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researchers say, and then a 20 nm gold film and a spin-coated
resist layer were deposited onto the sample. Finally, stacking
alignment using gold alignment marks was applied to ensure
accurate stacking of subsequent structure layers

Akey part of creating their 3-D metamaterial, the research:
ers note, was combining a planarization method for the rough
nanolithography surface with robust alignment marks that
survived the dry etching processes during nanofabric.
The resulting 3-D structures, created using the layer-by-layer
method (which can be repeated as often as desired), consist of
horseshoe-shaped gold nanowires arranged in a square pat-
tern and perfectly stacked above each other (see Fig. 2). This
method can produce arbitrary shapes in each layer as well, the
group points out. And more complex structures such as twist-
ed or chiral structures are also possible,

Investigating the interaction between adjacent SRRs, Gies-
sen’s group discovered it could control the electromagnetic cou-
pling strength (which is related to spectral splitting of plasmon
modes) by adjusting the vertical distance. The researchers be-
lieve the vertical interaction between metamaterial slabs can
change the optical properties of metamaterials and lead to new
characteristic spectral features with an increasing number of
stacked layers. The resulting vertical coupling may prove benefi-
cial in the design of broadband materials, and the group expects
stronger coupling will lead to increased bandwidth.

Three-dimensional metamaterials possess highly desirable
electromagnetic properties such as negative magnetic perme-
ability and negative Rls, which will play a critical role in fu-
ture applications like negative refraction, superlensing, and
invisibility cloaking. Giessen's group believes the key to real-
world applications will be balancing the number of stacked
layers vs. intrinsic losses.

Sally Cole Johnson

REFERENCE
1. Ma Liu etal., Nature Materials, DOI: 10.1038/0mat2072

QUANTUM-RING LASERS
Whispering-cave-mode
lasers emit in blue-violet

Lord Rayleigh wrote about the two-dimensional whisper-
ing gallery mode (WGM) in 1910 after a visit to the dome of
St. Paul’s cathedral in London. The whispering cave mode
(W is a three-dimensional (3-D) effect—a toroid with
circular helix symmetry—which recent studies have shown
can be used to create photonic-quantum-ring (PQR) lasers
that emit in the blue-violet part of the spectrum.!

A research team at Pohang University of Science and
Technology (POST , Pohang, Korea) first created 3-D
WCM lasers that emit in the infrared and red part of the
spectrum. To achieve this, professor 0'Dae Kwon and his
group stacked mesas of vertically reflecting distributed-
Bragg-reflector (DBR) structures above and below a few ac-
tive 50 A gallium arsenide and gallium indium phosphide
quantum wells, The resulting 3-0 WCM laser of photon-
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A blue photonic-guantum-ring laser showcases 3-D
whispering-cave-mode emission with ultralow thrashold
current less than that of VGSELs or LEDs. (Courtesy of

Odae Kwon, POSTECH)

ic quantum rings avoided the prob-
lem of in-plane light spreading found
in 2-D WGM lasers, and generated

a doughnut-like band of 3-D heli-

cal modes. One such photonic-quan-
tum-ring device 15 pm in diameter
featured an ultralow threshold cur-
rent of 11.5 pA, A.bnm a thousandth of
that needed for vertical-cavity surface-
emitting lasers (V s) of the same
diameter. These multimode devices
emitted around a central wavelength
of 848 nm, exhibiting increasing
threshold current and decreasing line-
width with larger device diameter. The
team observed the narrowest linewidth
with an optical spectrum analyzer to
date from a 10 pm PQR of 0.55 A atan
injection current of 800 pA.

‘The next iterations of the infrared
PQR device involved single-mode elec-
trically pumped lasers made of a hyper-
boloid drum shape only 0.9 um across.
These devices exhibited a linewidth of
0.46 A at 838.5 pm, and a tiny thresh-
old current of 300 nA, the smallest ever
observed among quantum-well, wire,
or dot-type lasers. Although the exter-
nal quantum efficiency suffered from
soft lasing turn-on behavior, the emis-
sion efficiency of the PQR laser was very
high—more favorable than that of light
emitting diodes (LEDs). Such lasers
couid be used to replace LEDs in high-
end displays in the near future.

