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Abstract

In the first part of this thesis a study of the effect of the longitudinal distribu-
tion of optical intensity and electron density on the static and dynamic behavior of
semiconductor lasers is performed. A static model for above threshold operation of a
single mode laser, consisting of multiple active and passive sections, is developed by
calculating the longitudinal optical intensity distribution and electron density distri-
bution in a self-consistent manner. Feedback from an index and gain Bragg grating is
included, as well as feedback from discrete reflections at interfaces and facets. Longi-
tudinal spatial holeburning is analyzed by including the dependence of the gain and
the refractive index on the electron density. The mechanisms of spatial holeburning
in quarter wave shifted DFB lasers are analyzed. A new laser structure with a uni-
form optical intensity distribution is introduced and an implementation is simulated,
resulting in a large reduction of the longitudinal spatial holeburning effect.

A dynamic small-signal model is then developed by including the optical intensity
and electron density distribution, as well as the dependence of the grating coupling
coefficients on the electron density. Expressions are derived for the intensity and
frequency noise spectrum, the spontaneous emission rate into the lasing mode, the
linewidth enhancement factor, and the AM and FM modulation response. Different
chirp components are identified in the FM response, and a new adiabatic chirp compo-
nent is discovered. This new adiabatic chirp component is caused by the nonuniform
longitudinal distributions, and is found to dominate at low frequencies. Distributed

feedback lasers with partial gain coupling are analyzed, and it is shown how the de-



vi
pendence of the grating coupling coefficients on the electron density can result in an
enhancement of the differential gain with an associated enhancement in modulation
bandwidth and a reduction in chirp.

In the second part, spectral characteristics of passively mode-locked two-section
multiple quantum well laser coupled to an external cavity are studied. Broad-band
wavelength tuning using an external grating is demonstrated for the first time in
passively mode-locked semiconductor lasers. A record tuning range of 26 nm is mea-
sured, with pulse widths of typically a few picosecond and time-bandwidth products
of more than 10 times the transform limit. It is then demonstrated that these large
time-bandwidth products are due to a strong linear upchirp, by performing pulse
compression by a factor of 15 to a record pulse widths as low 320 fs.

A model for pulse propagation through a saturable medium with self-phase-modu-
lation, due to the a-parameter, is developed for quantum well material, including the
frequency dependence of the gain medium. This model is used to simulate two-section
devices coupled to an external cavity. When no self-phase-modulation is present, it
is found that the pulses are asymmetric with a sharper rising edge, that the pulse
tails have an exponential behavior, and that the transform limit is 0.3. Inclusion of
self-phase-modulation results in a linear upchirp imprinted on the pulse after each
round-trip. This linear upchirp is due to a combination of self-phase-modulation in a

gain section and absorption of the leading edge of the pulse in the saturable absorber.
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Part 1

Longitudinal static and dynamic

effects in semiconductor lasers



Chapter 1

Introduction

1.1 High performance optical fiber communica-
tion

High speed and long haul optical fiber communication is in most applications limited
by the performance of the transmitter. The optical fiber bandwidth extends over
several tens of nm at the preferred communication wavelengths of 1.3 pm and 1.55
pm [1], and the bandwidth of erbium doped fiber amplifiers (EDFA) is on the order
of 20 nm [2]. The fastest transmitters use Fabry-Perot (FP) or distributed feedback
(DFB) lasers for which the highest reported modulation bandwidth is 25 GHz (FP)
[3] and 22.5 GHz (DFB) [4] at 1.55 um, while commercial devices are only reaching
into the 10 GHz range. In order to make a more efficient use of the available fiber

bandwidth of 2.5 THz (= 20 nm), techniques such as wavelength division multiplexing



(WDM) have to be used [5].

In addition to this limited modulation bandwidth of the transmitter, fiber dis-
persion and loss [1] play an important role, such that the laser transmitters have to
satisfy several of the following conditions to be suitable for high speed, long haul

optical communication:

e high power operation

single longitudinal mode (SLM) operation at high power

linear dependence of optical power on injection current for analog modulation

large modulation bandwidth

low frequency chirping under AM modulation
¢ narrow linewidth
o low relative intensity noise (RIN)

e and others, such as long lifetime, high temperature operation, low threshold

currents, low cost, ...

1.2 Single mode lasers and spatial holeburning

The SLM operation requirement is usually solved by using distributed feedback (DFB)
lasers, which use a frequency selective feedback from a Bragg grating, to obtain

wavelength predictable SLM operation at threshold [6,7]. As the feedback in DFB



lasers extends over the whole cavity length, the optical intensity is concentrated near
the center of the device. This nonuniformity in the optical intensity increases with
increasingly stronger gratings as less and less power gets transmitted to the end
regions of the device. Through stimulated emission the optical intensity will induce
a nonuniformity in the electron density and the associated gain and refractive index,
resulting in a power dependent optical cavity. The laser characteristics become power
dependent through the nonuniform longitudinal distribution of optical power and
electron density [8].

In the last few years a considerable amount of research has concentrated on im-
proving the material parameters (differential gain and a-parameter) [9,10], and the
electronic structure (state filling, carrier transport and capture effects) [11,12,13,14],
while only a limited effort has concentrated on the effects of the optical cavity and
the longitudinal distributions on the lasing characteristics. Most models consider the
oversimplified uniform cavity, where the complete optical cavity structure is lumped
into one parameter, the photon lifetime. From the above arguments however it is obvi-
ous that the longitudinal distributions and their power dependence play an important
role in the performance of DFB laser transmitters for high speed and long haul optical
communication. One can for example take a FP laser and a DFB laser with the same
photon lifetime, and still measure completely different dynamic characteristics as the

modal distributions and modal dynamics are different for each laser.



1.3 Outline of part I

In the first part of this thesis, the effects of the longitudinal distributions on the laser
characteristics will be investigated. A nonlinear static and dynamic theory for SLM
lasers will be developed, where the longitudinal distribution of the power and the
electron density will be taken into account in a self-consistent way, as well as the
structural effects on the dynamic parameters. Chapter 2 describes the static theory
which calculates the power and electron density distribution in a self-consistent man-
ner. Chapter 3 applies this static theory to DFB lasers, and demonstrates how the
interaction between the power distribution and the electron density distribution (lon-
gitudinal spatial holeburning (LSHB)) affects the static lasing characteristics leading
to loss of SLM operation at high power in some cases. Chapter 3 also discusses how the
nonlinearity due to LSHB can be reduced, and a new ideal structure that completely
eliminates LSHB is introduced and analyzed. Chapter 4 decribes a small-signal dy-
namic theory including the longitudinal power and electron density distributions, as
well as structural effects. This results in an expression for the spontaneous emission
linewidth using structural parameters instead of material parameters, and expressions
for the intensity and frequency noise spectra. Expressions for the AM and FM mod-
ulation response are derived, and different chirp components in the FM response will
be identified. This dynamic theory is then applied to a standard DFB laser, and to a

partially gain coupled DFB laser where the feedback depends on the electron density.
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Chapter 2

Nonlinear theory of single

longitudinal mode lasers

2.1 Introduction

A nonlinear theory for above threshold operation of single longitudinale mode (SLM)
semiconductor lasers is developed in this chapter. The longitudinal dependence of
the two counter propagating optical waves and the electron density is included in
a self-consistent way through the dependence of the electron density on the optical
intensity (resulting in longitudinal spatial holeburning (LSHB)), and the dependence
of the gain and the refractive index on the electron density.

It is assumed that all the optical power is contained in one longitudinal mode
and the theory fails when a significant amount of power is present in a second mode.

To correctly include multi longitudinal mode operation, the amount of spontaneous



emission coupled into each mode has to be taken into account. This will not be
considered here, and as a result all the power in the lasing mode is assumed to come
from stimulated emission. This assumption simplifies the lasing condition to one that

requires that the round-trip gain be equal to 1 in amplitude and phase.

| I](C): n8ff(t.)): Kn(C)! KG(C)

=N

Figure 2.1: General laser structure

The theory can be applied to any combination of active and passive sections includ-
ing distributed feedback from index and/or gain gratings, as well as discrete reflections
from facets or section interfaces (Fig. 2.1). Each section can have z-dependent in-
dex (kn(z)) and loss (k,(z)) coupling coefficients, waveguide structure (n.ss(z)), and
current injection (/;(z)), where the z axis represents the longitudinal direction. Each
section is characterized by its own specific material parameters, and a discontinuous
shift in the grating phase can only occur between two sections. The material gain
and the refractive index are assumed to be linear functions of the electron density,
and the enhancement of the stimulated emission rate due to the presence of a gain

grating is included.
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After deriving the relevant equations and describing the solution algorithm, two
characteristics of semiconductor lasers are discussed. First a general expression for
the external differential efficiency and the optical efficiency is derived and applied to
a few simple examples. Finally an expression for the amplified spontaneous emission
spectrum is derived.

In recent years several models for DFB lasers above threshold have been developed
[1]-[12]. All of them are slightly different, but are based on the same basic ideas used

in the theory described below.

2.2 The optical field and the coupled mode equa-

tions

In general the optical field in a laser can be described as a superposition of cavity
modes with each cavity mode determined by a transverse (or waveguide) mode and
a longitudinal mode. Single mode lasers operate in a single waveguide mode and a
single longitudinal mode (composed of two counter propagating waves). The electric
field E and magnetic field H in the frequency domain can then be written as (for

simplicity TE-modes are assumed, E,. = 0; for TM modes see appendix A)
E(z,y,2) = [a(z)e" + b(z)e* | Ep(,y) (2.1)

H(z,y,2) = [a(2)e™% = b(z)et | Hy(z,y) + [a(2)e™* + b(z)et | Hyu(2,y)

(2.2)
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where E,;, H,;, and H,, are the transversal and longitudinal component of the wave-
guide modes for the structure without the grating and zero net gain. The reference
wavevector f3, is typically chosen as the Bragg wavevector of the grating, but in
absence of a grating, e.g., FP section, the choice of j, is arbitrary. The complex
function Ep(z) = a(z)e ¥ (Eg(z) = b(z)e**%*) is the complex amplitude of the
forward (backward) propagating wave, and has to satisfy the coupled mode equations,

which are derived in appendix A:
‘.d " )
3 = [0 = i83(0)] a(Q) + [7a(0) = i (O] (() (23)

2 = [Ra(0) = i5a(0)] e¥a(0) — [3(6) = i8B(0)] 0 (2.4
with ¢ = z/L (L is the total length of the laser), 5(¢) = 7(¢{)L the normalized net
amplitude gain, AB(¢) = AB(C)L the detuning factor, &.(¢) = ka(()L (o(¢) =
k,(C)L) the normalized index (loss) coupling coefficient. The coupling coefficients &,
and K, are real numbers, and the phase of the grating is included in ¢(¢) with the
grating given by

sin 28, + ¢(¢)] (2.5)
where 3, = B,L is the normalized reference wavevector, and the (-dependence of ¢
allows for chirped gratings, in which case the phase ¢(() can be split in two parts.
A continuous part ¢.(() which accounts for the chirp in the grating, and a multiple
step function ¢, which accounts for the phase shifts in the grating. The local Bragg

wavevector BO(C ) is then given by

2 A 1d¢’c
ﬂo(() . Bo + 'é' d(

(2.6)
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and the total phase is
- £ y
28,0+ () =2 [ BuC)C + ¢, (2.7)

In order to remove the (-dependence in the phase of the coupling coefficient, the

following substitution is made in the coupled mode equations (2.3,2.4)

a(¢) = a(Q)er i (2.8)
b(¢) = b(¢)e 3¢ (2.9)
giving
da 3 o il ) - o
7 - [3(¢) —iaB/(0)] a(¢) + [Ra(C) — ika(C)] €7*B(¢) (2.10)
db

= (O =ik (e a(¢) - [1(¢) —iaF ()] 4¢) (2.11)

with the detuning factor AB'(¢) defined as

AF(Q) = AB(C) — 577 = DB + B, - Bi(©). (2.12)

A chirped grating has the same effect as a (-dependent effective index with the only
difference being that the chirped grating has a wavelength independent effect on the
detuning factor while a variable effective index has a A~'-dependent effect on the
detuning factor. The choice of a chirped grating or a variable effective index will
therefore result in a similar effect on the lasing condition and the lasing mode.

The forward and backward propagating waves have to satisfy the boundary con-
ditions at the facets, as well as at interfaces where discrete reflections occur. Any

discrete reflection will interfere with the reflection from the grating such that the
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relative phase between the grating and the discrete reflection is important. As the
grating phase changes over 27 every /2, the interface location has to be known with
an accuracy much smaller than A/2 (~ 100nm). The present technologies do not
allow localization of interfaces with such an accuracy and the relative phase between
discrete reflections and the grating is therefore a random variable. The magnitude
of the grating response is much less sensitive to the exact grating length (typically
> 100)) and can be taken as deterministic. From here on the laser and section lengths
are assumed to be deterministic, and a random phase is added to the reflection co-
efficients of the interfaces and facets. For nonzero discrete reflection coefficients, a

statistical analysis in function of the relative phases should be performed to evaluate
the laser characteristics.

The boundary conditions at the facets are
Er(0) = r1 Eg(0) (2.13)
Eg(1) =rEp(1) (2.14)

with r; = /R;e¥ (i = 1,2), R; the power reflection coefficient at the facets and ¢;

the random phase.

2.3 Solution of the coupled mode equations

The coupled mode equations (2.10)-(2.11) with the boundary conditions (2.13)-(2.14)
form an eigenvalue problem with (-dependent coefficients in the differential equations.

In general this problem has to be solved numerically, as analytical solutions are only
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possible in a few specific cases, e.g., constant coefficients. Equations (2.10)-(2.11),
(2.13)-(2.14) are solved using the fundamental or transfer matrix approach, where the
laser is approximated as a cascade of segments A( of constant ¥, n.yy, &, Ko, and ¢
[13].

If Er and Eg are known on one side of a segment A( with constant coefficients,
the coupled mode equations (2.10), (2.11) can be solved to find Er and Eg on the
other side of the segment.

