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Lecture 22 Outline

* Finish Coupled Mode Theory
* Distributed Feedback (DFB) Laser

* Distributed Bragg Reflector Lasers
— In plane edge emitting DBR Laser
— Vertical Cavity Surface Emitting (VCSEL) Laser



Distributed Feedback Structures

Coupled-mode theory



Solution for index grating DFB structure
dA(z)

— =iAPA(z)+iK B(z)
dB(z)

—
-

=iK, A(z)—-iABB(z)

or equivalently in matrix form:

Coupled Mode Equations:
d {A(:)} _ {&ﬂ K, Mﬂﬂ
dz| B(z2) K, —-Ap || B(z)

L )

incident : A(O) transmitted : A (L)
<—B(0) <«<—B(L) =0
reflected |

|
z=20 z=1L
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Solution steps

Coupled Mode Equations:

d[4@)]_[ap K, (4G
d-| B(x)| | K, -AB || B(2)

|

Assume lossless gratings (K = K;;, and K,, = —K™ ) and eigensolution with form

5] =[5

The corresponding eigenequation is

with eigenvalues

[Ai;*q —Ag — q] lgﬁl =0

qs = =/ (AB)? — |K|? = +iS

S = /|K|? — (AB)?
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Eigenvalues of the matrix

AL — g K
—K*  —Af—q

(AL —q@)(=AB —q) — (—KK*) =0
(AB)* + q* —ABq + ABq + |K|* =0
q* = (Ap)* — K|* =0

with eigenvalues d+ — i\/(A,B)Z — |K|2 = +iS

S = /|K|? — (AB)?



Solution steps

We keep only two counterpropagating modes for forward and
backward TE, propagation with wave vectors

Be = +/(BF KT’

T
For 48] = |p(@) -+ < K

T
eigenvalues :Bi — X T i\/|K|2 — (A,B)z —

where § = \/|K|2 — (Aﬁ)z defines a circle of radius | K|

In momentum space this circle defines a “stopband” for solutions. This is
analogous to the forbidden energy gap in the band structure of semiconductors
(the grating behaves like a 1D crystal).



Remember the mode dispersion curves for symmetric slab WG

Notation switch ik,z iz effective _ £
in Chuang’s book > € index Moy = I
o
wn
B =P, (a)) = forward TE, mode
5 > | No Coupling (unperturbed)
T
B, =—p, (a)) + T backward TE, mode )
1 2
A k- A = ‘V ,11!8] - )‘ () ’\f A’()f‘ﬂ - ko
High frequency ¢ =

Cut-off

k, = @ +JUE
= =kon

=—n

> m/lEg=ky Y

Cut-off
k, = w U
0]

High frequency
k, = w +f[1,&,
i -

—-—C—”] =k0n1
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In the reference system for the grating

v=p = [30((0) =(—jngﬁx

Moy

A

v v =2 A =FA
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In the reference system for the grating

> x=£A=kA
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With coupling there is splitting where the unperturbed curves cross

Stop band

(b) 4B of radius |K]
|

\ Blw) ,

> kA
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6 - Ap
Bo = Bs

in Chuang

from Chapter 6 in Coldren, Corzine and Masanovic

Stopband
0{' ‘\ﬁkﬁ
Forward wave _e¢ », Backward wave
“replica” ‘." ‘.‘ “replica”
No* p2m/A BN
> = : ; 3 =
—21/A -8B, Po 21/ A Pe

FIGURE 6.4: An » — B diagram for the coupled fB,-solutions to contradirectional cou-
pling in a grating. with the uncoupled solutions denoted by thinner straight lines. Each of
the grating-generated replica solutions (dashed) and ordinary forward and backward wave
solutions (solid) correspond to one of the A or B coefficients indicated. The extent of the
stopband in both @ and f directions is also shown (where v, is the group velocity of the

unperturbed mode). However, the complex Bg-sc)lutiﬂns which exist throughout the stop-
band are not shown. Finally, the scale of the stopband has been exaggerated somewhat.
considering that ¥k <« 7t/ A to satisfy the weak coupling criterion. 25



Analytical solution for reflection and transmission coefficients

B(0) A(L)
o) =—-— | t(L) = —=
A(0) | I A(0)
incident : A (0) o _tr;nsmitted : A (L)
<—B(0) <«<—B(L) =0
reflected | |
z=0 z=1L
I (0) = ~ 1Ry, 5?111 qL. Reflection Coefficient
gcosqL —iABsingL
1(L)= d Transmission Coefficient

acosqL —iABsingL

within the stop band:

_ —iK sinh SL at AB=0,S= ‘K‘
ScoshSL—iABsinh SL ‘1-(0)‘ = tanh|KZ,
1S
ABsinh SL +iScoshSL

r(0)

1(L)=




=
y I

0.0 B
4.0

-3.0

A/

-2.0

10 00
ABIK]|
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Example of Coupling Coefficients: Simple Index Grating
Consider a waveguide with a periodic index:
n=ny,+An(z) for |x|<d/2
For a small i\.}r(z;:) ;
n® =ng +2n,An(z)=¢€(x)+Ae(x,z)

n; 1s the unperturbed portion associated with £ (x)
Ae(x,z)=2n,An(z) for [x|<d/2
Since im(;;:) 1s periodic, we can express it as a Fourier series:

jﬂ Z An PPTT

p=—o=
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J‘._’)”OA” ‘\‘ <d/?2 wave number of TE, wave number in

Asp = 1 d ‘ ‘ mode in material vacuum
0 X >d/?2 l
\\
ky = 0\ Hy€, and [, =kyn,
E 2 (€ 2o
K,=—2 | Ag, (x)E®(x) dx=—2(2n,An, T
ab 4 Hé[”z p ( )l ) ( )| 4 ( 0 1 ) ﬁO
K, = _%80 J. Ae ,(x)|E@(x) " dx

| |

K, = rkOAHH Kba = —rkOAH_!




Example of Coupling Coefficients: Index and Phase Grating

magnitude phase

An(z)= incos[zfﬁgﬁj

An i 27 An s
e’e
2 2
27 27
I—2Z

=An_e® +An e °

Coupling Coefficients

An 0 X An
ba 0
2 2

K, =1k,

— K

ab

still valid because
lossless medium



Applications of gratings in lasers — Distributed Feedback (DFB) Laser

‘Standard’ DFB

/

Antireflection
coatings

‘A/4 Shifted’ DFB '

from Coldren, Corzine and Masanovié
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Applications of gratings in lasers — Distributed Bragg Reflector (DBR) laser

Edge emitting lasers

32

from Coldren, Corzine and Masanovié



Applications of gratings in lasers — Distributed Bragg Reflector (DBR) laser

Vertical Cavity Surface Emitting (VCSEL) lasers

fpoz

A A
L, L,

T Lppr y
L, i ||||| LG+LP L, T La+Lp\

. l

Py,

¥,

from Coldren, Corzine and Masanovié



Distributed Feedback (DFB) Laser

IWW

P
AVAVAVAVAVAVAVAVAVAV. Jb) 3 BN ITHilE
V= Active region
N
S S SIS IS LSS SLSS SIS LSS LSS A S ST LSS,

DFB Lasers provide tight control of channel wavelength and minimize chromatic
dispersion (important in systems for long distance optical communications)

The reflection coefficient depends on

K Coupling coefficient Bg = ¢{m/A Bragg wave number
6 Detuning parameter 14 Order of grating (integer)
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Distributed Feedback (DFB) Laser

E (x)=(A(z)e" + B(z)e ) EM)(x) —N\ANANANAN—

Bg = ¢{m/A Bragg wave numb

er

i
| DFEB structure

:—"' A(0)

*— B(0)
|

z=()

A(z) and B(z) satisfy the coupled-mode equation:

d{ A() }:; AB K,

d= B(z)

ba

K. —ASB

A(z)
B(z)

Consider this index profile
for the grating

We found earlier:

An
2

e’

K, =Tk,

i«.n(:)ﬁ.ncm{zfzjtgoJ
An . '
K, =-1k, e =-K,
2 a
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DFB Structure — Reflection and Transmission

ANANN—
;:f::'; The phase of the grating ¢ depends
| on the location of the grating
‘"IZ - relative to the facet location
AVAVAVAVE
AL — Recall that:
B(L) -

A (z) = 4e'*
From the eigenequations of the coupled mode system
1 =(AB) +K K, =(AB) - |K[

When ‘A[)" < ‘K‘ the eigenvalue g becomes imaginary and
there is strong coupling between forward and backward waves.
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DFB Structures with Gain

The detuning parameter is modified to include gain or loss
contribution.

