In this paper, | will review the advances on wavelength-tunable addresses used, which is one measure of the size of the Internet,

VCSELs. | will summarize some of the early breakthroughs in has been doubling every year [12]. And it took only five years

wavelength engineering of VCSELs and then concentrate on the for the Internet to reach 50 million users, comparing to 13 years

Il. APPLICATIONS

designs and properties of micromechanical tunable VCSEL. for radio and 38 years for TV [13]. To satisfy this bandwidth
Index Terms—bWDM, MAN, VCSELs, WDM. explosion, new means to transmit more bandwidth were desper-
ately sought after, particularly for wide area networks, regional
|. BACKGROUND and long-haul communications.

) ) ~ Dense wavelength division multiplexing (DWDM) [14]-[16]
I STARTED my research on vertical-cavity surface-emitting; the most deployed technology used to increase communica-
lasters (VCSELs) in 1989. One of the accepted perceptiofisn handwidth. A DWDM system allows multiple wavelengths
at the time was that it was problematic to achieve the design@qlch a different channel in 1530-1610-nm wavelength regime)
emission wavelength of a VCSEL; a small variation in the epfp pe transmitted in the same fiber and thus, enables service
taxy could lead to a large variation in the emission waveIengt‘!gv.fo\,iderS to gracefully upgrade their systems as demand in-
The late 1980s was also the beginning of the era of wavelengihaases. The state-of-the-art prototype system boasts-a 200
division-multiplexed (WDM) optical fiber communications, forchannel count and Terabits-per-second capacity over a single
which wavelength precision was critical. The earlier perceptiQsical fiper. Current DWDM networks are all simple point-to-
of problematic wavelength control led to a common opiniopgint links with various numbers of channels (typically in the
that a VCSEL might not be suitable for WDM applicationsiens) and the channel separation is typically 100 GHz (0.8 A)
Furthermore, the VCSEL emission wavelength was not at thgi a trend of going to a narrower spacing of 50 and 25 GHz.
fiber transmission window of 1.3-1;6n. However, | decidedto  ope key advantage of DWDM is the tremendous scalability
focus my research on VCSELs for WDM applications, believings aggregate bandwidth. However, at the central offices and
that wavelength control could be achieved and that what Wajor hubs, the huge bandwidths transmitted through the
learned about short-wavelength VCSELs would be applicablegdgint-to-point links must be routed efficiently to avoid severe
long-wavelength VCSEL. Luckily, both have been proven cogpngestion. This issue is critical as more and more broad-band
rect. o ) ) links are being and will be built in the metropolitan area
In my opinion, the major advances made in the past decagi&works (MAN), where the demand for signal routing and
toward making VCSELs for WDM applications include theitching is intense. By adding wavelength as an additional
demonstrations of a multiple-wavelength array, tunable Vegree of freedom for routing and switching, it is possible to
SELs, long-wavelength VCSELs, tunable long-wavelengichitect new reconfigurable all-optical switching systems with
VCSELs, and the developmentiafsitumonitoring techniques minimum congestion and high-performance cost effectiveness.
used during epitaxial growths. At the time of this writingirhis presents one exciting and new enabling application for
tremendous progress on long-wavelength VCSELs [1]-[1Q]nable lasers.
Tunable lasers are recognized as a highly desirable compo-
Manuscript received October 31, 2000. nent for present point-to-point DWDM systems. The immediate
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Fig. 2. Schematic of a tunable cantilever MCSEL (c-VCSEL). The device
consists of a bottom n-DBR, a cavity layer with an active region, and a top
Fig. 1. Schematic of a three-wavelength VCSEL array, having a coupigirror. The top mirror, in turn, consists of three parts (starting from the substrate
of layers with a graded thickness. A typical VCSEL consists of twgide): a p-DBR, an airgap, and a top n-DBR, which is freely suspended above
oppositely-doped distributed Bragg reflectors (DBR) with a cavity layehe laser cavity and supported via a cantilever structure. Laser drive current is
in-between. In the center of the cavity layer is an active region, consisting iafected through the middle contact via the p-DBR. An oxide aperture is formed
multiple quantum wells. Current is injected into the active region via a curreph an AlAs layer in the p-DBR section above the cavity layer to provide efficient
guiding structure provided by a proton-implanted surrounding. The thicknessrrent guiding and optical index guiding. A top tuning contact is fabricated on
gradient intentionally placed in the bottom DBRs to create a cavity thicknegse top n-DBR.

variation and thus led to laser wavelength variation.