For forward propagation one finds:

Er(¢ + AQ) Er(¢)
= F((,AQ) (2.15)

Ep(C+ AC) Ep(()

and for backward propagation:

Er((—A E
F(¢ — A() — F(C—AQ) F(¢) . (2.16)

Ep(¢ — A() Ep(¢)

The transfer matrix F is given by

F((, A =
e8¢ (cosh SA( + 142 sinh SAC) e~ ioblemi¢o Eazifa sinh SA(
e+iBoACgtivs Eaziie sinh SAC e+1Po5¢ (cosh SA¢ — 2= sinh SAC)
(2.17)
where S is
§2 = (7—i0B)" + (Ra — ik,)? (2.18)

and the coeflicients 4, n.ss, &,, £,, and 8, are sampled at ¢ + %A( . The phase ¢, is

the grating phase at { = mA( and is given by



6,(C=mAQ) = é[m—1)A+25, [(m - 5) ac] A¢

+6.[mAC) - 6, [(m —1) AC]
phase shift at mA(

6(0) + 3 2BomAC + 64(mAQ)

15

= 2mB,A( + ¢(mA()

with Bom = B, [(m — 1/2) A(] and given by

¢(mA() — . ((m —1)A()

)Bamzﬁo‘l“ QAC

(2.19)

(2.20)

For chirped gratings the piecewise constant grating approximation has to result in

a continuous grating phase, except where physical phase shifts are present. Hence

the local Bragg wavevector is approximated as piecewise constant and not the phase.

The phase of the grating is approximated as a continuous piecewise linear function.

The boundary conditions at the facets are

and

Er(0)

| Es(0)

- Er(1)

Ep(1)

-

L

T2

-

(2.21)

(2.22)

The lasing condition requires that the complex round-trip gain G,; of the cavity

equals 1, where the round-trip gain is given by rprg, where rr and rg are the complex

reflection coefficients seen from an appropriately chosen reference plane (, (fig. 2.1):

_ EE(G)

T‘L—E

BB
R~ ERG)

(2.23)
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where EE 5((,) is obtained by forward propagation (2.15) of boundary condition (2.21)

EL(C .
PO | _ e —aca0-Fo,80 | ™ (2.24)
EL(¢) 1

and E'E B((.) by backward propagation (2.16) of boundary condition (2.22)

ER(C) :
= F(Co+ A¢, —A() -+ F(1,-A() : (2:25)

ES(CO) T2

The eigenvalue equation to solve becomes then

Gri(w, I) = rg(w, rp(w,I) =1 (2.26)

with I the total current. In general the round-trip gain G,; depends on the location
of the reference plane (fig. 2.1) . When the round-trip gain is equal to 1, however, it
is equal to 1 for all locations of the reference plane. Qut of numerical considerations
however, choice of the reference plane should not be completely arbitrary, but such
that |rp| ~ |rg|. Solution of equation (2.26) at and above threshold will be discussed

in section 2.6.

2.4 The gain and the effective index

The net amplitude gain 7 and the detuning factor A#' in the coupled mode equations
(2.10)-(2.11) depend on the electron density through the modal gain § and the effective

index Negs

30 = 1% (227)
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with &; = a;L the normalized internal losses, and

= w

AB(C) = Zness (L = Bu(0). (2:28)

The modal gain is a function of the electron density and the wavelength. The
wavelength dependence of the gain will be neglected, as the bandwidth of the gain
is usually much larger than the bandwidth of the grating response. In some cases
however, e.g., broadly tunable two-section DFB lasers, this approximation is not
justified. The material gain g,, is assumed to be linearly dependent on the electron
density:

gm(¢) = A[N(C) — N, (2.29)

where A is the material differential gain, and N, the transparency density for a
particular section. This assumption is not essential for the theory, but it speeds up
the numerical calculations.

The normalized modal gain g is then given by
3(¢) = Togm(¢)L = A [N(¢) - 1] (2.30)
with A the normalized differential gain
A=T,AN,L (2.31)
T, the optical confinement factor, and N(() is the normalized electron density

N(¢) = . (2.32)




ans

The effective index can be seperated into a component n. ,({) that is independent
of the electron density, and a component An.ssn(() that depends on the electron
density.

Nesr(€) = nesro(C) + Aneppn(€)-

The (-dependence of n.s;, comes from longitudinal variations of the waveguide,
and slowly varying average perturbations from the grating (A.67). The component
An,ssn is assumed to vary linearly with the electron density, and in general decreases

with increasing electron density.

aAl',A

Angrn(C) = = o

N(¢)

with a the linewidth enhancement factor, which is the ratio of the differential index
to the differential gain, and A the vacuum wavelength.

In normalized parameters, the effective index becomes

Ness(C) = nesso(¢) — CN(C) (2.33)

with the normalized differential index C given by

A dn

C = ——= roNod—N‘ (2’34)

Aa
ir L

and dn/dN the material differential index.
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2.5 The electron density

2.5.1 The rate equation

The electron density N(() is determined by a rate equation that takes into account
the pumping, the spontaneous emission and the stimulated emission. In steady state

(d/at =0) this rate equation is

A0 o516 — vyl CIp() (2.35)

"m0 =

with f;(C ) the normalized longitudinal current density, S,({) the area of the active
layer cross-section, e the electron charge, 7, the spontaneous recombination lifetime,
p(¢) the photon density, and v, the group velocity. Diffusion in the longitudinal
direction has been neglected as the electron density does not change much over one
diffusion length. For increased speed in the calculations, bimolecular (~ N?) and
Auger (~ N?) recombination have been neglected.

The total current I is determined by

I= [ B(OdC + s (2.36)
0

with Ij.x the leakage current.
When an interface of the active layer contains a grating to provide gain coupling,

the area S, of a cross-section of the active layer depends on (

Sa(¢) = T(¢)Sopt = [T + Tysin (28.¢ + )] Sopt (2.37)
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with S,,¢ the optical mode area, which is not affected by the grating for separate
confinement structures.

The total power P(({) in the cavity is related to the photon density p({) by

P(C) = hVU_qSoptp(()

with hv the photon energy. Substitution in (2.35) gives

eN,LS,(() A e

LN () = =T (OO P(C). (2:38)

0=1I(¢) -
The electron density N, and thus also the material gain g, varies slowly over a

diffusion length. Seperating all terms in (2.38) into their slowly varying component

and their component varying with the grating gives

0 = I(¢) + In(¢) sin (2B.¢ + ¢)
VoptNoe

Ts

= f;frm(c') [1“o + Iy sin (2[1,( + q’))] P(¢). (2.39)

[To + Tysin (28 + 6)] N(¢)

The total power P(() is given by
P(¢) = Pr(C) + Ps({) + 2C*Re [Ep(¢) E(()] (2.40)

with Pr = C%|Efr|* (Ps = C?|Eg|*) the forward (backward) propagating power,
and C a normalization constant. The third term in (2.40) represents the standing
wave (with the * denoting complex conjugate). This standing wave term is usually
neglected in the rate equation (2.38), as it has a spatial variation that has a periodicity

much shorter than the diffusion length. In the presence of an active layer thickness
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modulation (I'; # 0), this standing wave term cannot be neglected, as it mixes with

the modal gain modulation and contributes to a slowly varying term in (2.39).

[To + Tusin (280¢ + 6)] [Pr(¢) + Pa(C) +2C*Re [EF(¢)E(Q)]] =
T, [Pr(¢) + Ps(()] + ThC?Im [€%a(Q)6(C)] + O (e¥%5¢) . (2.41)
The second term on the right-hand side in (2.41) is proportional to Im {e"’a(()b‘(()],
the component of the standing wave that is in phase with the grating. Substituting

(2.41) into (2.39) and taking only the slowly varying part gives the following final

equation for the electron density

0= 1(¢) = Trans V() = 1) [Pr(C) + Pol0) + L€ Im [4a(0p(0)] ] (2:42)

with
V.N,
Itraru = il (2.43)
TJ
the transparency current, V;, the volume of the active layer, and
g(() = Foﬁm(() (244)

the modal gain.
The total current can be written as the sum of the spontaneous emission current

Ispon sthe stimulated emission current Iy, and the leakage current Ij.qx.
I= I.spon + Ltim + Ileak (2°45)
with (using (2.36) and (2.42))

1 -
B = / Lrans N(¢)dC (2.46)
1]
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€

Lim = 1= [ 36) [Pr(©) + Po(©) + 2cIm [e*a(cpr(0)] dc  (247)

Tiear = (L=m)d (2.48)

where 7; is the internal quantum efficiency, and will be taken as 1.

Solving (2.42) for the electron density, using (2.30) for the modal gain gives

N(¢) = I(¢) + SA [Pr(¢) + Ps(C) + BC?Im [¢a(¢)5(0)]]
Itraru + ﬁ{& [PF(C) + PB(C) + %szm [e“"a(()b‘((’)]] T

(2.49)

2.5.2 The gain coupling coefficient

The modulation (I'; # 0) of the active layer thickness results in a gain and index
grating, and can be related to the coupling coefficients &, and &,. The modulated

modal gain can be written as (A.68), (A.70)

r ~
Gmea(€) = 3(¢) + (O sin (28:C + 9)

= §(¢) — 4knsin (28,0 +¢). (2.50)

The gain coupling coefficient of the active layer thickness modulation is thus given

by

1Ty

ka1(C) = 1T (€)- (2.51)

The total gain coupling coefficient is the sum of the modal gain modulation £,; and

any other loss modulation &,,

fe(C) = Kar(C) + Koa(C)- (2.52)

For a grating given by (2.5), &, is positive for a net loss modulation, and negative

for a net gain modulation. It is important to note that k,, depends on the electron
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density and will thus be affected by spatial holeburning, while %,, is independent of
the electron density. Gain coupled DFB lasers with the same gain coupling coefficient
can have different behaviors above threshold, depending on whether the gain coupling
comes from an active layer modulation or from a loss layer modulation. For modu-
lation of the active layer thickness, the coupling coefficient depends on the threshold
gain, while the threshold gain depends on the coupling coefficient. The gain coupling
coefficient of the laser is thus a priori unknown, and will depend on the laser length

and the internal losses [14].

2.6 Solution of the lasing condition

The lasing condition (2.26) has to be solved numerically to determine the lasing
wavelength and the total current. Two different cases have to be considered. One is
determining the threshold condition, and the other is determining the total current
needed for a given power level in the laser. The power level in the laser is set by the

output power P, out of the left facet with

Pounn = (1 = Ry) |E5(0)[". (2.53)
The output power P,,:2 out of the right facet is then

Pouz = (1 — Ry) |EF(1)|2 (2.54)

where the fields Frp have been normalized such that C =1

The lasing wavelength will be close to the Bragg wavelength, so a relative deviation
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of the Bragg condition will be used as a representation of the wavelength:

2x L

X Neffth — B, (2.55)

AB =

where n sg 4 1s the average effective index at threshold

1
Neff th =/{; Neyssen(C)dC. (2.56)

The detuning factor AB'(¢) (2.28)is then given by

AR = %(TCSABM +8. [’:’f’f(i) - ﬂ;;EO] . (2.57)

Tuning of the lasing wavelength due to spatial holeburning will occur for two
reasons. The first one is a change in average effective index n.;y,, resulting in a
change in the average Bragg wavelength. The second one is the nonuniformity in
the effective index and the gain resulting in tuning of the wavelength with respect to
the average Bragg wavelength. This last effect can be represented by calculating the

detuning factor AfB,, with respect to the average Bragg wavelength

2rL

AABGU = 3 Neffav _ﬁo
= n-cff.dv AB«”" + B-o [neff,av _ 1] (2.58)
Meff.th Meffth

with n.sf e, = fg ness(¢)d( depending on the power level.

2.6.1 Solution at threshold

At threshold the stimulated emission rate in the cavity is zero. The total current is

equal to the spontaneous emission current, and the electron density is given by (2.49)

ﬁ‘r(C) _ Ilo(()

(2.59)

Itra.ns
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guess current

A 4

scan round-trip gain spectrum to
approximate mode locations (phase=0)

Y

adjust A[}:h to round-trip
gain phase = 0

y

find mode with maximum round-trip gain

4

adjust current until maximum
round-trip gain = 1

Figure 2.2: Algorithm to solve lasing condition

The lasing condition (2.26) is solved using (2.17), (2.23)-(2.25), (2.27), (2.30), (2.33),
(2.45), (2.46), (2.51), (2.52), (2.57) and (2.59) as illustrated in Fig. 2.2. At a fixed
total current the longitudinal modes ABy for which the phase of the round-trip gain
rL(ABth, I)rR(Aéth, I) is equal to zero are determined. The longitudinal mode with
the maximum round-trip gain magnitude is then determined, after which the current
is adjusted to get this maximum round-trip gain equal to 1. Each time the current
is changed the modes AB,; are readjusted to have a round-trip gain phase of zero.
This iteration goes on until the current with a maximum modal round-trip gain of 1

is found.
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2.6.2 Solution above threshold

Above threshold the current is determined by spontaneous emission as well as stimu-
lated emission. The stimulated emission term in (2.42) depends on the output power
(P,ut1) of the laser, as well as on the field distribution (Eg({) and Eg({)). The field
distribution itself depends on the electron distribution through the effective index
(2.33) and the modal gain (2.30). The field distribution will therefore depend on
the output power of the laser, and has to be determined self-consistently. The algo-
rithm used t6 solve for the field distribution is shown in Fig. 2.3. The output power
P, out of the left facet is chosen as the independent variable, and remains fixed to
determine the operating point. While keeping the field distribution fixed, the total
current is adjusted to satisfy the lasing condition (2.26), using the same algorithm
as in the solution at threshold, but with (2.49) instead of (2.59) to determine the
electron density. During this iteration only one mode AB,;, is considered. Once the
total current that satisfies the lasing condition has been determined, self-consistency
of the assumed field distribution and the used field distribution is checked. If the
calculated field distribution differs from the used field distribution by more than a
predetermined relative error, a new guess for the field distribution is made. This new
field distribution can be either the newly calculated field distribution or an average
of the calculated and the previously used field distribution. An initial guess for the
field distribution is typically either the distribution at threshold or a field distribution

self-consistently calculated at another output power P,.:1. As only one mode was con-
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Figure 2.3: Algorithm for self-consistency above threshold

self-consistent solution
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sidered while determining the field distribution, a final check has to be performed on
the other longitudinal modes once the field distribution converges. If a longitudinal
mode is found with a round-trip gain magnitude larger than 1, the iteration starts
over using this new mode. If this new mode turns out to be the maximum round-trip
gain mode, it is assumed that a mode switch has occurred. If the algorithm keeps
switching between different modes without ever finding the highest round-trip gain
mode, then it is assumed that no single mode operation exists. In the case of an ac-
tual mode switch, the model is not reliable as it assumes that all the power is present
in one mode, while just before the mode switch, and just after the mode switch a
considerable amount of power should be present in the side mode. Prediction of mode

switches using this model is thus not very accurate.