‘The researchers then used various
vertical gallium nitride (GaN) struc-
tures to extend their POR work to blue
wavelengths from 420 to 470 nm (see
figure). In one version, a “reverse-me
approach with microholes etched in the

32 March 2008 www.laserfocusworld.com  Laser Focus World

vertical-quantum-well
structure enabled unex-
pected "convex whisper-
ing-gallery” lasing via
gain-guiding effects. This
“weird” laser also exhib-
ited very low quantum-
ring-like thresholds (6 pA
per pixel for 256 x 256
arrays, and 0.3 pA per
pixel for megapixel arrays
at room temperature)
and surface-normal dom-
inant multimode emis-
sions. The hole lasers are
easily fabricated, readily
scalable, and, says Kwon,

may become sought-af-
ter for next-generation interconnects or
nanobicengineering for their potential
to anchor submicron fibers.

THIS “WEIRD" LASER
ALSO EXHIBITED

VERY LOW
QUANTUM-RING-LIKE
THRESHOLDS AND
SURFACE-NORMAL
DOMINANT MULTIMODE
EMISSIONS

“In general,” said Kwon, “the blue
laser has been like a "holy grail’ —it
has been very difficult to achieve sur-
face-normal lasing. Existing blue pho-
tonic-crystal laser diodes still require
relatively high current. The new blue
PQR achieves surface-normal lasing
easily, even with the modest design of
less than 95% to 70% vertical-pair re-
flection, thanks to the unique 3-I he-
lix WCM phenomena. And its ultralow
threshold implies it can outperform
LEDs while overcoming the the:
and material problems of the LED.

Future challenges associated with 3-D
PQR lasers include studies o
device theory and simulations, ang
moment studies, understanding of car.
rier-photon interactions, and chaotic dy-
namics research on modified structures.

Valerie C. Coffey

REFERENCES
1, O, Kwaon et al., Proc. SPIE Photonics West,
6872, (2008)
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WAVEGUIDES
ON AND COUPLING OF MODES IN OPTICAL DIELECTRIC
PROPAGATI
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Since An’(r) is a scalar, it follows, from (13.3-4), that the corrugation couples
only TE to TE modes and TM to TM, but not TE to TM.
To be specific consider TE mode propagation. Using (13.3-5) in (13.4-1) gives

>
P (5, 1), = 20 ;"2 3 AW o] (1342
which, when used in (13.3-9), leads to

AT rep _ AL

)
iR

i N
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m
We may consider the right side of (13.4-3) as a source wave term driving rh?s

forward wave A{™ exp [i(wt ~ B,2)] and the backward wave AT exp [i(awr + B J.
on the left side. In order for 4 wave to be driven by a source, both source wave and
driven wave must have the same frequency so that the interaction will not average
out to zero over a long time (long compared 10 a period of their difference frequency).
Equally important: Both source and wave need to have nearly the same phase de-
pendence exp (ifz) so that the mteraction does not Aaverage out to zero with distance
of propagation z. 1f, for example, it is desired that the forward wave AL exp [ior
— B.2)] be excited, it is necessary that at least one term on right side of (13.4-
3), say the th one, vary as exp [i{wr — B; i = If no other terms on the
s condition, we simplify the equation by keeping

situation by saying that the perturbation An’(x, 7) couples the forward (+) mode to
the /th mode and vice versa. A

~To be specific, let us assume that the period A in the z direction of the pertur-
bation An’(x, z) is so chosen that Im/A =8, for some integer /. We can expand
An'(x, 2) of a square wave perturbation as a Fourier series =

An'ln 2) = An'ln) 3, geree (13.44)
e
The right side of (13.4-3) oW contains & term (g = [, m = 5) proportional to
A exp [i21wA — B)2). But L
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50 that this term is capable of drivi synchronous|;
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The coupling between {he backward A{™ and the forward AL by the ith harmonie
of An®(x, £) can thus be described by