The demonstration of multiple-wavelength VCSEL array

networks, with applications in all-optical switching and dyynderstandings.

namically reconfigurable optical add/drop multiplexers, etc.
In the following sections of this article, we hope to show that
tunable VCSELSs can play a pivotal role in the new intelligent
optical network era with a potentially low-cost, compact and
easy wavelength-locking solution.

1) There is typically only one Fabry—Perot (FP) wavelength
within the gain spectrum and hence the FP wavelength
(and not the gain peak) determines the lasing wavelength.

2) Optical thickness variation of the layers in a VCSEL
changes the FP wavelength and hence lasing wavelength.

3) The position of the layer(s) with thickness variation
relative to the center of the cavity (i.e., the active region)

[Il. WAVELENGTH ENGINEERING IN VCSEL is crucial for the resulting wavelength variation. For

the same amount of thickness variation, the wavelength

The first advance made toward wavelength engineering in change decreases nearly exponentially as the position of

VCSELs, to my knowledge, was our work of multiple-wave- the laver(s) is moved away from the cavity center
length VCSEL array [17], [18]. In this demonstration, my col- yer(s) Y y ’

leagues and | showed that VCSEL wavelength could be attainerc(i): ggft},éggatgsri:aiagﬁvtfrﬂ (;)r: :Sr?az?:\\//%géﬂt\lzgﬁadp\:giﬁ; d
ign. W 140- I hi im- ' . X
by design. We reported a 140-wavelength laser array by i 2]-[37]. Among them was the first three-contact device

plementing a small thickness variation in four layers close t0'. .
the active layer. Fig. 1 shows the concept of a three-wavelengﬁng Peltier effect to tune the VCSEL wavelength both toward

: : . : orter (blue) and longer (red) wavelengths [32] and the first
VCSEL array, having a couple of layers with thickness gradient. . .
The 140-wa\);elengtr? arrayrr)1ad a W);velength span of 4?3 nm a%ernal-cawty tunable VCSEL [36]. Both reported very limited

the laser wavelength separation wa$00 GHz. This remains Wave.len?thvflht'rf]tfﬁ 1tﬁ and O'? ntnc]i, rgspetﬁtlveg/. 'ThSI reastpnT
the largest monolithic multiple-wavelength array ever reporte fe simple. Yith the three-contact device, the attainable oplica
. . ; ._thickness variation is very small, due to a limited change of
A typical VCSEL consists of two oppositely doped dis- L . . )
. . . : refractive index with current. As for the external-cavity device,
tributed Bragg reflectors (DBR) with a cavity layer in between. . . S
. . . - although a very large optical thickness variation is expected,
In the center of the cavity layer resides an active region, cof- AP .
- X L . the variation is placed too far away from the cavity center to
sisting of multiple quantum wells. Current is injected into the ) AR
. . ; o . . result in a significant effect.
active region via a current guiding structure either provided by
an oxide aperture or proton-implanted surroundings [19]-[25].
The thickness gradient intentionally placed in the bottom DB
in Fig. 1 created a cavity thickness variation and thus led toOne of the most important lessons | learned from the early
laser wavelength variation. VCSEL experiments was the importance of being able to con-
Our first demonstration stimulated other techniques teol and “see” what was grown during the epitaxial deposition.
make monolithic multiple-wavelength VCSEL arrays. Th&ince a miscalibration by as little as 1% can result in as much
techniques include MBE growth on a patterned substrate [26F 10-nm shift of the cavity resonance wavelength, precision
masked MBE [27], MOCVD on a nonplanar substrate [28Huring epitaxy is critical to obtaining wavelength-accurate VC-
selective area MOCVD growth [29], [30], and postgrowttfSELs. Conventional reflection high-energy electron diffraction

adjustment via etching [31]. (RHEED) and ion-gauge beam flux measurements were not

. PRECISIONEPITAXY WITH IN STU OPTICAL MONITORING
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accurate enough, typically limited to an accuracy of several
percent. Variousin situ optical techniques were developed

for growth rate calibration and for real-time growth control

for both molecular beam epitaxy (MBE) and metalorganic
chemical vapor deposition (MOCVD) growths over the past
decade [38]—-[44]. Excellent results have been reported.