2.7 The differential quantum efficiency

The external differential efficiency or slope efficiency per facet is defined as the deriva-

tive of the output power with respect to the current:

__ € dPouti
W= dr

(2.60)

This efficiency can be derived from the measured or calculated L-I characteristics,
but it can also be predicted from the optical field distributions. The most general
expression published so far for np [15]-[16] is only valid for uniform gain and internal

losses. In this section a general expression for 7p is derived, including nonunifrom

gain and losses, and index and gain coupling.
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The slope efficiency np is determined by two processes. The first one is the
probability that an injected electron will contribute to a photon in the lasing mode,
and the second one is the probability that a photon in the lasing mode will end up
in one of the two facet output powers. This second probability is called the optical

efficiency 1,

2.7.1 The optical efficiency

Above threshold the flow of photons into the lasing mode at a plane ( is given by the

stimulated emission rate Ry, (2.47, 2.51)

Ruin(§) = 1o {3(Q) [PE(Q) + P(C)) 45 (O)Cm [e*a(Op ()]} (261)

As all the lasing power is assumed to come from stimulated emission, the expressions
that will be derived are only valid high enough above threshold.
Using (2.27) the stimulated emission power Py;m(() = Rstim({)hvV, is then equal

to

Poim(€) = 239(0) [PF(C) + Pa(Q)] + & [Pr(C) + Pa(€)] — 470 (¢)CIm [ea()b(¢)] -
(2.62)
From the coupled mode equations (2.10), (2.11) the following coupled mode equa-

tions for the powers can be derived
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T = BHOPE) + 20a(OCRe [#a(O1(O)] — 26(C)C% m [ea( ()1 (0]
(2.63)
_% = 23(0)P5(C) — 2kn(¢)C*Re [a(()b"(C)] — 274(C)C?Im [e*a(¢)b"(0)]

(2.64)

The factor e*®a(()b"(¢) is the standing wave pattern of the two counter propagating
fields, with its phase referred to the grating phase, such that the imaginary part is
the component in phase with the grating and the real part is the component /2
out of phase with the grating. Feedback due to index coupling occurs through the
out-of-phase component, and is an exchange of power between the forward and the
backward waves as the signs in (2.63), (2.64) indicate. On the other hand feedback
due to gain coupling occurs through the in-phase component of the standing wave,
and is not a simple power exchange between the two counter propagating waves, but
rather a modulation at the grating period of the total power distribution. Regions of
maximum modal gain experience more stimulated emission than regions of minimum
modal gain, and the total gain seen by the the mode is maximum if the standing wave
is in phase with the gain grating.

Substituting (2.63), (2.64) into (2.62) to eliminate ¥ gives

dPr  dPg

Puin(§) = g7 = g7+ 4702(()C*m [2a(C)*(O)] + & [Pr(¢) + Pa(0)]  (265)

where £, is the component of the loss coupling coefficient that is independent of the

electron density (2.52). The local stimulated emission power Py, (() contributes to a
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growth of the two counter propagating waves (first two terms in (2.65)) and internal
losses (last two terms in (2.65)). Depending on the sign of the in phase component of
the standing wave, the loss modulation can either increase or decrease the net internal
losses.

The total stimulated emission power Py, 1s found by integrating (2.65) over the

total laser length, using (2.53) and (2.54)

Pstim = Founn + Pouﬂ + Pa‘- <+ -Pn., (266)
with
1
Po = [ &lPe()+ Pa(C))dg (2.67)
P, =4 /0 1 kq2(0)CIm [€%a(¢)b(C)] d¢. (2.68)

The optical efficiency 7o for facet i is then given by

Pou H .
Topti = P,,.; (i=1,2) (2.69)

2.7.2 The external differential efficiency

The optical efficiency relates the output power to the stimulated emission current
(2.47) through

h
Pouti = nopti(I)Istim(I)_ey'- (2'70)

The optical efficiency and the stimulated emission current depend on the total current

due to the dependence of the field distribution on the total current. Using (2.45) and
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(2.48) the current dependency of the output power becomes
hv
Pouti = —t1opti (1) [0 = Topon(1)] - (2.71)

The external differential efficiency (2.60) is then given by

dl on dTl 1
NDi = Nopti (m— d’; )-I- d"}” (11 = Lipon) - (2.72)

When spatial holeburning is neglected, the optical efficiency and spontaneous emission

current become independent of the total current, and (2.72) reduces to the more
familiar expression

NDi = NoptiTi- (2.73)

It should be noted that through this whole derivation of the external quantum

efficiency, the temperature dependence has been neglected and the internal efficiency

has been assumed to be constant. This is justified as the object is to study the effect

of spatial holeburning on the linearity of the light power versus current characteristic.

2.7.3 Examples

To illustrate the use of (2.67)-(2.69) a few examples will be discussed, using the field
distributions at threshold.

Fabry-Perot laser

For a Fabry-Perot laser with facet power reflectivities R;, R, the optical power dis-

tribution at threshold is given by

Pr(() = Pr(0)e0=oX
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Pg(() = R,e*3-%)pPp(0)e~(0-4)
where § is a solution of the lasing condition
Rleez(f’"&') = 1.

The optical efficiency 7., is then given by

1- R,
1= R+ (1 - Ro)\/3 + 202 (VR +1)

77optl -

and a similar expression for 7,,..
When R; = R; = R this expression reduces to the familiar

n (4)

k) 5

1
Nopt1 = Nopt2 = 5

Quarter wave shifted DFB laser

The quarter wave shifted (QWS) DFB lasers, which has a phase shift of 7 in the
center of the grating and zero facet reflectivities, lases at the Bragg wavelength at

threshold. The optical field distribution is given by

(<} [0 = —susinh (30
L b(¢) = Scosh (5’() — 4 sinh (EC)
: ' a(() = —8 cosh [5’(1 —C)] + 4 sinh [5’(1 = C)]
(3 9
| 8(¢) = Rnsinh [S(1-¢)]

where S is defined in (2.18) and 7 is a solution of the lasing condition

~ ~

N . T 8 e iafS
Kn sinh (5) = Scosh (5) — 4 sinh (5) .



34

Figure 2.4: Optical efficiency of QWS DFB laser

The powers Py, Pout2, Pa, and Py, are given by

c2
Poutl = Pout2 = 5

-~

P,, = 2a&;k,sinh’ (g)

Peo = 0

and the optical efficiency per facet is

5-2
$? + &k, sinh? (§)

Nopt1 = Tlopt2 =

(Sl

The optical efficiency using the threshold fields is shown in fig. 2.4 in function of the
normalized index coupling coefficient for different ratio’s of internal losses to index

coupling coefficient.
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Gain or loss coupled DFB laser

Pure (K, = 0) and uniform gain or loss coupled DFB lasers with zero facet reflectivities
have their lasing mode at the Bragg wavelength at threshold and their optical fields

and powers are given in table 2.1.

Rl < 1 Fol=1 | |Rel>1
lasing condition sinh |S| = ]L—il[ ¥=1 sin |S| = E—l]
Pr(C) sinh? [|5¢] ¢2 sin? [|5¢]

Ps(¢) sinh? [|$](1-¢)] | (1=¢)* | sin?[I8](1-¢)]

C?Im (ei“’ab') oosh[151{2<-21)]—coshlsl £ (L) oos|51~c052[|5'i(2(—1)]
Pay Silh.[%lil]. . 2 1= Bin12l-§||
o 2151 3 23]
Py 2sinh |35] & 2 a 24in |
Ror =57 — 2cosh|S]| —E 2ca::|s|$'|——is-11—l
Poun = Poutz sinh? | S| 1 sin? | S|

Table 2.1: Power distributions for gain or loss coupled DFB laser

To calculate the optical efficiency, a distinction has to be made between loss
coupled DFB’s, where the coupling comes from modulation of a loss layer (£,, = 0),
and gain coupled DFB’s, where the coupling comes from a modulation of the active
layer (k,2 = 0).

In the first case, loss coupling, the coupling coefficient is independent of the gain

and determined by the structure. The lasing condition can be solved in a straightfor-
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Figure 2.5: Optical efficiency of loss coupled DFB laser

ward way. For a loss modulation the coupling coefficient must satisfy the following

relationship with the internal losses:

0 <k,

(w1

% 1
Kg2 S

ol

where the last inequality is a requirement to keep the internal loss positive everywhere.

Using the expressions from table 2.1, the optical efficiency is given by

&
sinh? | 5| .
= - T - Koa < 1
2sinh? |4 & (%};‘Iﬂl-l) 2702 (%llﬂ—cosh]SI) .
— = 4 3 2 A
Tlopt1 = Tlopt2 1423, Koz =1
sin? [5] 5
- = — Kg2 > 1
2sin? |§|+& (1—‘—"}%%1) Fis (cos ;5|-=’-'|'-_g§1) <

For loss coupled lasers

<, 1s always negative because the standing wave phase is

adjusted to minimize the total loss. The optical efficiency for a loss coupled DFB

laser is shown in fig. 2.5 in function of the loss coupling coefficient for different ratios
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Figure 2.6: Optical efficiency of gain coupled DFB laser

of internal loss to coupling coefficient.
In the case of gain coupling (%, = k,1 < 0), the coupling coefficient depends on

the modal gain (2.51) and the lasing condition has to be solved together with

For simplicity it is assumed that the internal losses of the cladding layers are the same
as the internal losses of the active layer, resulting in &, = 0. The normalized thresh-
old gain and coupling coefficient depend on the internal losses and the modulation

depth of the active layer, and are independent of the total laser length. The optical



38

efficiency is given by

sinh? |§] go. 21
= z , - [ %inh(2]S ol
2sinh? |5]+4 (%_1
b= — J 3 P p—
Topt1 Nopt2 5123 Ky = | |
sin? | 5] ~
—— gt 2> 1
3 g sin(2]5) ol
2sin? |S]|+4; (1_11'1_1 ’

The optical efficiency for gain coupling is shown in fig. 2.6 in function of the modula-
tion depth of the optical confinement factor for different values of internal loss. For
the same magnitude of coupling coefficient, and the same internal losses, loss coupling

results in a higher optical efficiency than gain coupling.

2.8 The amplified spontaneous emission spectrum

=
tr rD:CrL tr
I

< e
r ] e
1]
L1} : )

AQ G

O——

Figure 2.7: Spontaneous emission generated in SLM laser

Below threshold the light emitted by a laser is given by the amplified spontaneous
emission (ASE) spectrum . As the power levels are usually low, the effect of stimulated

emission on the electron density can be neglected. The ASE spectrum can then be
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calculated from a superposition of amplified spontaneous emission from each segment
AC [17)-[19]. Each segment A{ (Fig. 2.7) has a left and a right complex reflection
coefficients rp(w, (), rr(w, (), and complex transmission coefficients t7(w, (), tr(w, ().
Each spontaneously emitted photon at plane ( creates an electric field E,;(w). The

electric field at the left output facet for such a photon is then given by

ERnw,0) = to(w,()Epm(w) [1 +rirr+ (rerr)’ + -+ ]
tL(w's C)Eph(‘-‘-’)

T= re(w, Ora(@,0) (2.74)
for a photon emitted to the left, and
Efu!l(w! C) = tL(ws C)rR(wv C)Eph(“’) [1 + TRt (TLTR)z s ']
tr(w, ()rr(w, () Epy(w) (2.75)

1 —ry(w,rr(w,()
for a photon emitted to the right, and similar expressions for the electric field at the
right output facet. As this is the field from one photon, the electric field can be added.
To calculate the total power from the photons emitted at plane (, the intensities have
to be added. If R,pon(w,() is the spontaneous emission rate at plane (, then the total

power at the left output facet from photons sponteously emitted at plane ( is given

by

Rspon(‘-"a C)
2

|Eou!l (wa C)lz == wr s — [lEfun (w’ C)r * Egﬁ;tl(w’ C)Iz} $ (276)

The spontaneous emission rate at plane ( is given by

)] SoptNo N (C) f(w) (2.77)

s

Rapon(w, () = [T, + Ty sin (28, + ¢
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where f(w) is proportional to the lineshape function. The total power at the left out-
put facet from all planes ( is given by integrating (2.76), using (2.77), and neglecting

the fast varying terms in the integrand, as they average out to zero.

|Bounn (@)[* =

2 4 \ w, : r ) .
IEphz()w)l j.g roSoptiVOA (C) ¥ |tL( C)] [1+] R(w C)l ]dC (278)

, 1 = ri(w, Orr(w, ()
If the spontaneous emission line shape f(w) is much broader than the cavity

response, it can be taken as constant, and the relative ASE spectrum Pgsg;(w) is

then given by

& o It (@ Q)P [14+1r r(w O]
Jo N(¢) —d(
0 [1—rr(w,{)rr(w.)l (2.79)

Jo N(¢)d¢

PASEl(w) =

~ w,{ 2 ri(w,l 2
I N(C)Im( )P [141r2 (w0l ]dC

[1—rz (w,0)rr(«,0

Joa N(¢)d¢

Ppspa(w) = (2.80)

The complex reflection and transmission coefficients are given by

Ef(w,¢)
Eg(w,()

rrR(w,() = —g—= (2.82)

ro(w,() = (2.81)

tr(w,() = L—2 (2.84)

where the fields Ef5(w,() are determined by (2.24)-(2.25).
Above threshold the ASE spectrum can be used to calculate the total lasing spec-
trum, and the side mode supression ratio, if the self-consistent fields are used and

if the total spontaneous emission rate into the lasing mode is known. This total
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spontaneous emission rate determines the electron density, which is not clamped to
the threshold value, but is always slightly lower due to the presence of spontaneous

emission (see section 4.3.2).
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Chapter 3

Semiconductor lasers with
reduced longitudinal spatial

holeburning

3.1 Introduction

In the previous chapter a static model for above threshold operation of single longi-
tudinal mode (SLM) semiconductor lasers was developed. This model will now be
used to study longitudinal spatial holeburning (LSHB) in quarter wave shifted (QWS)
distributed feedback (DFB) lasers. At threshold QWS DFB lasers are SLM; under
certain conditions however LSHB can cause loss of stable SLM operation through
mode-hopping or multimode operation at higher output powers [1]. If SLM operation

is preserved, LSHB will be seen to stabilize at high output powers, resulting in lasing
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characteristics that become quasi power independent.