A >
e AL (1346

and reciprocally

i+
dAST Al

dz
where
K Esfﬂ J_,; AFORVOF dr (1347
I
Ap=B - T Po (13.48)

some General Properties of the Coupled Mode Equations

The coupled mode equations (13.4-6), first encountered here, play & major
role in guided wave optics 1121 They describe not only coupling between
modes duetoa spatially periodic index perturbation but also, as we shall show
later, many other situations, including electrooptic and acoustooptic coupling
between modes in neighboring waveguides and within the same waveguide.
It is thus worthwhile to pause and consider some of the basic properties of
these equations. which are independent of the specific application. 3

To simplify our notation, we replace the amplitude AL of the packward
propagating mode by A, and that of the forward mode by B. The conpled mode
equations (13.4-6) now read

‘:{ = KB exp [—i2(AB)]
z

(13.49)

% — o expl2AAB))

ap =i+ B - €, £ L3 (il
= xt A (13499

Kpa = Kab

for modes carrying power in opposite directions. The phase of Ker is
immaterial since it depends, according to Equation (13.4-4,5), 00 the arbitrary
choice of our z = 0 reference plane. It follows straightforwadly from (134
9} that

%(lﬁ(z}l‘* - @p =0 (13.490)

13.5 COUPLED-MODE SOLUTIONS

SERIARIC WAVEGUIDE so7
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PROPAGATION AND COUPLING OF MODES IN OPTICAL DIELECTRIC WAVEGUIDES

Consider a waveguide with & corrugated section of length L as in Figure 173-6‘ A
wave with an amplitude B(0) is incident from the left on the corrugated section,

The solution of (13.5-1) for this case subject to A(L) = 0 is

)——iﬂ—— sinh [S(z — L)
At)e™ = BO) TXai ST + iS cosh SL R
o iPo
B)e ™ =

L S——
5O —AB sinh SL + i§ cosh 5L
% {AB sinh [S(z — L)} + i cosh [S(z — LI} (1352)

(13.68)
Under the matching condition AB = 0, we have
_ Kgp $i0D [kiz — L)
A = 80 K cosh kL
h [k(z — L]
B = oy e D (1354)

cosh L

A plot of the mode powers 1B(2)* and A2 for this case is shluw?air;zl)guﬂr:
13-7. For sufficiently large arguments of the cosh and 5;1nh fnnc::;-r:f I: :egim “l"his
i i rturbatio !
incident mode power drops off exponentially along the pe ! &

E:I:nvicr. huwe]:e)r. is due not to absorption but to reflection of power into the bac
ard traveling mode, A. A

" From (13.3-5) and (13.5-2) we find that the 1—dgpendent Ear.rx of xh:::ve

lutions in the periodic waveguide are exponentials with propagation com 1N

A= B — Bd (1359

e = wliA b
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grea e :
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(here exists a gap whose centet frequency oy smnsﬂa_s ,Ba([n:né}( —) “.:m. et T
s ; ; : :
s of | for which x is 2810 We can 9pp{uxux:\ ) & e

::tl\:jlug E(m) = (afcIngs (e s an effective index of refraction). The &8

P =
g{x? - ('—t—“) (@ 'w\.f] (59
B

COUPLED-MODE SOLUNIONS 51

where , the midgap frequency, is the value of w for which the unperturbed g is
equal to Bo = (A,

A-plot of Re 8" and Im B’ (for | = 1) versus , based on (13.5-6), is shown in
Figure 13-8. We note that the height of the “forbidden™ frequency zone is

5
Al =

Aot

(1357)

where  is according to (13.4-17) a function of the integer /. It follows from (13.5-
6) that

(Im B s = K (13.5-8)
Tn solid-state physics, it is well known that the behavior of electrons is described by
means of electron wave functions that are of the form

o= uj(r)exp(—:' % + ik - r)

There exist regions of electron energy E; where the propagation constant ik is com-
plex independently of the direction of k; in complete formal analogy with (13.5-6).
These are the so-called forbidden energy gaps of the crystal. Recent proposals and

P:pﬁen’ﬂy_}e.zzl suggest that it should be possible to engineer * ‘optical crystals®
\lms1A el —That have a thr

mensional periodicity that will possess a forbidden frequency
eap for which optical propagation will be evanescent (i.e., with a complex propa-
gation constant that is a three-dimensional generalization of (13.5-6)).