There are similarities and differences among the various
techniques. The selection criteria for a user may include
some or all of the following: accuracy, user-friendliness,
variability and stability, complexity in implementation, MBE
or MOCVD specifics, suitability for a wide range of materials
and structures, dependence on accurate knowledge of material
parameters, etc. It is beyond the scope of this paper to perform
a thorough review. However, it is important to recognize the
impact thatin situ monitoring has on manufacturability and
yield for VCSELs and tunable VCSELSs.

A run-to-run reproducibility of+£0.3% was reported using
anin situ optical calibration system for MOCVD growth [44].
Using a simple and compact laser reflectometry developedgi 3. Sem photos of a completed c-VCSEL. The cantilever jsBwide,
1995, my research group has maintained an average growdby:m long, and 3:m thick. The head has a 30m diameter and the airgap is
precision of 0.15% for MBE growth [43]. This is the besf-4#m thick [57].
long-term run-to-run epitaxy precision reported to date, to the
best of my knowledge. A large variety of the different structurdgyer with an active region, and a top mirror. The top mirror, in
were grown using this technique, illustrating the versatility arftirn, consists of three parts (starting from the substrate side): a
dependability [45]. p-DBR, an airgap, and a top n-DBR, which is freely suspended
above the laser cavity and supported via a cantilever structure.
Laser drive current is injected through the middle contact via
the p-DBR. An oxide aperture is formed on an AlAs layer in

| chose a radically different approach to make a wideljhe p-DBR section above the cavity layer to provide efficient
tunable VCSEL in 1994, after realizing the constraints of thg,rrent guiding and optical index guiding. A top tuning contact
two approaches discussed in Section Ill. My students apdfapricated on the top n-DBR. It is particularly important to
| recognized that the most effective way to achieve a larggention that this is an electrically pumped VCSEL structure,
amount of optical thickness variation is to mechanically vagyhich supports high-speed direct modulation.
the VCSEL cavity. The challenge was to position the movable |t js worthwhile to emphasize that the entire heterostructure
layer close enough to the active region to achieve a largethe c-VCSEL was grown in one step. The heterostructure
wavelength shift, while maintaining the monolithic nature ofycludes (starting from the substrate side) an n-GaAs—AlGaAs
a VCSEL. This thought process led us to our first version ¢§gRr, a cavity layer with InGaAs active region, a p-DBR (in-
micromechanical VCSEL. As a learning process, my researgiide an AlAs oxidation layer), a GaAs sacrificial layer, and
team proceeded to demonstrate a tunable filter [46]-[48] agdop n-DBR. Thus, a high epitaxial precision is obtained for
detector [49]-[51] first, and finally a tunable VCSEL [52]-{61] the sacrificial layer, which translates to a highly accurate wave-

We demonstrated the widest continuous tuning range fo'le’hgth and tuning range of the c-VCSELs.
monolithic electrically pumped diode laser with milliwatt-level The most important processing step in fabricating a c-VCSEL
output [57], [58]. Subsequently, other research teams publishgghe cantilever formation and relief step, which utilizes selec-
similar findings, notably Stanford University [62]-[65], Cornelkjye etching of GaAs against AlGaAs. Fig. 3 shows the SEM
University [66], Coretek Inc. [67], [68], Tokyo Institute of Tech-photos of a completed c-VCSEL. Detailed processing steps are
nology [69], [70], the U.S. Air force Institute of Technologyreported elsewhere [58]-[60]. In search of an appropriate selec-
[71], etc.. tive etchant, we experimented with AlGaAs as sacrificial layer

In this section, | will first describe our MEMS-VCSEL struc-3s well [59]. We believe it is essential to use a sacrificial layer

ture, its tuning mechanism and performance. A brief compagith as low aluminum content as possible to lead to higher reli-
ison of process and performance of all MEMS-VCSEL designgility of the mechanical structure.