The state of the art for reduction of LSHB will be discussed, resulting in nar-
row linewidth operation at high output powers. Finally it will be shown that the
structures used so far to reduce LSHB cannot completely eliminate LSHB, and new
structures will be introduced, resulting in a uniform longitudinal intensity distribu-
tion at threshold. These ideal structures are therefore not affected by LSHB and

indicate which direction to follow to minimize LSHB.

3.2 Longitudinal spatial holeburning

3.2.1 Single longitudinal mode lasers

High speed coherent optical communication requires a stable, narrow linewidth dy-
namic SLM light source. The main candidate for such a light source is the DFB
semiconductor laser, due to its wavelength selective feedback mechanisme. To achieve
SLM operation in DFB lasers the symmetry between the two degenerate lasing modes
for a uniform grating [2] has to be broken. Different schemes can be used to achieve
SLM operation. The simplest method is to use an asymmetry in the facet reflection
phase or magnitude [3,4]. Due to the random nature of the phase of the reflectivity
(section 2.2), however the SLM yield is smaller than 100%, and the uncertainty on
the lasing wavelength is equal to the grating stopband width. Another more popular
scheme, which results in lasing at the Bragg wavelength, is to add a phase shift of

7 (= A/4) in the grating at the center of the cavity, hence the name quarter wave
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shifted (QWS) DFB lasers [5,6].

It is a well known fact [7] that the linewidth gets narrower and the 3dB modulation
bandwidth increases with increasing output power. It has also been observed that
QWS DFB lasers lose their SLM operation at high output powers for high coupling
(knL = K,) values [1]. As longer lasers result in narrower linewidths [7], but also in
larger K,, and high power operation results in higher modualtion bandwidth, the as-
sociated loss of SLM operation at high output powers limits the minimum achievable
linewidth in QWS DFB lasers to typically a few MHz, and the modulation band-
width in DFB lasers to 10-20 GHz. This loss in SLM operation can be explained
by LSHB [1]. Due to the nonuniformity of the longitudinal optical intensity distri-
bution the electron density gets depleted more in the center of the laser,where the
intensity is maximum, resulting in a “hole” in the longitudinal electron density dis-
tribution, hence the name longitudinal spatial holeburning. This nonuniformity in
the electron density results in a nonunuformity in the gain distribution, and through
the a-parameter [7] in a nonuniform longitudinal effective index distribution. The
main effect comes from the nonuniform effective index distribution, which effectively
increases the phase shift in the grating [1,8]. As the effective phase shift approaches
27 the DFB laser approaches the behavior of a grating without a phase shift, which
has two degenerate lasing modes, resulting in a reduction of the side mode suppres-
sion ratio and finally multimode operation. As will be shown later (section 3.2.2),
LSHB also results in current (or power) dependent lasing characteristics such as the

slope efficiency (nonlinear L-I curves), and lasing wavelength, both undesirable under
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analog and digital modulation as they produce chirping and nonlinear modulation

distortion.

In the next sections LSHB will be investigated in more detail, organized as follows

1. analysis of LSHB in QWS DFB lasers using the model developed in the previous

chapter.
2. discussion of the state of the art in reduction of LSHB

3. analyis.and development of new structures with uniform longitudinal intensity

distributions, resulting in elimination of LSHB

3.2.2 The quarter wave shifted (QWS) distributed feedback
(DFB) laser

A threshold analysis reveals that QWS DFB lasers will lase at the Bragg wavelength
for all values of the index coupling coefficient (and %, = 0). The nonuniformity
of the longitudinal intensity distribution, and therefore the LSHB, however depends
strongly on the value of the normalized index coupling coefficient .. To characterize
the nonunuformity of the longitudinal intensity distribution Pr({) = Pr(¢) + Ps(()

a flatness parameter F' is defined:

F=—pi [ PO < P> de (3.1)

where < P > is the average longitudinal intensity

<P>= " PL(O)C. (3.2)
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The normalized (< P, >= 1) longitudinal intensity distributions at threshold
for £, = 1, 2, and 3 are shown in fig. 3.1 (with F respectively 0.0340,0.146,0.537).
From the threshold intensity distributions it is expected that LSHB will have a bigger
impact at higher &, values, and that LSHB should be minimal near &, = 1.25, where

the flatness parameter F' (= 0.0116) is minimal [1].

3.5 Quasiteiss Vet e i e b b i ey e 1536 s
] threshold

0 0.1 0.20.3 0.4 0.50.6 0.7 0.8 0.9 1
e

Figure 3.1: Longitudinal power distribution at threshold for %, = 1,2 and 3

A 631 C |0.0094 || R, = R, 0
Iirans | 15.12 mA || hv | 0.8 eV || AC 0.01
& 16| 3, | 5323 || mesro | 3.283

Table 3.1: Parameter values used for 400pm long QWS DFB laser

All the calculations above threshold were performed using the parameter values
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given in table 3.1 [9] for a 400um long laser, and the results are shown in figs. 3.2-3.9.
The output power per facet is shown in fig. 3.2 as a function of the current. For
#n = 3, SLM operation is lost just above 2mW of output power, while for &, = 1
and 2 SLM operation is maintained up to powers above 20mW. The L-I curves are
superlinear for &£, = 2 and 3, and sublinear for &, = 1 due to LSHB. This is evident
from the external differential efficiency, shown in fig. 3.3 (solid line) together with the
optical efficiency (dashed line) as defined in section 2.7.1. Due to LSHB the optical
efficiency 7,,: and the spontaneous emission current I,,,. (fig. 3.4) depend on the
current I, resulting in an external differential efficiency (2.72) which is different from
the optical efficiency near threshold. At high output power the differential efficiency
becomes equal to the optical efficiency, but is different from the threshold value.
The normalized detuning factor AB,, with respect to the Bragg wavelength at
threshold, as defined in (2.55), is shown in fig. 3.5. The dependence of the lasing
wavelength on the output power , also known as static or adiabatic chirp [10], is due
to two effects [11]. The first effect is a shift in average Bragg wavelength due to a shift
in average electron density and the corresponding average effective index shift. The
second effect is the nonuniformity in the effective index distribution, which pushes
the lasing wavelength away from the average Bragg wavelength. The shift in average
Bragg wavelength can be deduced from fig. 3.4, as I,p.n is proportional to the average
electron density (2.46). For %, = 1, the average Bragg wavelength increases with
power, while it decreases with power for &, = 2,3. The effect of the nonuniformity in

the effective index is illustrated in fig. 3.6 (solid line), with AfB,, the detuning factor
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Figure 3.2: Output power per facet as a function of total current fork, = 1,2
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Figure 3.5: Normalized detuning factor relative to threshold Bragg wavelength

as a function of total current for k, = 1,2 and 3
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with respect to the average Bragg wavelength, as defined in (2.58).

For &, = 1 the lasing wavelength gets pushed to the short wavelength side of
the average Bragg wavelength, while it gets pushed to the long wavelength side for
#n = 2,3. For &, = 1 the effective index in the center of the laser is lower compared
to the average effective index (fig. 3.7), and thereby reduces the effective phase shift,
resulting in lasing on the short wavelength side of the average Bragg wavelength.
For &, = 2,3 the effective index in the center of the laser is larger compared to the
average effective index, resulting in an increase in effective phase shift and lasing on
the long wavelength side of the average Bragg wavelength.

The average detuning factor and the round-trip gain of the first side mode are
shown in fig. 3.6 (dashed line) and fig. 3.8. For &, = 3 the round-trip gain of the side
mode becomes 1 for a total current of about 33mA, corresponding to about 2mW of
output power, as the +1 side mode moves closer to the average Bragg wavelength,
while the lasing mode moves away from the average Bragg wavelength (fig. 3.6), and
SLM operation is lost. As discussed in the previous chapter the model cannot be used
above this point, as it does not take into account the power present in the side mode.
The round-trip gain magnitude (solid line) as a function of the detuning factor ABu,
and the location of the modes (circles) are shown in fig. 3.9 for &, = 3 at different
power levels.

For increasing power levels, LSHB decreases the effective index near the facets
relative to the average effective index (fig. 3.7). The local Bragg wavelength near the

facets decreases resulting in a larger round-trip gain for shorter wavelengths, or posi-
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tive ABM,. The shorter wavelengths are reflected closer to the facets while the longer
wavelengths are reflected closer to the center of the laser. The effective cavity length
is thus longer for shorter wavelengths, resulting in more gain for these wavelengths.
At the same time the average Bragg wavelength shifts to shorter wavelengths (positive
AB,;;), as discussed above, and the round-trip gain spectrum becomes asymmetric,
favoring positive Af,, while its center moves to larger AJ, until at some power
level the +1 mode has a round-trip gain of 1.

For &, = 1,2 similar changes in the round-trip gain spectrum occur but the round-
trip gain of the first side mode never reaches 1. It flattens out at higher power levels
(fig. 3.8).

As can be seen from figs. 3.3-3.8, all characteristics of the laser flatten out at
higher power levels, and the laser characteristics become quasi power independent.
This has been experimentally observed for DFB lasers with &, = 2 [8]. For a laser

with uniform pumping (1;,(¢) = const), the electron density is given by (2.42)
- e € .
Ilo - ItrunaN(C) - EQ(C)PL(C) =0 (3'3)

where it is assumed that there is no gain grating (I'; = 0). At high power levels the

spontaneous ermission current can be neglected (Im,,,N () < f,o), resulting in

flo = G i PL(C)
Pgu,t e Eg(g) Pout (3'4)

and

Ilo e out

PL(C) e out-
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The electron density N((), which is directly related to the gain profile §((), becomes
quasi power independent for QWS DFB lasers with uniform pumping. This can be
seen in fig. 3.7 where for &, = 1 and 2 the longitudinal effective index distribution
converges to a power independent distribution. In the case of nonuniform pumping
however this conclusion cannot be made as the electron density is not inherently
clamped or quasi clamped to the threshold value.

For QWS DFB lasers with uniform pumping one can thus conclude that LSHB

results in two different cases:

1. For high &, values the laser loses its SLM operation when the output power is

increased above a certain power level.

2. For low enough &, values LSHB will stabilize before the round-trip gain of
the side mode becomes 1, and the lasing characteristics become quasi power

independent at high powers. The laser operates SLM at any power level.

The first case is clearly undesirable if high power operation is required, while the
second case indicates that a relatively broad range of &, values exists for which SLM
operation is maintained at any power level, and that the optimum value of &, = 1.25,
where the power distribution at threshold has the lowest nonuniformity, is not as
critical as previously thought [1].

Finally it should be mentioned that effects such as heating, spectral holeburning,
and bias dependent leakage current, which have been neglected here, can also result in

loss of SLM operation, power dependent characteristics, and limitations in maximum
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power. These effects however should not depend strongly on the coupling &, as is the

case for LSHB.

3.3 Laser structures with reduced longitudinal

spatial holeburning

If one is mainly concerned with achieving high power SLM operation, then the results
of the previous section indicate that QWS DFB lasers with &, = 1 to 2 are the way to
go. In many applications however this is not sufficient. To achieve small linewidths
for example long lasers are required [7], such that the £, = 1 to 2 requirement can
not be easily met. When highly linear laser characteristics are required, such as in
analog optical communication systems, the quasi power independent characteristics
at high power levels can still not be good enough. It is clear that for such applications
LSHB has to be reduced even more. In addition the SLM stability can be degraded
by presence of residual facet reflectivities [8]. QWS DFB lasers with &, = 2 require
a residual facet reflectivities below 1% to maintain SLM operation up to five times
the threshold. In this section we discuss further reduction of LSHB by first looking
at the state of the art, and secondly by introducing new optimal structures that
have a uniform longitudinal intensity distribution at threshold and are therefore not

subjected to LSHB.
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3.3.1 State of the art

One of the driving forces for achieving DFB lasers with reduced LSHB is the reduction
of the laser linewidth to sub-MHz values by making long lasers that remain SLM at
high output powers. Two figures of merit can be used in determining how succesful
a structure is in reducing the effect of LSHB. The first one is the minimum linewidth
achieved, and the second is the maximum value of &, for which high ‘power SLM
operation is possible. To reduce LSHB four different methods, or a combination of
them, have béen used.

By using an active material that has a lower a parameter, the nonuniformity in
the effective index distribution is reduced even for high &, values. In [12] it is shown
that the important parameter in reducing the effective index nonuniformity is the
a-parameter, which determines the ratio of differential index C to differential gain
A, and not the differential index or optical confinement factor. Multiple quantum
well (MQW) material, which has a lower a-parameter than bulk material [13], has
resulted in QWS DFB lasers with linewidths as low as 250k H = for 1500um long lasers
with &, = 4.5 and 4mW of output power [14].

Nonuniform pumping can be used to compensate for the hole burned in the elec-
tron density, by injecting more electrons where the stimulated emission rate is higher
[15,16,17]. Using multi-section bulk QWS DFB lasers with the current through the

center section higher than the current through the facet sections linewidths as low as

500k H z have been obtained for 1200um long lasers with &, = 2-3 and output powers



39

above 20mW [16]. A disadvantage of this scheme is that the currents through the
different sections have to be adjusted to minimize LSHB. However this more compli-
cated pumping scheme offers the advantage of wavelength tunability [16] and SLM
operation at threshold without the need for a phaseshift in the grating [17].