Im{d'Ay

® als 320

Figure 13-8 Dependence of the real and imaginary parts of the mode propagation constant,

B', of the modes in a periodic waveguide. At frequencies w) < w < a,, Im(3') # 0 and the
modes are evanescent. At these frequencies, Re ' = ImfA
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where the field stimulated by atoms at any moment adds up coherently and in phase
to those emitted earlier. In the laser resonators studied so far in this book, the feed-
back was provided by two opposilely facing reflectors. Feedback can also be
achieved i traveling wave folded-path geometry.

In distributed feedback (DFB) lasers, the reflection feedback of forward into
backward waves, and vice versa, takes place not at the end reflectors but continuously
throughout the length of the resonator. This coupling is due to a spatially periodic
modulation of the index of refraction of the medium or of its optical gain. These
lasers enjoy a wavelength stability that is far superior to those of ordinary Fabry-

?-“%Iasers. This stability is due to the fact that the laser mode prefers to oscillate

z

Modal gain, cm

B
&

Figure 16-6 The modal gain g eal= T'g) as a function of the injected current with the nt

N of quantum wells as & parameter. (After Reference [3].) 7 (w2 _51")
index (and graded energy gap) region is grown by

i dual fashion as shown. The

the Al concentration from 0% to 60% in a
ons as both a dielectric wavegl

electrons and, not shown, the holes, herding them into the quantum well.

STRIBUTED FEEDBACK LASERS (9, 10, 11)

y the word feedback we mean &
the optical field passing through a
y is equal to an integral numbe; !
to & sustained self-consistent oscil

All laser oscillators employ
means for ensuring that part of
to the point repeatedly. If the dela:
this leads, in the presence of gain,

{at'afrequency such that the spatial period A of the index perturbation is equal to
some (usually small) integer (£) number of guide half wavelengths:

A:iéﬂ(;\# 2—11) €=1,2,3,...

2 B

where J is the propagation eonstant of the optical field in the waveguide, This
condition, which ensures that reflections from different unit cells of the periodic
perturbation add up in phase, is referred to as the Bragg condition. This is in analogy
with the, formally similar, phenomenon of x-ray diffraction from the periodic lattice
of crystals. This enables the laser, meugh a choice of A, to ““force” the
laser to oscillate at any pred ned wavelength, provided that the amplifying
medium is capable of providing sufficient gain at that wavelength. This property is
especially important in semiconductor lasers used in optical fiber communication.
Such lasers are often required to operate within narrow, prescribed wavelength
regions to minimize pulse spreading by chromatic (group velocity) dispersion or to
avoid crosstalk from other laser beams at different wavelengths sharing the same
fiber.

We will start our treatment of the distributed feedback (DFB) laser with a der-
ivation of the relevant coupled mode equations. The essence of the DFB laser is a
spatially periodic waveguide with gain. It is thus described by the coupled-mode
equations (13,5-1) with the addition of gain terms

dA B e

d_z = Kaf 2BPE — yq

a8 _ Pouee .