and a performance comparison against multisection DBR laser
will be presented in Section V-D. B. Tuning Mechanism

V. MICROMECHANICAL TUNABLE VCSEL

Wavelength tuning is accomplished by applying a voltage be-
A. c-VCSEL Structure tween the top n-DBR and p-DBR, across the airgap. A reverse
Fig. 2 shows a top-emitting VCSEL with an integratedbias voltage is used to provide the electrostatic force, which at-
cantilever microelectromechanical structure (MEMS). Thisacts the cantilever downward to the substrate and shortens the
VCSEL structure is herein referred to as cantilever-VCSEirgap, thus tuning the laser wavelength toward a shorter wave-
(c-VCSEL). The device consists of a bottom n-DBR, a cavitiength (blue shift).
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The tuning range of a MEMS-VCSEL is governed by the
smallest of the following three factors: 1) the wavelength differ- - 1
26.1V

ence resulted from maximum deflection of the cantilever; 2) the -
g . 2 F

minimum free spectral range (FSR), wavelength separation be- < 25.6V bmme "

tween two FP modes, at any tuning point; and 3) DBR or gain ~ 247V

bandwidth. The maximum deflection is determined by the me- %’ N S 21.4V
. : " 56.8Y

chanical property .of the cantilever as well as the capagmve na- S LR m 201V

ture of the attractive force. It has been derived analytically as v e =5 ov

well as simulated using complete software package [58], [60], - L 10.0V

[61]. A simple analytic approximation is given here EE———

N T T O T T N N T N T O T T T

o0 620 630540950660
e 28 V2 Wavelength (nm)

E wid (d—2z)? @

z =

Fig. 4. The tuning spectra of a large aperture top-emitting c-VCSEL. A wide
tuning range of 31.6 nm centered at 950 nm was achieved with the lasers under

where . . . . room temperature continuous wave (CW) operation [57].

d airgap size without applied voltage;

z cantilever displacement; L8

Vv applied voltage; ) AT W I

E bulk modulus; E |

r,l,w,andt radius, length, width, and thickness of the =12

cantilever, respectively. E

Solving this equation, we obtain the maximum deflection, 2
which approximates 1/3 of the airgap size (referred here as the 2
1/3-rule). & 04} I"

In fact, all MEMS using electrostatic force follow the same d___.l
rule; be it a cantilever, multiple-support trampoline, or any other o . —
structures. Let us use the cantilever as an example to examine I : .ﬁ*u,mm,f,_;;,] . 1o
how it works. As a voltage is applied, the cantilever is attracted i)
downwards. The displacement follows approximat&ly de- 5 —
pendence. A3 increases further to a value corresponding to -E e &£
a displacement of1/3 gap size, the attractive force cannot be =4[ 0 Bt §
balanced by the mechanical spring force, and the cantilever col- E 1 . _' . L1
lapse onto the substrate. Increasing voltage further at this point 3 ‘P m E
results either no movement or capacitor discharge. The can- -S 2 '::'l . . t o 3
tilever can be brought back to its original position when the g i '. . ++ T E
voltage is removed if an appropriate mechanical design is used E o g
[72]. . . . . ﬂ!-'ﬂﬁ !.a-'.;.ﬁ BaEs B4s 955

To achieve alarge tuning range, given the 1/3-rule, itis natural Wasalangth {rm}
to assume the larger the airgap the better. However, increasing &l

the airgap leads to a longer effective cavity length, which results
; ; igr 5. (a) CW output power versus currefit{/) curve for the same device
in a narrower FP mode separation, and thus a smaller ovegﬁﬂwn in Fig.4. (b) CW threshold current and differential quantum efficiency as

tuning range. Hence, an optimum design exists. a function of laser wavelength under room temperature CW operation.
One other consideration is the reflectivity of the p-DBR. The

less the reflectivity, Fhe larger the effect of the airgap size aWEFs 26 V. As low as 5-V tuning voltage was obtained with a tun-
hence the more tuning. However, this leads to less numbera%le filter and detector using a different cantilever thickness and