If we indicate with § =, — 3, the value of A[3 in the case
of no gain or loss,

'glf 'gn
sp=( g, -5 |-B, =, By 551
where as usual

g =I'g—a <« Net Modal Gain
o=Ta,+(1-T)er
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General case solution of the Coupled Mode equations

Consider again forward and backward TE modes

E,(x.z) =] 4(2)¢"™ + B,(2)e "™ |E{" (x)

_[ LiBg= =Bz | 1 (0) /..
=| A(2)e"” + B(2)e " |EL”(x)
Expand with eigenvectors to express general solutions

. 1q.z iq_z
A(z)=cve" +c,v,e

_ iq.Z iq_Z
B(z)=cve" +c,v,e

We can have initial condition ¢, =1, ¢,=0.

— EJ: (};j Z) — |:V1€ff}'+:€fﬁ3: 4 Vlefch:e—fﬁg: :| EED) (}t)
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The general solution is the sum of the eigenmodes

(Sections 8.22 and 8.52 provide the mathematical details of eigenstate solution method)

A(Z) Kab iqz Kﬂb —iqz

= (| e+ ¢, €

| B(a) q—AB —q—=Ap

N _
— A €rqg _I_ A e—rqz
- B+ — — B_ —
from which
B+:C1(Q_AI8) Aﬁ_q: K,

— e"'? ejsenmode
A+ ClKab _Kab Aﬁ + q ( g )

B__Aﬁ—'_Q_ Kba
A_ - _Kab - Aﬁ_q

Eigenequation (AB—¢)(-AB-¢)-K, K ,=0 39

(e eigenmode)



sdefine 7 (q) =2 r (q)=
Let’s define » 4 G m B
A(z) 1] rl
With these { (2) — 4" e + B { m}e?q‘-
rewrite B(z) | A 1
- A(0) | 1 : Lor || 4
7 — 0 ( ) — A—l— _I_ B— }-m — |
_B(O)_ r, | r, 1 || B~
— 'A(L)} . {El FDMA(OT
B(L)| | F, Fy| B
1 . . —7
F _ equ _ oy e—qu F — m equ _e—qu
11 l_ Fp}:ﬂ ( p'm ) 12 l_}})}’m ( )
r | | 1 | |
F — )% equ _e—rql F) . 7 equ + e—rql
2 l-rr, ( ) - l-rr, ( pm )
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Reflection and Transmission in DFB structure

With no incident wave at z = L and index matched material at
the facet, there is no end reflection with B(L) = 0.

i I
| DEB structure |

I—l- A(0) A(L) ——--I
[ B(0) B(L) =

| |
z=0 =7

o {A(L)HF“ F;QHA«))}
B(L)| | Fy Fy || BO)

0=B(L)=F,4(0)+F,B(0)
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Reflection and Transmission in DFB structure
Reflection coefficientat z = 0

_B(0) B, (e —e™) r(1-e)

()_ - T dgL | gL oy .. 2igl
A0)  FE, -rrne”+e [—rr,e

Transmission coefficientat z = L

2 2 | 2 | 2
T _ A(L) . 1 . 1_;})}:;3 . l_rp};.’!
o A(O) o I | gL . igL| 1— s 5 2L
22 € ;p;m(’ ?p;m(’

For the cased of index grating

2
gL :\/(az—f%] ~(KLY’
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Transmission Characteristic for DFB

The lasing condition occurs when the denominator of the
transmission coefficient approaches zero:

- i2ql
[-rre™ =0

Transmission spectra for the simple grating DFBs are
symmetric with peaks on both sides of the detuning point.

These peaks correspond to two degenerate longitudinal modes
that lase in the DFB structure.

This explains the bimodal failure mechanism in simple grating
DFB lasers.
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Transmission

2.0

0.5

0.0

Transmission Characteristic for DFB

Uniform grating (R; =R, =0)

I

d I
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Air

DBF Structure with End Facets

DFB structure

AVAVAVAVAVAY

= A(0) A(L) —»
<— B(0) B(L) <+
=() z

Alr

iPdz—L)
—»Ae P

= — B,(’.-iﬂd z-L)

L

The transmission matrix method can be applied to relate

A, with A(0)
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DBF Structure with End Facets

1

5

r"\]-

2

1

eiﬁBL-

Fy F
TR %
0 Fy
e—iﬁBL F2

A(L)e"*
B(L)e P




Lasing Condition with End Facets

AL my my, A(0)
B m,, M., B(0)
2 2
Transmission 7 — i _ My My, — My,
coefficient AU m,,

Lasing condition
1 ;
m,, = _[—rze 5t (nF, + F

11 12
rITE

)+e P (nF, + F,, )] —0
For the case of index grating, the oscillation condition can be shown to be
2 2
o [ o [ 2 o [ 2
SL—i=t= |=—i || 6L—i== | —(KL) | cot,|| 6L—i==| —(KL)
2 2 2

Real and imaginary parts of the equation needs to be solved for 6L and g,L for
each value of KL 47




Effect of Cavity End Conditions: Facet Coating
Symmetrical Cavity

(@) 2.5 - T - T T , .