Z Kef + 9B 1631)
Ap=p-Po=B-F for=1 (1632)

We shall choose, without loss of generality, a real x so that k., = K5, = k. The
gain terms, —yA and B, are chosen such that if, hypothetically, we eliminate the
periodic perturbation (k = 0), the waves A and B are uncoupled and grow exponen-
tially, each along its direction of propagation as exp(y X distance), We could, of
course, have derived Equations (16.3-1) by including ab initio gain in the derivation
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Jeading to Equations (13.5-1)." Equations (1 6.3-2) can be simplified by defining new
complex amplitudes A'(z) and B'(2)
AD) = A'exp(—12)

B(z) = B'(z)exp(y2) (16.3-4)
The result is

51% Bl (16.35)

B _ x, argrsaton (16.34)

These equations are identical in form to those of (13.5-1) provided we replace in
the latter, AB— AB + i . We can thus use the solution (13.5-2) of Equations (13.5-
1) to write down directly the solutions for the complex amplitudes E(z) and E (2]
of the incident and reflected waves. respectively, inside the amplifying periodic
vfle_g:lji,g. We take the boundary conditions 1o be those of a single nght-ravelng
Wwave incident from the 1eft with an amplitude B(0). The solution of Equations (16.3-
5, 6) in this case is
E() = B'@e e

~ BO) MMM (1637)

(y — iAB} sinh (SL) — § cosh (SL)

= Al lEE = ke Prsinh [S(L — 2] 1638
E@Q=ake BO) A gy sinh (SL) — S cosh (5L} (538
§ = | + (v — i5BP (1639)

The fact that § pow is complex makes for a major qualitative difference etween
the behavior of the passive periodic guide 13.5-2) and the periodic cuide with gail.
To demonstrate this difference. consider the case when the condition

(y — iAP) sinh SL = § cosh SL ;l&gJP}
is satisfied. It follows from (16.3-7, 8) that both the reflectance, EAOVE(0). sr_u'i e
[_ (ransmittance, E,(LVE;(0), become infinite. The device acts as an ascillator, singe 1t

L yields finite output fields E,(0) and EAL) with no inpur [E/(0) = 0L Cund'lﬁ::
or

case of ¥ = U, it follows, from (13.5-2). that |EALYE(O)] < 1, and [EOVE <1
as appropriate 10 4 passive device with no internal gain. i

For frequencies very near the Bragg frequency wo(AB = 0) and for sufficienty
T ——

“This can be done formally by replacing the real dileetric co
elr) = edr) + igflr} Far the case of a uniform glr) = €.
involves u spatial integral (sce Problem 16.6)

we obtain ¥ = &V s

astant &(r) in (13.3-3) by a compleX ff"{}

(¥
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high-gain constant ¥ so that (16.3-10) is i

> CONSI: , -3- s nearly satisfied, the guide s a hi

gain amplifier, The amplified output is available either in reﬂecgn?«::nL“:::;‘;;dh‘gP‘
s — gain

EQ) Ky sinh SL
_ E0) ~ (y — iAB) sinh SL — S cosh SL flez1py
orin r transmission with a gain
EdL) _ —Seift
E{0)  (y - iAB) sinh SL — 5 cosh SL et

Th i inci
e behavior of the incident and reflected field for a high-gain case is sketched i
mn

Figure 16-7. Note th itati i
gain) one depicted in Figure 13-7. Lzrem:e etween this cane and o passive (30

The reflecti i F
i ;;I:LDDI;?O\;EI‘ gain, |E,(0YE,(0)[*, and the transmission power gain |E (L)
2o smgu];\r_l_lgure 16}.]8 ?Is a function of Af and . Each plot contains ;fou)i
I arities.at wl ich the oscillation condition (1 i 1
These are four longitudinal laser modes. Higher orders elxisl Ifufﬁlr?é(l:h?\:smd-
s shown.

Oscillation Condition
The oscillation condition (16.3-10) can be written as

S (=i
ey L (16:5-13)
In general, one has to resort sh

! 3 8 to a numerical solut; i
s reso ion to obtain the
Ji’ﬁﬁ,a“d 7 for oscillation [17]. In some limiting cases, huwg:erh:e cc::

— | Supersirate

ng |,
layer [ EAD

L

I8, (L))

Figure 16-7 Incident and i 5
reflected fields inside an amplifying periodic waveguide.
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i the defi-
obtain approximate solutions. In the high-gain y 3 &« case, we have from

nition of 8% = &* + (y — iABF
: L B
s=gr ’A'B)(l = Ay — i;\_ﬂ)z> i

so that
§— (y - idB)y = —2y — B

S+lw'7r:&,8lsm
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and (16.3-13) becomes.
4y — iABY
'S

16314y
Equating the phases on both sides of (16.3-14) results in

_, (AB), (AR LK
tan == WARLL s
Yo Rl ¥ + (BB

m=0,*1, £2,...