P-DBR pairs, Wh'(.;h compromises Fhe Iaser.performa.mce qghgth. Tuning power required is in 100-nW to microwatt range,
cause of less efficient current injection and higher series resis:

. . . - s there is nearly no current flow through the tuning junction.
tance. We experimentally achievedda\/\ of 7% in optical Fi
) o . . / ig. 5(a) shows output power versus curreirt{) curve for
filters (limited by DBR bandwidth in this case), and 3.4% 9- 5@ Pt p 0

- f_ofhe same device under room temperature CW operation. Output
950-nm VCSELs with very good laser performance. In prmFoweras high as 1.6 mW was achieved. Fig. 5(b) shows the CW

ciple, >5% A/ can be achieved with a VCSEL, equivalen hreshold current and differential quantum efficiency as a func-
80 nm for a 1.55:m VCSEL. tion of laser wavelength. Throughout the tuning range, threshold
) current remained-2 mA and differential quantum efficiency
C. Tuning Performance was approximately 20% [58]. This represents one of the best
The tuning spectra of a large aperture top-emitting c-VCSHEutput performance for a widely tunable diode laser.
are shown in Fig. 4. A wide tuning range of 31.6 nm centered Fig. 6 shows the measured and calculated VCSEL wave-
at 950 nm was achieved with the lasers under room temperatignregths as a function of the tuning voltage from a tunable
continuous-wave (CW) operation. Tuning voltage in this cadCSEL with a single transverse mode. Wavelength tuning as
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Fig. 6. Shows the measured and calculated VCSEL wavelengths as a function

of tuning voltage from a tunable VCSEL with a single transverse modEig. 7. The measured (x) and modeled (solid line) resonant frequencies as
Wavelength tuning as a function of voltage was calculated using a distribut@dunction of cantilever length. Excellent agreement is obtained for between
electrostatic force model to determine the airgap size, which was subsequegxperiment and simulation. A simplified analytic solution (2) assuming
incorporated into a standard VCSEL optical model. Excellent agreement weghcentrated force at the head is shown (dash line) for comparison [60].
achieved. No fitting parameter is used [58].

a function of the voltage was calculated using a distributd fferences of all three VCSELs. There is one other tunable

electrostatic force model to determine the airgap size, whi SEL configuration, which utilized an optical fiber as part of
was subsequently incorporated into a standarcgjJ VpCSEL’ o] tiﬁg? external cavity of a VCSEL [73]. Due to the fact that this
ubsequently P P proach is nonmonolithic, | shall not include in the compar-

model. ExceII_ent agreement was ac_hleved without any f'tt”? ons. Finally, | will briefly compare the tunable VCSELSs with
parameter being used. The monotonic and well-behaved tuning,.. . -

. . .mdltisection DBR edge-emitting lasers.
curve attests that a very simple wavelength locking mechanism_.

can be sufficient to insure wavelength accuracy during tuning 9. 8(a) shows the schematic of a VCSEL with a mem-
This is a distinct advantage of a tunable c-VCSEL. fane-type MEMS design (referred as membrane-VCSEL).

The transverse mode structure of a tunable VCSEL is Wél'lpe heterostructgre, startmg from_ the su_bstr_ate S'de! includes
n n-DBR, a cavity layer with active region in the middle, a

behaved and the same as that of a regular VCSEL [55]. SDBR section, an Als;Ga, 15As sacrificial layer, and a top

amount of index guiding .and the oxide aperture size detéo)d]arter-wave GaAs layer. After the epitaxy, a dielectric DBR
mines the number of excited transverse modes. Single-mote

operation is achieved with>20-dB side mode suppressionanoI layer of gold are deposited on top of the wafer, which

ratio throughout tuning range for a relatively small aperturtfg.gemer with the top quarter-wave GaAs layer forms the top