Transmission

Detuning
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Effect of Cavity End Conditions: Facet Coating
Asymmetrical Cavity

(b) 14 e
P =03R,=0. _
17 Rl U,R__ 0.4 G =04 i
- _RI=G.IR3=D.9
10 |-
= .
? o |
,;,E.. !
: 6 k-
4 |-
2F N
A
JooN
= S

Detuning
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Lasing Peak can be obtained to operate on either side of stopband

(o 4 ————m@mm™———m————————r———— 0.8
" Below threshold Laser A ]
3 | ! lo.6
[ =====Experiment 1
S
CJ
%
<
O.LJlAA.AAA.JA..A...‘O
1.538 1.54 1.542 1544 1.546 1.548
(b) 4 e |
| ——— Theory Laser B |
] [ ==e=eExperiment 108
ER
g [
m -
)
<
1
0...4i..-1AAA1L.A1L..‘O
1.538 1.54 1.542 1.544 1.546 1.548

Wavelength (um) "



Phase Shifted DFB breaks the degeneracy

A4 - shifted DFB Laser
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Transmission

2.0

Phase Shifted DFB breaks the degeneracy
A/4-Phase-shift grating

' T ' T ' T '

| cemt G=0

Detuning
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Distributed Bragg Reflector (DBR) Laser

DBR , DBR
e : o —g—  Pump region ————- : -
region region
[_)
NS N NSO NS NSNS

Aclive region
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Intuitive Picture

DFB laser with a uniform grating

standing wave. +1! mode

;m

-1st mode ST . -1st

»

FIGURE 2.8. Schematic representation of longitudinal modes in DFB lasers with a uniform
grating and »/4-shifted DFB lasers. Corrugations and standing waves around the center of the
laser axis are shown at the left-hand side of the figure.

[N. Chinone and M. Okai, “Distributed Feedback Semiconductor Lasers” Chapter 2 in Semiconductor Lasers:

54
Past, Present, and Future, G.P. Agrawal, editor (1995) ]



Top Reflector

Quantum Well
Heterostructure

Bottom Reflector —

The Modern VCSEL

Proton Implant Top Contact
Planarizing \ A de Aperture
Material \ o

Confined Mode
GaAs Substrate

b Bottom Contact
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VCSEL Properties

* Lower threshold current and
power dissipation than edge- Commercial VCSEL L-l and I-V
emitting lasers - e ,

— Sub-mA versus several mA
laser threshold current 1.8f

— mWs versus 10’s of mWs
power dissipation

* Good optical beam quality

— Circular as opposed to
elliptical beam shape

— Low divergence (<10° versus
>30° ) 0.2+

* Better compatibility with O Y ey
wafer-scale manufacturing
methods than edge-emitting

lasers

b)

11.5

—
.
T L] ¥

Spectra

e

]ﬂull a)

Voltage (V)

-
o
T T

Light Qutput {(mW)

e
N

10.5

Power (Arbitrary Units)

i} 653

£
]

B4E  B43 8BS0 851
Wavelength (nm)
1
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Comparison of Laser Parameters

Edge Emitting Laser VCSEL
oy Circular
Beam Shape Elliptical . .
(easy to couple to optical fiber)
Modal Always multiple longitudinal Always single longitudinal
Behavior Can be single transverse Multiple or single transverse
Threshold 5-500 mA 0.1-3 mA
Current
Drive Current 10-2000 mA 0.5-10 mA

Spectral 1-3 nm linewidth <0.1 nm linewidth
Properties with multiple modes with single mode
Temperature 0.4 nm/°C 0.08 nm/°C
Dependence
Output Power 1-1000 mW 0.5-5 mW
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Reading Assignments:

e Section 8.6 of Chuang’s book
e Section 10.6 of Chuang’s book

* Sections 3.1-3.5 in Coldren, Corzine and Masanovic

e Chapter 6 in Coldren, Corzine and Masanovic
(supplemental)

e Section 8.2 in Coldren, Corzine and Masanovi¢