The third method goes to the heart of the problem, the nonuniformity in the
longitudinal intensity distribution. As the cause of all the problems is the phase shift
in the center of the cavity, different structures have been proposed and fabricated,
resulting in more uniform intensity distributions by achieving this phase shift in a
different way. Instead of using one phase shift, multiple phase shifts can be used,
where the number of phase shifts, and the amount and location of each phase shift
can be optimized [18,19,20]. The phase shift can be achieved by varying the longitu-
dinal effective index in a modulated stripe width (MSW) structure [4]. The grating
period can be varied stepwise in a corrugation pitch modulated (CPM) phase shifted
structure [21], or continuously as a chirped grating [22]. Using 1200um long CPM-
MQW-DFB lasers, linewidths as low as 3.6kHz have been achieved with £, = 4.2
and an output power of 25mW [23,24].

Finally by changing the phase shift to a value lower than A/4 SLM operation
at high output powers can be maintained, not by reducing LSHB, but by delaying
the onset of multimode operation [8]. As the main effect of LSHB for QWS DFB
lasers with high &, is to increase the effective phase shift, reducing the phase shift
at threshold pushes the loss of SLM operation to higher output powers, if possible

beyond the point where the characteristics become quasi power independent.
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3.3.2 Laser structures with uniform longitudinal intensity
distributions

To eliminate LSHB the electron density N(() has to be independent of the optical
power level, resulting in a modal gain and effective index distribution that are power

independent. The electron density distribution N(() is given by (2.42):

0= 1u(0) = Toans ¥(0) = 153 [N O] [Pr(€) + Pa(0) + T2 [#a(0(<)]].

(3.5)
The threshold electron density distribution is
. I

Fa(q) = 2240 (36)

where the ¢ dependence of Ny, allows for nonuniform pumping. To eliminate LSHB
the electron density N at all power levels has to equal the threshold electron density:
N(¢) = Nu(¢). The current distribution Ij,(¢) above threshold required to achieve
this is

1o(¢) = I(¢) + 74 [N ()] [PF(O + Ps(() + %szm [e*‘a(c)b'(c)]] . (37

In the case of uniform pumping at threshold, N, § and I, are independent of ¢ and
to keep this ¢ independence above threshold, the power distribution factor in (3.7)

has to be independent of (
Pr(C) + Pe(C) + %—Czlm [e“a(()b'(()] = const (3.8)

In the case of nonuniform pumping at threshold, however, there is no obvious advan-

tage in making the intensity distribution factor in (3.7) ¢ independent, as it does not
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result in uniform (¢ independent) pumping. In this case (3.7) can be used to deter-
mine how the pumping has to be changed in order to eliminate LSHB for any form of
longitudinal power distribution. Regions where the stimulated emission is higher will
require more additional current. Laser structures with uniform longitudinal intensity
distributions are therefore only interesting from a practical point of view, if they can

be achieved by uniform pumping (7({) = const).

Optimal index coupled DFB lasers

For pure index coupling (£, = 0 and I'; = 0) the uniform intensity distribtion re-
quirement (3.8) becomes

a(C)? + [B(C)[? = const (3.9)

with Pr(¢) = |a(¢)[? and Ps(¢) = |B(¢)|?, and the complex amplitudes a and b given

by the coupled mode equations (2.10,2.11):

da

7 = [10) =8B (O] &) + Ba(Oe™K() (3.10)
B (e () - [3(¢) —iaB'(0)] B(¢) (3.11)
dc = Kn a oy 2 "

To look for laser structures satisfying (3.9), a treatment similar to [25] is used.

The complex amplitudes @ and b are written as

@) = fa(¢)e® (3.12)

W) = fil()e (3.13)

where f,, f;, ¢, and @, are real-valued functions. Substituting this in the coupled



62

mode equations (3.10,3.11) and using the uniformity condition (3.9) results in

23(0) = 22 [0 - £20) (3.14)
Q) coslb(C)] = 7 [L(OMO] (3.15)
2F(Q) = Q) = (0] (3.16)
FO+ Q) = 1 (3.17)
where it givey by
$(0) = 4a(0) - 4(0) + (3.18)

and @, is piecewise uniform, as it includes only the phase shifts in the grating, and not
the chirp, which is included in AB’. The constant in the uniformity condition is arbi-
trary, and has been taken as 1. The boundary conditions for zero facet reflectivities

are:
fa(0) = fi(1) = 0. (3.19)
For uniform pumping, 4(() =const, the gain equation (3.14) and uniformity equa-
tion (3.17) can be solved using the boundary conditions (3.19), and the only solution

with uniform pumping, uniform intensity distribution and zero reflectivities is given

by

(3.20)

Ve
1 =& (3.21)

with 4 = 1. The index coupling coefficient is then given by, using (3.15):

fa(¢)

f(¢)

1.oip

fn(() cos [Y(()] = e—ct (3.22)
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The only solution with uniform detuning factor and lasing at the Bragg wavelength,
AB'(¢) = 0, has to satisfy sin [¥(¢)] = 0 (from (3.16)), resulting in the following

structure:

Q) = 1

. L -]
) = 37—

AB() = 0

BC) = e%\/1—¢ (3.23)
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Figure 3.10: Longitudinal index coupling coefficient distribution of optimal structure

where the absolute value in the coupling coefficient expression makes &, positive as

required, and the sign change at { =  is achieved by a QWS in the grating. This
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uniform intensity solution was analyzed in [25,26] and is shown in fig. 3.10. Other
uniform intensity structures with uniform pumping exist, however, they require a
nonuniform detuning factor [27], which can be achieved by chirping the grating or by
longitudinally varying the effective index.

Two main conclusions can be drawn from this result. First, if LSHB is to be
completely eliminated for index coupled DFB lasers with zero facet reflectivities and
uniform pumping, the magnitude %,(() has to be varied in the longitudinal direc-
tion. None of the previous structures tried so far (see section 3.3.1), use a varying
coupling coefficient magnitude. They use either a variation in the phase of the cou-
pling coefficient, or nonuniform pumping. Secondly, the optimal structure (3.23) is
not physically realizable as it requires an infinite coupling coefficient at the facets.
This structure however can be used as an ideal goal by approximating it. It has the
advantage that increasing the laser length L improves the uniformity of the intensity
distribution (in contrast with the QWS DFB laser), as &, = &, L can be made larger
at the facets for a fixed maximum grating depth achievable.

The optimal structure (3.23) can be compared with a Fabry-Perot laser with 100%
reflectors, which has a uniform intensity distribution, but has zero % of output cou-
pling. In the optimal structure the feedback is concentrated near the facets, and the
output coupling is increased by distributing the feedback inwards while maintaining

a uniform intensity distribution.
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Implementation of DFB structures with varying coupling coefficient
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Figure 3.11: Implementation of grating with longitudinally varying coupling co-

efficient magnitude. (a) top view. (b) magnified side view

An implementation of (3.23) is proposed in [26], by longitudinally varying the grating
groove depth, or by varying the grating duty cycle. Both these methods seem rather
difficult, however, and the control in achieving a desired coupling coefficient profile
is very limited. In this section a new implementation is proposed and discussed.
The lateral overlap between the grating and the optical mode can be varied in the
longitudinal direction, as is illustrated in fig. 3.11. This can easily be implemented

using E-beam lithography or standard optical contact lithography by patterning and
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etching a uniform grating, or by patterning the resist before etching the grating.

For TE modes (E,. = 0) the index coupling coefficient is given by (A.69):

-2l

() = —E [P A

S — <’ (3.24)
AonersoA(C) -3

with A, the vacuum wavelength, n.ss, the effective index of the waveguide without

the grating, A = A/L the grating period, I the grating order and An?(() given by

Y An*(z,y, ) |Ep(z, y) Pdzdy

An?(() =
(C) ¥ |E,q(z, y) Pdedy

(3.25)

An?(z,y,() is the perturbation from the grating and E,(z, y) is the transverse electric
field component of the waveguide mode. The grating also changes the average index

and a component An.;;,((), given by (A.67)

1 +% ——
BnesolQ) = 5o 5 AnHONC (3.26)

should be added to the effective index.
As an example, the square grating illustrated in fig. 3.11(b) will be discussed. The

modulation in the refractive index in this case results in

Wa(() A 2 . A\ . (2r
An?*(¢) = (n2 - nf)TOI‘xg 1- ~ | =g |xx )sin (-7\-( - ¢o) + -
(3.27)
where T',, is the overlap between the grating and the mode in the transversal (z)
direction, Wg(() is the longitudinally varying grating width in the lateral (y) direc-

tion, and Wy is the lateral modal width. The ratio Wg(()/Wp is < 1 and stands

(formally) for the overlap between grating and optical mode in the lateral direction.
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The resulting effective index and index coupling coeffcient are:

n2 = n2 17\1 W(;(C)
A"eff,g(o = 221’?, ffol (1 - "A_) WO P:ry (3.28)
" 9[ sin (7wt
xﬂ(C) = X 1( i7:;)‘}-5"'11.'_”'._«;(4.)
* =R
Lni-n? . [ A We(()
— o - | ——T'.,. *
T i sin 1rA Wo . | (3.29)

Near the facets the coupling coefficient is limited to a maximum ,,, when the
grating extends over the full lateral direction. The corresponding maximum &,,
scales with the total length of the laser. Longer lasers should therefore result in more
uniform intensity distributions. The optimal index coupling coefficient profile can

be approximated by setting &, = k., near the facets, while varying &, according to

(3.23):
Eno for 0<€i<Lorl—=0<(<1
Ea(l) = (3.30)
1-2¢
W for ((<(<1-(
with (, determined from %,({,) = fno
1 [3
== |1 - ———]|. (3.31)
. l Vi+ nz]

The effective index n.ss(() = ness, + Aness,(¢) varies in the longitudinal direc-
tion. To achieve AB'(¢) = 0, the grating has to be chirped or the effective index of

the waveguide has to be varied by changing Wp.

éo(C) = 30"*'
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Figure 3.12: (, (solid line) and Bragg wavevector deviation at facets (dashed

line) as a function of maximum achievable index coupling coefficient

with

Bo = i_wneff,oL- (333)

As B, is typically several thousands (r times the number of grating periods over the
total laser length), big changes in the grating period are only required near the facets.
The position (, and the relative change in Bragg wavevector at the facets, which

is required to keep AB'(¢) = 0 (assuming A; = %A and B, = 10000) are shown in

2
fig. 3.12 as a function of the maximum index coupling coefficeint k,,. The longer
the laser the closer (, is to the facets, and the larger the required deviation in Bragg
wavevector at the facets. The Bragg deviation at the facets is very small (smaller

than 1%) even at high coupling coefficient values, but if the grating is not chirped,

the detuning factor AB’(¢) can be of the order of 10 near the facets. This is a very
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large deviation from the optimal value 0, and absence of the detuning compensation
should therefore have a noticable effect on the intensity distribution. If AZ'(¢) is too
large near the facets, it is technically impossible to completely compensate for the
detuning factor, however partial compensation might improve the uniformity of the

intensity distribution.
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Figure 3.13: Longitudinal intensity distribution for four different structures with

Kno = 10: solid line, and &,,, = 20: dashed line

Using the model described in the previous chapter a simulation was performed for
four different structures. All four structures have parameters as in table 3.1 scaled
to a laser length of 1500um. Two of the structure have a maximum index coupling
coefficient k,, = 10 while the two other structures have k,, = 20. The effective index
is varied according to (3.28,3.29) with A; = 1A, and n.ss, uniform. For each value

of k,, two cases are considered, one where the grating is not chirped and one where
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the grating is chirped according to (3.32). The threshold intensity distribution for
the four different case are shown in fig. 3.13 with &,, = 10 as solid line (in all figures)
and Kn, = 20 as a dashed line (in all figures). The structures without the chirped
grating have a less uniform intensity distribution, though still more uniform than the

standard QWS DFB (fig. 3.1).
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Figure 3.14: Longitudinal detuning factor distribution AJ’(¢) at threshold for
four different structures with &,, = 10: solid line, and &,, = 20:

dashed line

The corresponding longitudinal detuning factor distributions A3’(¢) at threshold are
shown in fig. 3.14. The results of the calculations are shown in figs 3.15-3.17. For
the two cases where the grating is not chirped a mode hop occurs at low output
power. Due to the uncompensated effective index distribution, and most of the feed-

back coming from the regions near the facets, where the detuning factor is relatively
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Figure 3.16: ABM in function of total current for four different structures with

Kno = 10: solid line, and &,, = 20: dashed line
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Figure 3.17: Round-trip gain of side mode as a function of total current for four
different structures with &,, = 10: solid line, and &,, = 20: dashed

line

large (fig. 3.14), lasing does not occur at the Bragg wavelength at threshold, as the
longitudinal variation of the detuning factor A'(¢) adds an effective phase shift to
the phase shift in the center of the laser. The round-trip gain of the side mode starts
relatively high, and increases due to weak LSHB until a mode hop occurs. In all
four cases LSHB only occurs close to threshold, resulting in quasi power independent
characteristics for output powers above 5mW. As expected LSHB is smaller for the
structure with larger &,,. If mode hopping at low powers can be tolerated and if the
side mode suppression ratio at high powers is not too low (due to the large round-trip
gain of 0.96 for the side mode), the chirp in the grating is not necessary, resulting in a

simpler fabrication. If mode hopping cannot be tolerated, then partial compensation
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of the detuning factor might do the job, or the = phase shift in the center can be

eliminated and replaced by the effective phase shift introduced by AB'(¢ ).

Other index coupled structures with uniform intensity profiles

Other index coupled DFB structures with uniform intensity distributions exist, they
require nonuniform pumping however and are therefore not necessarily better in elim-

inating LSHB. The simplest structure is given by

ial(() = 3 cos(x()

3(¢) = Fsin(xC)

AB(¢) = 0
a({) = sin (%C)
b(() = €% cos (g—C) (3.34)

and is discussed in [25,27]. Other similar structures exist and are discussed in [27].
The longitudinal intensity solution for these structures however is not the lowest gain

solution, as it is for structure (3.34).