. 4 o -~ _.mirror. The processing steps are described elsewhere [62]-[65].
laser [58], [60]. Single and fixed polarization was maintained, . " iccion is collected from the bottom of the substrate

throughou'F as well [58].' . . . via the transparent GaAs substrate (referred as bottom-emitting
The tuning speed, like tuning voltage, is also determin SEL)

by the cantilever dimensions. Tuning speed is measured tQI_he outout power and differential efficiency of the mem-
be 1-10 ms, which is fast compared to other MEMS deviczis put p Y

because of the lightweight of the cantilever structure [6 _rane-VCSELs are IOW_(O'&AR ~0.3_mW and 0'(.)88 WIA),

Fig. 7 shows the measured and modeled resonant frequenci erhaps due the compllcatgd processing, the choices of the sac-
a function of cantilever length. Excellent agreement is obtain |HC|aI Iflygr and the seflegcc';we etcl_qtin:.hThe mtembranelz—VCt?]ELt
for between experiment and simulation. A simplified analyti a; a tuning rangle f th nCCVéIEL Tﬁ clen er waveleng ﬁ‘
solution [see (2)] assuming concentrated force at the hea fss nm, comparable to the c- - [ nelasers are electrically

shown (dash line) for comparison. Though not complete mped. The high Al content in the sacrificial layer may be
accurate, it serves as an excellent intuitive guide roblematic for long-term device reliability and stability.
' The MEMS-VCSEL using a half-symmetric trampoline

A Ewtd MEMS structure is shown in Fig. 8(b) (referred as HS-VCSEL).
w= \/; =Y S (2) This VCSEL is an optically pumped tunable VCSEL emitting
in the 1.55xm wavelength regime. The epitaxy structure was
) not disclosed in the publications [67], [68]. Both top and bottom
D. Other Tunable Diode Lasers DBRs are dielectric mirrors and the substrate is etched with a

As mentioned earlier, there are several teams reportdd-hole to accommodate the deposition of the bottom DBR.
MEMS VCSELs or similar optical MEMS structures. TheThe mechanical support structure is made of polyimide. A wide
mechanical and optical designs can be grouped into three majoring range of 43 nm centered at 1550 nm was achieved with a
categories: cantilever VCSEL [46]-[61], [69]-[71], membranpumping threshold of 9 mW and an efficiency of 0.1 mW/mW.
VCSEL [62]-[66], and a half-symmetric cavity VCSEL [67],Since the pumping source is another laser external to tunable
[68]. Here, | will briefly review the membrane-VCSEL andVCSEL, this approach is not strictly speaking monolithic. The
half-symmetric VCSEL, and will discuss the similarities andhajor advantage of optical pumping is a higher output power,



CHANG-HASNAIN: TUNABLE VCSEL 983

as less heat is generated at the active region. However, it i Dutormbis Mowibviris kg Mo
general perception that the external optical pumping requir proafiacy

a highly precise optical alignment, which may be problemati
for manufacturing.

The main similarity between the three MEMS-VCSEL
schemes is that they tune the same way: as the tuning volte
is increased, the electrostatic force attracts the top DBR towe :
the substrate and the laser wavelength blue shifts. Also, t = "l InGads Cuantum Wals
tuning range is limited by the same 1/3 rule and FP-moc £
competition.

The major differences include the pumping scheme, mo
ulation scheme, chip size, and mechanical support materi
The first three factors impact system designs and applicatiol Al
cost, yield, and manufacturability, whereas the mechanic
support material directly affect the device reliability. The fac
that polyimide typically continues to outgas after curing an
Al s5Gay.15As is easily oxidized at room temperature raise
concerns about long-term reliability.

The c-VCSEL structure was entirely epitaxially grown. Thus
the gap and the VCSEL as a whole are very precisely fabricatt
which ensures wavelength and tuning range accuracy. The r
chanical support is GaAs, which does not oxidize easily ar
leads to a higher mechanical reliability. The cantilever stru
ture is very forgiving toward processing variations and facili-
tates manufacturability. The device footprint is smaller resultirfgg. 8. (a) Schematic of a VCSEL with a membrane-type MEMS design
a hlgher device yield. Du_e to the s_mall structure, the tunl@ar;{i/gzgfr&?r{ggi VCSEL) [65]. (b) Schematic of a half-symmetric cavity
voltage is low and the tuning speed is fast.