2 =(2m+ 7 (163-15)

In the limit ¥, & (AB),., &, the oscillating mode frequencies are given by

1
(AB,IL = *(m & ;) L (16:3-16)
and since AB = B — By = (0 — wlile
1
=y~ (m - —) — (16317
el

We note that no oscillation can take place exactly at the Bragg frequency wg. The
mode frequency spacing is

i
Mol
which is approximately the same as in a two-reflector resonator of length L. (See
* iﬁh{: threshold gain value v, is obtained from equating the amplitudes in (16.3-
14):

Wy — Oy =

(16.3-18)

) 4

Yo+ (ABG K
indicating an increase in threshold with increasing mode number m. This is also
evident from the numerical gain plots (Figures 16-7 and 16-8). An important feature
that follows from (16.3-19) is that the threshold gain for modes with the same
|w = wy|. or equivalently the same |AB], is the same. Thus two modes will exist
with the lowest threshold, one on each side of . This property of DFB lasers is
usually undesirable, and methods for obtaining single-mode operation are discussed
in the last part of this section.” The periodic perturbation in semiconductor DFB
lasers is achieved by incorporating a grating, usually in the form of a rippled inter-
face, in the laser structure. This is achieved by interrupting the crystal growth at the
appropriate stage and wet-chemical etching a corrugation into the lopmost layer by

(16.319)

*High-specd (data rate) optical communication in fibers requires that the optical source put out a single
frequency in order (o minimize (he temporal spread of the optical pulses with distance, which is caused
by group velocity dispersion
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using an interferometrically produced photoresist mask [10]. Growth of a layer with
a different index of refraction, or optical ahsorption on top of the rippled surface,
results in the desired spatial modulation.

A diagram of a distributed feedback laser usiag a GaAs-GaAlAs structure is
shown in Figure 16-9. The waveguiding layer, as well as that providing the gain
(active layer), is that of p-GaAs. The feedback is provided by corrugating the inter-
face between the p-GagsAl gAs and p-GasAlsAs, where the main index disconti-
nuity responsible for the guiding occurs. Figure 16-12 shows an example of a pe-
riodic gain grating. The laser in this example is based on the quaternary
GA,-In,As,_ P, as the active region and InP as the high-energy gap, low index-
cladding layer. The feedback is achieved by growing an extra-absorbing, ie., low-
energy gap, layer and then etching through a mask to leave behind a periodic array
of absorbing islands.

The increase in threshold gain with the longitudinal mode index m predicted by
(13.6-19) and by the plots of Figures 16-7 and 16-8 manifests itself in a high degree
of mode discrimination in the distributed feedback laser.

1t follows from (16.3-17) and (16.3-19) that the two lowest threshold modes are
those with m = 0 and m = —1 and that they are situated symmetrically on either
side of the Bragg frequency wg just outside the bandgap.

5
0““%.,
Cr-Au contact
Excited -
region

p-GaAs

~5i0 film

n=-GaAs substrate

Au-Ge-Ni contact

b, - p-Ga g Al3As

p-Gaasalor As
p-Gazs Al As

Gurs
(active layer)