Optimal gain coupled DFB lasers

Since the demonstration of purely gain coupled DFB lasers [28] a lot of attention has
been given to this kind of laser. Finding structures with no LSHB, however is more

complicated. The uniformity condition is

la(C)* + [B(O)]? + ?m [e%(g)zr(c)] = const (3.35)
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where I'; # 0 for gain coupling, while T’y = 0 for loss coupling, and the coupled mode

equations are

7 = [0 = ia8(0)] a(0) = iz (e b(0) (3.36)
% = —ik,(¢)e**a() — [5(¢) —iAB ()] KO- (3.37)

For the case of loss coupling I'; = 0 it can easily be shown that the following

structure satisfies the uniformity condition:

. T
ke = —
2

¥y =0
AB = 0

i(¢) = sin(3¢)
b(¢) = ie*cos (1—;-() (3.38)

Fabrication of a purely loss coupled DFB however is no simple task as some amount
of index coupling is always introduced. The effect of index coupling on the intensity
distribution of gain coupled DFB lasers is analyzed in [29,30], where it is found that
the uniformity of the intensity distribution does not deteriorate too much for &, < &,.

In the case of gain coupled DFB lasers, where the coupling is obtained by mod-
ulating the thickness of the active layer (I'y # 0) the uniformity condition (3.35) is

more complex , and it is not clear if a uniform intensity distribution will exist.
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3.4 Conclusion

In this chapter the effect of LSHB on SLM DFB lasers was analyzed. It was shown
that for uniformely pumped lasers the lasing characteristics become quasi power inde-
pendent at high output powers for index coupled DFB lasers with coupling coefficients
kn low enough (~ 1-2) to preserve SLM operation. Structures resulting in reduced
LSHB were analyzed, and it was found that to eliminate LSHB, structures with uni-
form longitudinal intensity distribution are only interesting if they can be achieved
by uniform pumping. It was also found that all structures resulting in reduced LSHB
that have been fabricated so far, make use of a longitudinal variation of the cou-
pling coefficient phase or nonuniform pumping, and it was shown that in the case of
uniform pumping the magnitude of the coupling coefficient has to be varied in the
longitudinal direction to completely eliminate LSHB. This new structure however is
physically not feasible as it requires an infinite coupling coefficient at the facets. An
implementation approximating this new structure was introduced and analyzed, and

it was shown that this new structure results in strongly reduced LSHB.
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Chapter 4

Small-signal dynamic theory of

single longitudinal mode lasers

4.1 Introduction

In chapter 2 and 3 the effect of longitudinal spatial holeburning (LSHB) on the
static characteristics of single longitudinal mode lasers (more specifically QWS DFB
lasers) is discussed. For applications such as optical communications the dynamic
characteristics (linewidth, and AM and FM modulation response and bandwidth) are
as important as the static characteristics.

The modified Schawlow-Townes formula predicts that the linewidth is inversely
proportional to the output power of the laser [1]. Measurements however show a
linewidth floor at high output powers, and in some cases linewidth rebroadening is

observed at high output powers [2]. Several explanations, such as LSHB and spectral
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holeburning, have been proposed for this minimum linewidth.

Pure AM modulation or pure FM modulation of semiconductor lasers is practically
impossible, due to the o parameter which links the phase of the lasing mode to its
intensity. Moreover LSHB causes a static or adiabatic chirp on top of the dynamic
chirp and the thermal adiabatic chirp. It is therefore important to have a dynamic
model that includes the longitudinal dependence of the lasing mode and the electron
density.

The first dynamic models for semiconductor lasers are based on the rate equations
[3] for a closed resonator, where the electron density and the longitudinal power
distribution are assumed to be uniform. This simple rate equation model can be
extended to include FP lasers with multiple sections of uniform electron density and
power distribution [4,5], but for lasers with more than three sections the analytic
solutions become very complicated. None of these models include the effect of the
longitudinal cavity structure on parameters such as the spontaneous emission rate
into the lasing mode, the linewidth enhancement factor a and the differential gain.
The material values for these parameters are used, and all effects of the nonuniform
intensity distribution and the cavity structure are therefore neglected. These models
can be applied to DFB lasers by relating the photon lifetime to the reciprocal of the
threshold gain, but they cannot correctly take into account the dependence of the
photon lifetime on the electron density in gain coupled DFB lasers.

A first improvement on this theory was published by Henry [6], where he used

a longitudinal Green’s function solution of the wave equation for the spontaneous
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emission fluctuations in an open resonator. Although the wave equation becomes
nonlinear when LSHB is included, this approach is valid as long as the fluctuations
about the operating point are small, and the operating point and Green’s function
are calculated self-consistently with LSHB. Using this theory, Henry showed that
the spontaneous emission rate into the lasing mode is enhanced (and therefore the
linewidth) if the facet losses are localized at the physical facets as opposed to dis-
tributed over the device as in the closed resonator model. This enhancement factor is
close to 1 if the facet reflectivities are close to 100%, but is larger than 2 if the power
reflectivities of the facets are smaller than 5%. This theory was then later applied to
different laser structures such as DFB and DBR lasers, and composite cavity lasers
[7,8]. By including the electron density dependence of the coupling coefficients for
DFB lasers with partial gain coupling , it was shown how the modal a parameter can
be enhanced or reduced by having a mixture of index and gain coupling [7]. A final
improvement was made by Tromborg [9], by adding the longitudinal dependence of
the electron density in the rate equations, resulting in an expression for the modal a
parameter and the modal spontaneous emission rate.

There is a problem however with the derivation of the rate equations starting from
the wave equation. The Green’s function derivation is based on the construction of
a Wronskian function from the self-consistent static solution. This Wronskian is by
definition z-independent. As the solutions of the coupled mode equations are only
approximate solutions of the wave equations (slowly varying envelope approximation

(SVEA)) the resulting Wronskian is not z-independent, and an approximate constant
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value has to be used. It is shown in appendix A that Maxwell’s equations should be
used instead of the wave equation, as V.E # 0 for DFB lasers, and as the solutions of
the coupled mode equations are “exact” (no SVEA) solutions of Maxwell’s equations.
A new derivation of the Green’s function theory, starting from Maxwell’s equation
will therefore be given here, resulting in a z-independent Wronskian. Using additional
approximations it can be shown that the equations in [9] are equivalent to the “ex-
act” equations derived in this chapter. In addition the theory will be expanded to
include the small-signal modulation response, where the longitudinal dependence of
the intensity distribution and electron density are taken into account, as well as the
dependence of the coupling coefficients on the electron density . As gain compression
plays an important role in determining the maximum modulation bandwidth, it will

also be included.

4.2 Green’s function solution

In chapter 2 the monochromatic electric field E(z,y,(;w) (TE modes) was used,

where now the implicit frequency dependence is added to the notation:

E(z,y,(5w) = [a(Gw)e € + B((w)et ] Bpu(z, y30) = E(¢w)Ep(s, y5w).
(4.1)
The frequency dependence of the transverse mode E,(z,y) will be neglected, as it

is much smaller for the time scales considered. The time dependence of the electric
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field is then given by
e(z,y,(t) = e((51)Ep(z,y) (4.2)

with e((;t) given by the Fourier transform relationship

e((;t) = 1f+ E((w)e“ dw (4.3)

o
and similar expressions for the Fourier transform pairs of the forward mode (a((;w),
a((;t)) and the backward mode (b(¢;w), b(¢;t)).

In Appendix A the coupled mode equations for @ and b are derived including a

polarization term due to the spontaneous emission (for TE modes):

‘}? = [3(0) —iAB(0)] &(C) + [#n(C) — iRo(C)] € ¥OB(C) + Puppe(¢)e
(4.4)

:? [£a(¢) — i&,(C)] e**a(C) — [5(¢) —iAB(0)] B(¢) — By e(C)e— %
(4.5)

The modal polarization term P,p'p,(c ) represents the noise source for the sponta-

neous emission and is given by (A.71)

!

+oo
sp pt 42P /'[ .!p .’(,' ysz ) (.‘1‘,‘, y) dxdy (4'6)

where P, (z,y,(;w) is the polarization giving rise to spontaneous emission, and is

related to the spontaneous emission function F(z,y,() in [6,9] by

P,(z,y,(w) = _Fepnlio) (4.7)

wip,
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The Green’s function solution for the electric field E((;w), with driving force F,

is (appendix B)

E(Gw) = 5 [ GG ¢OVB(Cs )’ (4.8)

with the Wronskian
W = —2iB, [Err(¢)ELs(¢) — Era(¢)ELr(¢)] (4.9)
= —2iB,Err(¢)ELp(C) [1 = Ge({)] (4.10)
= const (4.11)

the Green’s function
G(¢, (") = h(¢" = Q)EL(Q)ER((") + A(¢ — ') EL(C) ER(C) (4.12)

and the driving force

L? ﬂjz F(I, Y, ‘-‘))-E;z(rs y)d'rdy

FlGw) = 023 |Bp(z,y) Pdzdy

(4.13)

The subscripts L and R designate fields satisfying the left, respectively right
boundary conditions, and F' and B designate forward and backward propagating
fields. L is the total length of the laser, 3,, the propagation constant of the mode,
and h(() the Heavyside function.

The Wronskian is a functional of AB(C), 7(¢), #a(¢), and %,(¢) (and thus im-
plicitely a functional of w and N(¢)) which will be formally written as W[B((,' ), K(¢)]
(with B=AB+iyand & = &, — ik,). The lasing condition follows from (4.8) by

requiring a solution E((;w) # 0 when F((;w) = 0:

W [3(0).%(¢)] =0 (4.14)
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giving, using (4.10), the more familiar condition G,(() = 1. When W = 0 the

boundary conditions on both sides are satisfied simultaneously, and therefore

ER(¢) = EL({) = E.(¢). (4.15)

The Green’s function G is then

G(¢, (") = Eo(C)E.(C'). (4.16)

When the driving force F # 0, the Wronskian is not quite zero, and “3" does
not equal to the lasing condition values. A Taylor expansion around these values will
therefore be performed for the Wronskian. If the deviation from the lasing condition

is not too large, (4.15) and (4.16) can still be used in (4.8)

E(Gw) = A(W)E(¢) (4.17)
with
A E ¢VF(¢ 4.18
Expansion of the Wronskian around the lasing condition gives (appendix B)
a W sW
W K = or(¢)| d 4.19
B &) = [ [ 30O+ g HO| & (4.19)

where §W/63 and §W /6% are the functional derivatives of the Wronskian (appendix

B)
oW ~
= 48.E, . (4.20)
6?1(5) BrEor(C)Eop(()
_ ™ H —D -4 .éo @
Fp = 20 [ERQEE) B CRe)]  (aa)
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and
30 = Bpa- wo)+a‘3 MO -F0] + L(s-5) w2
57(() = g_j(u-uo)+%—[N() Q)+ om(5-5) (@)

with w, and N,(¢) the solutions to the lasing condition for an average power S,. The
third term represents the effects of gain compression, with S the average power in

the cavity, normalized to the transparency current liqns = €V N, /75

h v Itrans

[ 1Pe(©) + Po(C)]de (4:24)

The gain compression is assumed to be only dependent on the average power as
it is introduced here only to include the limited modulation bandwidth. When gain
compression is present, the equation for the modal gain (2.30) has to be modified to

the nonlinear gain form

=’3‘[N _1] gr(¢)

1+ ¢S " 1465 (425)

with € the gain compression factor and gy the linear gain. The refractive index is
assumed to be unaffected by gain compression and is given by (2.33). Solution of the

lasing condition (4.14), results in a modal gain § = §,, = 27,, + &;. The index and

gain coupling coeflicients are then given by:

- " L.

kg = Koz IITI_ (426)
a Pl -

P 4.27

Kﬂ. Kﬂ? :F 4 Fo ( )

where the discussion at the end of section 2.5 has been extended to include the electron

density dependence of the index coupling coefficient. The coupling coefficents &,, and
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Kn2 are the electron density independent parts, while the F sign in (4.27) depends on
whether the grating is between the active layer and a cladding layer with refractive
index Nciadding < Nactive Where the upper sign is used, or Ncadding > Nactive Where the
lower sign is used. The sign convention for the coupling coefficients result from the
grating definition (2.5) and (2.37) (with I'y > 0). With the gain coupling coefficient
defined as (2.50), a gain grating corresponds to &, < 0, while a loss grating has
ks2 > 0. As other gratings, not involving the active layer, can be present in the
structure, K, can be either positive or negative, depending on the relative position
and refractive indices of the layers involved [10]. When &, > 0 the gain and index
coupling are in phase, while they are out of phase when £, < 0. For most partially
gain coupled lasers ngadding < Nactive, and an increase in electron density will therefore
result in a decrease (increase) in index coupling magnitude for in phase (out of phase)
coupling, while it will always result in an increase in gain coupling magnitude (as long
as K, 1s small enough).

The derivatives of § and & at the operating point S, are

g_f _ U—I;(l-kz'-;-Gw) (4.28)
3_1?’ - %(1+1580+m)’&il -
% - w0
g_: _ :CT (4.31)
a% - é%fi(l+lesoﬂ:ia) (4.32)
ok _ il € (4.33)

as 4T, 1+ €S,
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with v, the group velocity, G,, = v,dg/0w the detuning from the gain peak, A the
normalized differential gain, o the aforementioned material a parameter, and the
coupling coefficient is assumed to vary linearly with frequency (A.69,A.70).