It has been argued that a cantilever tuning structure cot _ mirror head
incur more excess tilt loss during tuning. Recently, we show
both experimentally and theoretically that the tilt loss in . mirror beg|
¢c-VCSEL is negligible compared with the total optical los:
(sum of mirror, internal, and diffraction losses) [58], [74]. support base support base

There are many rapid developments in the area of wide

My Dt A3 Spacer

tuned multisection DBR lasers [75]-[78]. It is beyond the scof Lorstongl

of this paper to review and compare them in details. Howeve |

we will discuss some key features. A multisection DBR las¢

typically requires four or more electrodes to achieve a wic L— connector Y L
tuning range and a full coverage of wavelengths in the ranc l counterweight | X
A very wide tuning range of 60-80 nm with full coverage cal (a) Top View

be achieved. The tuning characteristics is discontinuous a
typically contains many steps. Knowledge of the wavelengtl
at which the discrete steps occur is critical for precise wav _
length control (even with a wavelength locker as part of a fee
back loop). As the laser drive current and heat sink tempe (b)3D
ature are varied, the step wavelengths change. As the device

ages, the step wavelengths vary as well. Furthermore, as e ® Novel torsional MEMS filter. When a voltage is applied between the
top and bottom DBRs, the entire structure experiences an electrostatic force

fabrication process includes several steps of epitaxial growfjiing it towards the substrate. However, by design, the position of the center
there are significant device-to-device and batch-to-batch vagi-mass lies in the counterweight; the filter head thus moves upwards whereas

ations. These factors make laser testing and qualification pHE counterweight moves downwards [81]
cesses complicated and time consuming. Furthermore, wave-
length control and locking are more complicated and may re-
quire fine adjustments for each device. The impact of these is-
sues is volume manufacturability and cost.

One advantage of a multisection DBR laser structure is that
it allows for integration of other devices such as a modulator,
amplifier, and coupler. The impact of such integration on per-
formance (such as chirp, optical feedback, and noise) and de-
vice yield is not fully explored at present. Without an integrateglg. 10. SEM picture of a torsional MEMS filter [79].
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Electrostatic Force TABLE |
TwiIST RATIOS FOR A NUMBER OF DVICE DIMENSIONS
v oL J]_ CALCULATED USING Pro/MECHANICATM [81]

N
J L —

) ( ___ﬂ__,(_vﬁ sag Various dimensions
[ums]

cantilever width 3 13 13 |5 |5

@ mirror beamwidth_13_[3_ |3 |5 |5

cantilever length 70 (70 |90 (80 |80

mirror beam length {190 [190 |210 170 [170

counterweight width {25 [25 |30 |30 |30

counterweight length{300 {300 |300 |300 {300

M connector width 25 (15 |16 [25 |25

e e T twist deflection connector length 25 135 |30 |30 |40
:(— -T—"T10 = I Ry 2.08]2.1812.35|1.32|1.41

(b) 15

Fig. 11. lllustration of two side-views of the device (a) along x direction anc
(b) along y direction in Fig. 9. With the filter locating at the head, the filter 10F
wavelength increases with voltage (red-shift) [81].

05
modulator, the device typically cannot be directly modulatec . |
The output power of a multisection DBR laser without an inte < - Head

grated semiconductor optical amplifier is typically low, inthe S | e | e Counterweight
submilliwatt level. o5k
VI. TORSIONAL-MEMS FILTER 1ol
The 1/3 rule poses a limitation on all three MEMS-VCSEL .
designs mentioned above. Furthermore, the consequence of .15 S T Y T S B
0 1 2 3 4 5

cidentally applying a voltage to tune beyond the 1/3 gap can |

problematic—device damages may occur as the capacitor d Voltage (V)

charges. To solve this problem, we started looking for a method 1 Th imental berf f the torsional MEMS (T-MEMS)
. P . 1g. . e experimental performance o e torsiona -

to Clrcumvent the .|ImltatIOI’l. Recently, We_ started '_[0 explo fiter. The transmission wavelengths through the filter head and the

a novel design using a MEM structure with a torsional armdounterweight were measured as a function of applied voltage. The

This design can simultaneously lead to an increase of tunifigsmission wavelength of the filter increases with voltage, whereas that of