. i

Figure 16-9 A Gaas-GaAlAs ow injection laser with a corrugated inferface. The insert sha%®
2 scanning clectron microscope photograph of the layered structure. The feedback is in thitd
order (€ = 3) and is provided by a corugation with a period A = 342 = 0.345 pm. THE
thin (0.2 pm) p-Gas:A,-As layer provides a potential barrier which confines the injcc“°‘i
electrons to the active (p-GaAs) layer, thus increasing the gain. (After Reference 1R85
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To understand why the basic DFB laser of Fig i

o une . he b gure 16-6, in whi i
rgfracl:on is spatially periodic, does not oscillate at the Bragg rzq:::nl:he g‘fl‘d:fr
F1g|,::: 16-10(a). Let the reflection coefficient of a wave (at @) incident fr)((;m the left
on Vplane z Qbe 3, and for a wave incident from the right, r,. The reflectivi
1, i given according to (16.3-11) by e i

—k sinh SL,

b= KsihSL,
'~ {y - idB) sinh SL, — § cash 5L, (16.3-20)

Supersirate

Waveguide (gain region)

L — 5
Substsue
{a)y
'
Sigl
|
~30
e e T i
1521 1526 1531 nm
}-— Mode gap
()

:‘[;'“F; ‘cfaltum:tpp\::‘lrw:m_wav:guidc model used to derive Equation (16.3-12). (a) A periodie

thresbold of a DFB h:;‘:’:: 'ﬂfﬂ- (b) The spontaneous emission spectrum below, but near,

()8 "qurter wavelength 5:_\;\\(lfu{_tlm_rmods 2ap. (¢) A DFB laser with a phasc shift section.

R M shifed DF'Beld DEB laser, (¢) The spontancous emission spectrum below
aser. (Courtesy of P. C. Chen, ORTEL Corporation).
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Figure 16-10 (Continued)
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where
5=V + (y - iABF
w T n le
A8 = = i — A= @ wy ""c"“ (16.321)

and we used the fact that for an index Pperturbation of odd symmetry (in 2), An*(z)
“ sin (nz), the coupling coefficient K given by (13.4-17) is a real number,* i.e., k.,
= Koo = K. The reflectivity r,, “‘looking’” to the left, is

—x sinh SL,
=—_ RFMOL
(¥ — iAB) sinh SL, — § cosh SL,

The reason for the difference in sign between r; and r, is due to the fact that we
chose, in (13.4-10), the index perturbation to have odd symmetry. An observer
“looking™ to the right sees An(z) = sin 1z, while an observer “'looking’* to the left
will see a perturbation in index An(z) = — sin 7z It follows that on resonance

(AB =0), ryry = negative number. The oscillation condition for a laser, on the
other hand, is*

ri{erw) = 1 (16.3-22)
Tt follows that the periodic index DFB laser cannot oscillate at the Bragg frequency
wy where AB = 0. Oscillation thus takes place at the symmetrically situated fre-
quencies shown in Figure 16-8. The two oscillation frequencies nearest the Bragg
frequency require the lowest gain and are given, according to (16.3-17), by

we
oy % (16.3-23)

The threshold gain for oscillation at these two frequencies,

is, according to (16.3-
24y

and Figure 16-8, equal, so that they are in practice equally likely to oscillate.
This situation is highly undesirable in practice, since it results in wavelength insta-
bilities and spectral broadening. This is unacceptable, for example, in long-haul,
high-data-rate fiber links where the increased spectral width due 1o multiwavelength
oscillation was shown in Chapter 3 to limit the data rate due to pulse broadening by
group velocity dispersion.

The existence of two such oscillating wavelengths is shown in the spectrum of
Figure 16-10(b) as the two peaks on either side of the “‘gap.”

A widely employed method [12] for forcing the DFB laser to oscillate prefer-

entially at a single midgap frequency is shown in Figure 16-10(c, d). An extra section

"Had we chosen a reference plane ofher than = = 0, x5 will not be real, but since x,, = 5, all the
results remain the same.
*This is just a sophisticated way of saying that at stady state, the oscillation condition is equivalent to

demanding that a wave launched, say, t the right, returns after one round trip with the same amplitude
and the same phase (modulo m27m),



	스캔0001
	스캔0002
	스캔0003
	스캔0004
	스캔0005
	스캔0006
	스캔0007
	스캔0008
	스캔0009
	스캔0010
	스캔0011