Inverse Fourier transforming the complex amplitude A(w) with

e—iwot

2r

A= " Aw)etdw (4.34)

and applying this on (4.18) expanded about the lasing condition,

aw o [ W 9B | $W BR(Q)] , &
- —w) Aw) = —A@) [ [55,(0 ot e e | AN @
— A Eas+ [ B(QF e (433)

with

oW [ W 8B(Q) , W 8k(()

dw .[3 [53(0 w  6&(() Ow " (4:26)

oW [ §W 8B(¢) , W k()

55 = |, [53(0 s 1 w(Q) o5 ]dc (i)

results in a differential equation for the time dependent complex amplitude A(t):

dA 1 -
S5 = A1) [ CN(OAN(G I+ A()CsAS(E) + Fa() (4.38)
with
sW_98(0) 65w 9%(¢) W
: ®(C) oN . 5N(Q)
Cn(C) = —i 68(¢) 8N — (<) - 6$) (4.39)
dw Ow
and
aw
Cs = —1i53-. (4.40)
Bw

The noise source Fj(t) is related to the polarization function F:

:

Fat) = g [ B [ BGsu)emotan] dc. (4.41)
dw
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If a closed form expression for the Wronskian is known (appendix B), the partial
derivatives with respect to w and S as defined in (4.36) and (4.37) can be calculated
by directly differentiating this closed form expression.

In this derivation it has been assumed that the electron density does not change
in time when applying the Fourier transforms. The time dependence of the electron
density can be included if the electron density changes slower than the inverse gain
bandwidth, so that the steady state response for the gain can be used. This is known
as the rate equation approximation.

A more workable set of rate equations can be derived if the intensity S(¢) and the

phase ¢(t) of the electric field are used:

A(t) = /S(t)e® (4.42)

resulting in

‘i—f = S(t) /D’GN(QAN(c;t)dc+GsAS(t)S(t)+2Re[A'(t)FA(t)] (4.43)

T = 3/ MOGMOARGI + 5asGsAS() + grIm A WFA()
(4.44)

with
Gn(() = 2Re[Cn(C)] (4.45)
Gs = 2Re[Cs] (4.46)
_ Im[Cx({)]

MO = Relew(©)] 0
g = DBIGH] (4.48)

Re [Cs] ’
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Gx (X = N,S§) is the modal differential gain, and modal ax the corresponding
a-parameter. As will be seen later, even if the gain compression has no effect on
the refractive index (the material value of as = 0), the modal value of as, given by
(4.48), can be nonzero.

The statistical properties of the complex noise function F4(t) are derived from F

(appendix A: (A.7), (A.8) and (A.9)) as in [6,9]:
< Fu(t)> = 0 (4.49)

< FA(t)F3(¢)> = Ré(t—1). (4.50)

The é-function in (4.50) is only valid for time scales longer than the inverse gain
bandwidth, and

2hul? 1 1 9
= Jpeiaintins Sl g d s
e, T L IEAO u(Ones s (Omap( ) (451)

B
with §,, the modal gain, n.ss the effective index, and n,, the spontaneous emission
factor. If a grating on the active layer is present, the mixing of the standing wave
with the modulation of the local spontaneous emission rate will result in an addi-

tional slowly varying term (see section 2.5) such that |E,(¢)|* §(¢) in (4.51) should

be replaced by [11]:

B(O)F36) = [IEr(QF + 1E.a(Q)F + LI [Ear(Q) Ezp(O)e ] g(c).
(4.52)
The real-valued noise functions Fs(t) for the intensity and F,,(t) for the phase are
defined as

2A°(t)Fa(t) = R + Fs(t) + 2iS,F,(t) (4.53)
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with following moments [6,9]:

<Fs(t)> = 0 (4.54)

<F,(t)> = 0 (4.55)

< Fs(t)Fs(t') > = 2RS,8(t—1') (4.56)
R :

£ F () F () > = 2505(t -t (4.57)

< Fs()F (1) > = < Fs(¥')F,(t) >=0 (4.58)

where S, is the steady state value of the intensity.

The rate equations for the intensity and phase are then

%:j. = 50 [ " Gu(OAN(C;t)de + GsAS()S(t) + R+ Fs(t)  (4.59)
2 = 5[ an(OGNOAN(G O + 3asGsAS(@) + Fult)  (4:60)

the first term in (4.59) is the stimulated emission rate net of loss, the second term
is damping due to gain compression, and the third term R is the total spontaneous
emission rate into the lasing mode. It is evident from (4.51) that R depends on
the longitudinal overlap between the mode and the active material (the longitudinal
confinement), as well as on the dynamics of the mode (expressed in 9W/0w). During
the derivation of (4.51), (4.59) and (4.60), no assumptions have been made on the
cavity solutions E,({). This equation can thus be used for any complex optical
cavity, ranging from simple FP lasers, to more complex DFB structures, and any
compound external cavity. Once the compound cavity modal electric field E,((), and

its Wronskian are known, the dynamic equations can be constructed as described
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previously. The only limitation is due to the first order Taylor expansion of the
Wronskian. If the frequency deviation from w, (very high speed modulation), or the
modulation amplitude becomes too large, a higher order Taylor expansion is needed.
One application not discussed in this thesis is the linewidth reduction observed by
coupling a laser to a dispersive external feedback [8].

Equations (4.9), (4.20), (4.21), (4.36), (4.37),(4.39), (4.40), and (4.51) are derived
directly from Maxwell’s equations. The corresponding expressions in [9], which are
derived from the “incorrect” wave equation, can be shown to be equivalent under the
additional assumption B, > §,AB, #pn, k,. The dependence of the Wronskian on the
coupling coefficient is not explicitely treated in [9]. One would think, in light of the
wave equation, that the coupling coefficient can be treated as a periodic variation of
the propagation constant, and that the expression (4.20) can be used. This seems to
be incorrect, as (4.21) should be used. The treatment in [9] can thus not easily be
expanded to DFB lasers with partial gain coupling, where the gain and index coupling

coefficient depend on the electron density.

4.3 Small-signal analysis of the rate equations

4.3.1 The electron density rate equation

In order to perform a small-signal analysis, a rate equation for the electron density

N (¢;t) is necessary. The treatment in section 2.5 can be expanded to include gain
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compression, resulting in a modified version of (2.42):

aN T % ((1 )

eValNozr = Lio((31) = Tirans N ((51) — Immsl+ S(t)s(t) Po(C) + eVaFn((3t) (4.61)

with Fn((;t) the noise source associated with the electrons, and S(t)P,(¢) the modal

power distribution

PAG) ~ (O + BQ) + Lo [eale)p7(0)]. (4.62)

The time dependence of P, (dynamic LSHB) has been ignored here as it requires
solution of a complicated integral equation [9]. The effect of static LSHB however is
included through the nonuniformity of P, and N and their self-consistency.

The average power S(t) in the cavity is related to the output power P, through

the Poynting vector

po(Git) == [ len(e,u,C:t)xhn(z,y,G;1)] endedy (4.63)

with pp the local, instantaneous backward propagating power. Using (4.2) for the
backward mode, (A.74) for TE modes, (4.3), (4.17), (4.34), (4.42), and [[ |Ey[*dzdy =1
gives

Mess : i
pa((it) = "L [Ea(O)y/SOE +cec. (4.64)

with R, the characteristic impedance of vacuum.
The time-average backward power, where the averaging is over many optical pe-

riods, but over a time much shorter than all other time dependences, is

Po(G:t) =< pa((:1) >= ZLS(1) |Eus(C)f (4.65)
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and a similar expression for Pp((;t). Using (2.53), the following relation with the
output power exists

2(1 — R1) nessS(t) | Eop(0)”
o !

-Paut](t) = (466)

If S(t) is to represent the average power in the cavity, normalized to the transparency

current Iy,q,, (4.24), the electric fields E,r and E,g have to be normalized as

1 h RcItrnna
| IEFOF + |Eaa(¢)F] de = = : (4.67)

€ Qneﬂ‘

The statistical characteristics of Fy((;?) include the pumping noise and are given

by

< FulGt)> = 0 (4.68)

< Fn(Gt)Fn(G5t) > = 2Dnné(C —C)é(t —t). (4.69)

The diffusion coefficient Dyy depends on the pumping, and lies beyond the scope
of this chapter. It should be noted however that (4.69) assumes a white noise. To
include 1/f noise from the pumping, (4.69) has to be modified. Due to the randomness
associated with the stimulated emission term in (4.61), a correlation exists between

the noise functions Fs and Fy

< Fn((t)Fs(t') >= 2Dnsb(t — t). (4.70)

Different controversial expressions have been proposed for Dys. Resolution of this

controversy lies beyond the scope of this chapter.
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4.3.2 The small-signal rate equations

The dynamic variables I,,, N , S, and Aw = dy/dt are expanded into three compo-
nents. The first one is the solution to the lasing condition (4.14) (assumes R = 0)
with subscript w, second the deviation in steady state due to R # 0 with subscript

s, and third the time dependent small signal é

Lo(CGit) = Tow(C) + Alipo(¢) + 6110(C3 1) (4.71)

N(Gt) = Nu(0) + AN,(C) + 6N(C: 1) (4.72)

S(t) = So +8.85(t) = S,[1+65(t)) (4.73)
W=0

Aw(t) = (Z—(': = Aw, + bw(t). (4.74)

The lasing condition (4.14) is solved as in chapter 2 under the assumption that
a power level S, is present. Addition of gain compression does not complicate the
calculation. Setting R # 0 does not change the power level, but the electron density
AN, and the current Af;o_,, as well as the lasing frequency Aw,. Solving for the

steady-state electron density gives

R 1 =
= = j Gn(Q)AN,(C)d¢ (4.75)
X 1 Al
AN,(¢) = R I:,;,,(,C)' (4.76)
145,

The profile of Al,,(¢) is usually known, up to a multiplicative constant, from the
pumping scheme (e.g., for uniform pumping, Alj,4(() = const). Substitution of

(4.76) into (4.75) can then be used to solve for this multiplicative constant. The
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steady-state frequency shift is then given by

A, = 3 [ an(OGHOARL(QAL. (4.77)

The spectrum of the laser and the side mode suppression ratio can be calculated
by using N EC ) = Nu(¢) + AN,(¢) in calculating the amplified spontaneous emission
spectrum as described in section 2.8.

The small-signal rate equations derived from (4.59), (4.60), and (4.61) are

(4.78)
% = ~Fadq /0 GN8N (G t)de + B ;{” (4.79)
Sult) = 3 [ an(QIGN(OSF(G O + 5asGsS,65 + Fy(t) (4.80)

with §,(¢) the the steady-state modal gain
3(0) = 3u(0) + AG(C) = Gu(0) + %C—) (4.81)

and T's and Tx(¢) the damping rates:

I's = 33; —GsS, (4.82)
rw(e) = L e —A_sp). (4.83)

TS 14eS
The damping of the intensity (4.82) is due to two components, the spontaneous emis-
sion rate and the gain compression. The damping due to the spontaneous emission
rate is caused by the fact that the steady-state operating point differs from the thresh-

old equation solution when R # 0. The optical gain is not clamped to the threshold
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gain (g, # §u), resuling in damping for the intensity. The difference between the
threshold gain and the steady-state gain (and therefore the corresponding the damp-
ing) is invertionally proportional to the power. At high powers, the intensity damping
I's is therefore mainly due to gain compression, and g, = §,,.

In order to calculate the modulation characteristics and the noise properties, a
harmonic analysis (") is performed on the small-signal rate equations. The modu-

lation is the reponse to the excitation é1,,, while the noise is determined by Fs, F,

and FN.

4.3.3 The relaxation oscillation and the characteristic func-

tion

The characteristic frequencies of the rate equations (4.78) and (4.79) are found by
setting the driving terms 6, = 0, Fy = 0 and Fs = 0, and requiring nonzero

solutions for §V and 8S. The characteristic equation is

i+ Tn(0) D

with Qg(() the local relaxation frequency, and I'g(() the local damping rate, given

by
2 = GN(C).&S(C)SOPO(C) l _
WO = —Greye ~als TN (485)
Ta(¢) = 5[Ts+Tw ()] (4.86)

Solution of (4.84) gives the complex characteristic frequencies (or poles) of the system.
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4.3.4 Modulation characteristics

The modulation characteristics are found by setting Fyx =0, Fs =0 and F, = 0 in
(4.78)-(4.80), and solving in function of 5.710(C ;). The relative intensity modulation

response is

1 1 Gh(O) 8D.(69)
5ﬂ9”=mpanﬁin+rmo A &3l

The frequency modulation response (éw = 276 f)is related to this intensity modula-

tion response by

@) _ anl®) pHUHO -~
0

§5(Q) ~ 2 iQ+ T'n(¢)

+0N1(Q)—am Q) 1QR(¢) + TR(C)

2 10+l dg

1 an(OTsTn(C)
d S, 4.88
2]0 0+ T (0) ¢+ Osts (4.88)
with
) 5 %‘i’r?;éf) g
aNl(Q) = f Iio!( n! C (4'89)
0 tﬂ-{-rN(C) Iirans

1 QR(O+TE(€)
fo QN(C) W4T () d(
1 0%(0+T%(0)
fD 1+ x () dC

(4.90)

an2(?) =
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In order to identify the different terms in (4.88), the behavior of the FM modula-

tion éw(Q) for Q@ — 0 is investigated:

5w(9) ) 12T'(¢) ooy @N1(0) — @na(0)
55() T2 [Q o Tn(0) — B an1(0)
+%Fs .[]I an(()d¢ + %GSGSSo- (4.91)

The first term in (4.91) is zero at & = 0 and corresponds to the dynamic chirp,
the other three terms are nonzero at 2 = 0 and correspond to the adiabatic chirp.
This adiabatic chirp consists of three components. A first component is due to the ¢
dependence of the electron density and power distribution &y, and to the pumping
scheme ay;. A second component is due to the damping of the intensity, which results
in adiabatic chirp through its effect on the electron density. The third component is
a direct effect of gain compression on the frequency for as # 0. For completeness a
temperature dependent adiabatic chirp should be added at low frequencies, with a
cutoff frequency on the order of 10MHz.