S . . t{ge counterweight decreases [79].
range and the elimination of the catastrophic damage when bias

voltage exceeds the limit corresponding to the 1/3 gap. . o )
The novel structure can be viewed in Fig. 9. As in the padtot take place at the filter head. And in principle, the discharge

we first demonstrated the concept using a simple Fabry—Pef8f! be avoided by making the region underneath the edge of the
filter [79]-[81]. The epitaxial structure consists of two oppoSOunterweight electrically insulated. _
site-doped DBRs and a GaAs sacrificial layer in-between. Using/ Major advantage of this design is an increased tuning range.
similar processing steps (as for c-VCSEL), we fabricated tfRY appropriately choosmg the Iength ratio of the cantlleyerarm
torsional micromechanical tunable filter. Fig. 10 shows the SERNd the counterweight, a leveraging effect can be achieved, as

picture of such a filter. illustrated by Fig. 11(b). We define the twist ratity- as
_The optical filter functions as follows. When a_voltage is ap- |MaxHeadDeflectioh
plied between the top and bottom DBRs, the entire structure ex- Rr 3)

: ) S ~ MaxCounterweightDeflection
periences an electrostatic force pulling it toward the substrate. 9

However, by design, the position of the center of mass lies in thable | shows the twist ratios for a number of device dimensions
counterweight; the filter head thus moves upwards whereas ttaculated using Pro/MECHANICA.
counterweight moves downwards. Fig. 11 illustrates two sideThe experimental performance of the torsional MEMS
views of the device. With the filter locating at the head, the filtefT-MEMS) filter is shown on Fig. 12. The transmission wave-
wavelength increases with voltage (red shift). A detailed anaéngths through the filter head and the counterweight were
ysis and simulation can be found elsewhere [80], [81]. measured as a function of applied voltage. The transmission
With increasing voltage, the filter head continues to mowsavelength of the filter increases with voltage, whereas that
upward until either of the following occurs, depending upon thaf the counterweight decreases, as expected. This early result
design. The counterweight may reach the 1/3 gap and collagb®ws a continuous tuning of the transmitted light across 15 nm
onto the substrate. Alternatively, the attraction force on the filtéor 15 V of tuning voltage. At bias above 15 V, the cantilever
head becomes strong enough and causes the cantilever to band,begins to bend causing the filter wavelength to turn back
resulting in quadratic tuning characteristics. Either case cantoaard the blue side. No catastrophic damage was observed.
designed and managed such that the catastrophic discharge ddtb®ugh the design is expected to lead to a twist ratio of greater
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than 1.5, we obtained a ratio ef1 only experimentally. We  [5]
attribute this to processing related issues that can be overcome
in the future.

The torsional MEMS design can be readily transferred to afe]
VCSEL design leading to a wider tuning range and avoiding
reliability issues caused by capacitor discharge. 7]
VII. CONCLUSION

Widely tunable lasers are expected to play an important role
in enabling a wide range of exciting new applications. For
example, metro WDM systems based on widely tunable laser
sources will be capable of providing wavelength-on-demand
services because these systems will be able to set up and te
down protocol-transparent wavelength services as required,
particularly by the bursty nature of data traffic. In addition,
optical cross connects (OXCs), either with electrical or aII-op-[l
tical switch fabrics, are emerging to handle high-density
optical terminations typically found at the interconnection
points between long-haul and metro WDM systems. OXCs ar
used to groom and re-route traffic across optical tributaries.
They also provide protection and restoration of the signall12]
Wavelength tuning capabilities will dramatically increase thel
degree of connectivity and number of logical connections, angha4)
will support a variety of protection and restoration methods on
physical ring deployments. [15]

The monolithic integration of MEMS and VCSEL has
successfully combined the best of both devices and led tB6]
an unprecedented performance in wavelength tunable lase 7]
The tunable cantilever VCSELs are widely tunable, can be
directly modulated at high data rates, have a simple monotonic
tuning curve for easy wavelength-locking, tune at reasonably, g
fast speed, and emit a reasonable amount of power. The most
important property is that they can be batch processed and
tested, essential characteristics of volume manufacturability. [19]
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