When an,(2) = an2(f2), the first adiabatic chirp component is zero. In order to

achieve this the current modulation distribution has to satisfy

81u(G: Q) QR(E) +TR()
Itrans GN(C) -

(4.92)

If the current modulation is uniform, there is an adiabatic chirp due to the nonuni-
formity of the electron density and power distribution, as an1(92) # an2(Q), if ay #

const.
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4.3.5 The noise spectra and the spontaneous emission line-

width

Solution of (4.78)-(4.80) with &I, = 0 gives for the single mode relative intensity

noise (RIN) spectrum

D(Q)| S, 1+Tn(() N,

and for the frequency noise spectrum

F, Gn(§)  Fn(GQ)

bw(€)) = Fy(Q) — arw(Q) ;gﬂ) + %]01 [an(C) — arw ()] +Ta@) N d¢
(4.94)
with
X _ana() 1 O%(0) +T%(0) 1 an(OTsIn(¢)
aLw () = D(Q) ./0 i+ In(0) 4 - D(Q) ./0 [ i+ () tasGsS,| dC.
(4.95)

The noise spectra Fs, F, and Fy are assumed white ( (4.56), (4.57) and (4.69))

with magnitudes

IFs(®)] = 2RS, (4.96)
@) = |35 (4.97)

|Fn(G )] = 2Dwn(Q). (4.98)

The intensity noise is much lower than the frequency noise, and can be neglected in
the linewidth calculation. If the frequency noise spectrum is much broader (typically

~ GHz) than the linewidth, the white noise approximation for the linewidth can be
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used [12]
1 2
Av———/ < Bw(t)bul(t+7) > dr = — < |6w(R = 0)f* > . (4.99)
The frequency noise spectrum at = 0 is given by
bw( =0) = F,(0) — arw I;Séo) + /01 K(¢)Fn(¢;0)dC (4.100)
with ayw the linewidth enhancement factor
aw = duw(0) = awal0)+ s [ [onl0) (G55, - 5) - asGsS.] e
(4.101)
. Y QR(Q) +TR(O)
ana(0) = W/ an(() o ede (4.102)
_ [ 92R(S) + TR()
D(0) = fo el (4.103)
= s
K(() = [an(¢) — arw] N.Tn(0)" (4.104)

The linewidth consits of three components Av = Av,, + Avyn + Avys, the

spontaneous emission linewidth Av,,, the electron density noise component Avyy,

and the stimulated emission component Avys given by

Av,, = 4:250 (1 + a%w)

Buwy = = [ QDN ()G

Avys = —?rI:S'w /0] K(¢{)Dns(¢)dC.

(4.105)
(4.106)

(4.107)
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4.4 Dynamic characteristics of the quarter wave
shifted (QWS) distributed feedback (DFB)

laser

The noise and modulation characteristics for QWS DFB lasers, analyzed in section
3.2.2, are calculated and the results are shown in figs. 4.1-4.5. The dynamic parame-

ters used are shown in table 4.1.

L |400pym || 75 | 4 ns

Table 4.1: Dynamic parameters used for QWS DFB laser

4.4.1 The spontaneous emission linewidth

The spontaneous emission factor is taken as

n() = T (4.108)

resulting in a local spontaneous emission rate into the lasing mode, that is propor-

tional to the local electron density.

nep(()3(¢) = AN(C). (4.109)
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Figure 4.1: Spontaneous emission rate R into lasing mode as a function of out-

put power for different values of &,

The spontaneous emission rate R into the lasing mode is shown in fig. 4.1 as
a function of the output power for different values of the coupling coefficient. The
difference in electron density (Nu. = 1.74 for &, = 1, and N = 1.36 for &, = 3) can
not explain the large difference in R. The larger spontaneous emission rate at smaller
coupling coefficients is due to the open resonator enhancement [6]; modes that are
strongly coupled to the outside (low &,) have an enhanced spontaneous emission rate.

The linewidth enhancemeent factor apw is shown in fig. 4.2 (solid line) as a
function of the output power, while the dashed line is arw calculated using the
electron density and power distribution at threshold. At low output powers arw
is smaller than the material value, due to the high damping from the spontaneous

emission rate (R/S,) in (4.82) and (4.48). At high output powers arw = o (dashed
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Figure 4.2: Linewidth enhancement factor arw as a function of output power

for different values of &,

line) if the uniform threshold electron density is used. The effect of LSHB is clearly
visible, as R and apw depend on the output power and is different from the material
value a, however, the spontaneous emission rate R and linewidth enhancement factor
arw become quasi power independent at high enough output power.

The local ax(() and differential gain Gx(() are shown in figs. 4.3 and 4.4 for
kn, = 1 (solid line) and &, = 2 (dashed line) for an output power of 0, 10 and 20mW
(with increasing output power indicated by the arrows). At threshold the effective
index is uniform and AB(¢) = 0, resulting in an ay(() that is uniform and equal
to the material value, while above threshold A,@(C) is not constant due to LSHB
and ay(() is not uniform, resulting in a linewidth enhancement factor arw that is

different from the material value.
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Figure 4.4: Local differential gain distribution for &, = 1 (solid line) and &, =
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increasing output power indicated by the arrows)
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The differential gain Gnx(() is not uniform as can be seen in fig. 4.4. A fixed change
in the electron density will have a different effect on the optical intensity depending
on where along the longitudinal direction this change occurs. For the case of &, = 2
an increase in electron density near the facets can result in a decrease in intensity at
high enough output power as the differential gain Gn(() is negative near the facets.

This negative G also explains the sign change in ay for &, = 2.
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Figure 4.5: Spontaneous emission linewidth as a function of output power for

different values of &,

The spontaneous emission linewidth Awv,, is shown in fig. 4.5 (solid line) as a
function of the output power. The dashed line corresponds to A, using the uniform
threshold electron density distribution. Due to the quasi power independence of R
and aopw at high output powers, Av,, becomes proportional to 1/P,. LSHB can thus

not account for the rebroadening or minimum linewidth observed in DFB lasers.
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Possible explanations for the rebroadening or minimum linewidth are other noise
sources, such as pumping noise and stimulated emission noise (Avyy and Avys),
which become dominant once the spontaneous emission noise (Av,,) becomes small
enough at high output powers. These additional noise sources can have a 1/f com-
ponent, which dominates at low frequencies, as has been observed and analyzed in
[13]-[16]. Nonlinear gain, as for example due to spectral holeburning, has been a
candidate for explanation of the minimum linewidth. It has been found however that
nonlinear gain alone has a negligable effect on the spontaneous emission linewidth
[17]. The presence of side modes combined with nonlinear gain however can result in
a linewidth component that increases with the side mode power [18] and a minimum
in the linewidth. This increase in side mode power can be caused by LSHB or spec-
tral holeburning. All the mechanisms described above can give rise to a minimum
linewidth; the dominating mechanism however can vary from laser to laser. It is clear

however that LSHB alone cannot cause a minimum linewidth for a single mode laser.
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4.4.2 The modulation response and the adiabatic chirp
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Figure 4.6: FM modulation magnitude for &, = 1 (solid line) and &, = 2

(dashed line) and P,y =10mW, 20mW

Fig. 4.6 shows the magnitude of the FM modulation response under conditions as indi-
cated in the caption. As a comparison the FM response is shown using the threshold
distributions and the distributions self-consistent with LSHB. If the threshold dis-
tributions are used, an({) = constant (fig. 4.3) and as a result the first adiabatic
chirp component in (4.88) is zero and the adiabatic chirp due to the spontaneous
emission damping is negligible (~ 10°Hz). If the self-consistent distributions for the
electron density and the power are used however, ay(() is not constant any more,
and an;() # an2(9) and the first adiabatic chirp component in (4.88) is not zero,

but on the order of 100MHz/mA.
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Figure 4.7: Chirp components magnitude for &, = 1 and P,y =10mW, 20mW

The different chirp components for £, = 1 are shown in fig. 4.7 for an output power
of 10mW and 20mW. At low modulation frequencies (< 50MHz) the adiabatic chirp
due to LSHB dominates, while at high modulation frequencies (> 1GHz) the dynamic
chirp dominates. The adiabatic chirp due to spontaneous emission damping (ad2 in
fig. 4.7) is at least two orders of magnitude smaller than the adiabatic chirp from
LSHB, while the third adiabatic chirp component in (4.88) is zero as gain compression

has been neglected here (e = 0 = as =0).
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4.5 Dynamic characteristics of partially gain cou-

pled DFB lasers

Since the initial theoretical work on DFB lasers in the early 70’s [19] it has been known
that gain coupled (GC) DFB lasers offer a distinct advantage over index coupled (IC)
DFB lasers as SLM operation is obtained without the need for asymmetric facet
reflections or phase shifts in the grating. Due to the more complicated fabrication
of GC DFB lasers, it is not until recently [20,21] that GC DFB lasers have been
demonstrated, and most of the DFB work has concentrated on IC structures. It has
been predicted, and demonstrated in some cases, that GC DFB lasers have additional
advantages over IC DFB lasers, such as more uniform intensity distributions and
therefore reduced LSHB [22,23] (section 3.3.2), smaller sensitivity to facet reflections
or external feedback [24,25], and high side mode suppression ratio [20].

More recently some enhanced dynamic properties have been predicted for partially
GC DFB, such as reduction in the linewidth enhancement factor for out-of-phase cou-
pling [7,26,27,28,29], increased 3dB modulation bandwidth for out-of-phase coupling
[30,31] and increased FM magnitude for in-phase coupling [30]. The highest 3dB
modulation bandwidth measured so far for partially GC DFB lasers is 22GHz [32].
The models used for these predictions however show some inconsistencies. Gain com-
pression is included in the expression for the gain, but not for the coupling coefficient
as in (4.32,4.33); the standing wave term in the expression for P,(() is not included

(in some cases this standing wave term can significantly affect the uniformity of P,).
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The models in [30,31] are large-signal models and require intensive numerical iter-
ations to calculate the dynamics around one operating point, while the model used
in [28] is based on the Wronskian model developed in [9], but never actually gives
expressions for the functional derivatives (4.20,4.21).

In this section the theory developed in this chapter will be applied to partially

GC DFB lasers to explain the predictions mentioned above.

4.5.1 Uniform electron density modulation

When the modulation of the electron density is assumed to be uniform, the ( depen-
dence in (4.38) can be integrated out, and a ( independent formulation can be used
(this is different from using the uniform threshold distribution as (4.78) results in a
nonuniform § N under uniform current modulation). For a uniform grating with index

coupling k,, gain coupling &, and zero facet reflectivities, the Wronskian is given by

w = 2N (8 coth 5 +15) (4.110)

K

~ .

with 3 = AB + i¥, & = &, — iks, N a normalization constant to satisfy (4.67)

B
5
s

? (sinh 25, sin2.§',—) _ hv Rlyan,

- - 4.111
25, 25; ( )

T e 2n 4y

and S =8, +i5;, = \/k2 — /3.

The lasing condition (W = 0) is

Scoth § = —if (4.112)
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and the derivatives of the Wronskian with respect to 3 and & at the lasing condition

are

aw 16W 2BmkN (.
— = —ldl = —————lf— 3
5 . 5% % (i-B3) (4.113)
oW VW . 2PN [, .z
= = L 7% =3 (#* —1iB). (4.114)
The differential gain Gy and ay are then { independent and given by
Gy = 2Re[Cy] (4.115)
_ Im[Cy]
aN = o= Cr] (4.116)
with
3W 38, oW 9%
CN = — %6 NBW 9k 8N . (4.117)

Bw
The ¢ independent damping factors I'y, I's and I'g, and relaxation frequency Qg

can be defined as in (4.83), (4.82), (4.86), and (4.85) with S,P,({) replaced by the

average power S,. The 3dB frequency F3;p is then given by

Py = \/92 I% 4 2,/0h + Q4% + T (4.118)

Calculations were performed for various modulation depths I'; /Ty of the optical
confinement factor, and various values of the index coupling coefficient &, (with neg-
ative values corresponding to out-of-phase and positive values to in-phase coupling).
The parameters used are the same as in section 4.4, except for the gain compression
factor which was taken as € = 0.02. The results at an high average power level in the

cavity S, = 10 are shown in figs. 4.8 and 4.9. The relaxation oscillation frequency



Figure 4.8: Relaxation frequency and 3dB frequency for partially gain coupled

DFB lasers

Fr and the 3dB modulation frequency F3,;p are shown in fig. 4.8 as a function of the
amount of index coupling for various modulation depths of the active layer optical
confinement factor. For a same magnitude of index coupling, the 3dB modulation
frequency can be up to 10 times larger for out-of-phase coupling compared to in-phase
coupling. Increasing the modulation depth of the optical confinement factor (T'; /T'),
results in an increase (decrease) in the modulation bandwidth for out-of-phase (in-
phase) coupling. For out-of-phase (in-phase) coupling an increase in the electron
density increases (decreases) the feedback, and therefore enhances (reduces) the dif-
ferential gain Gy. For in-phase coupling the differential gain Gy can be reduced
enough to result in over damping and no relaxation oscillations occurs (fig. 4.8).

The linewidth enhancement factor apy is shown in fig. 4.9 as a function of the
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Figure 4.9: Linewidth enhancement factor for partially gain coupled DFB lasers

amount of index coupling at various modulation depths of the active layer optical
confinement factor. Due to the enhanced (reduced) differential gain G the linewidth

enhancement factor apw is reduced (enhanced) for out-of-phase (in-phase) coupling.

4.5.2 Uniform current modulation

When the current modulation instead of the electron density modulation is assumed
to be uniform the (-dependent formulas have to be used. The modulation character-
istics for a partially GC DFB laser with moderate index coupling |£,| = 1 and an
optical confinement factor modulation I'; /Ty = 0.5 were calculated using the thresh-
old distributions for an average power in the cavity S, = 1, which corresponds to
just under 18mW of output power per facet. The distributions Gn((), an(() and

Fgr(¢) are shown in figs. 4.10, 4.11, and 4.12 respectively for out-of-phase coupling
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Figure 4.10: Local differential gain distribution for out-of-phase (a) and in-phase

(b) coupling in partially gain coupled DFB lasers
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in partially gain coupled DFB lasers
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(a) and in-phase coupling (b). For the case of in-phase coupling the differential gain
G~ is negative near the facets. An increase in the electron density near the facets
will therefore result in a decrease in power. Due to the dependence of the coupling
coefficient on the electron density the chirp factor ay(({) is nonuniform even if the
uniform electron density distribution is used (for the QWS DFB ay is constant when
the threshold distribution is used). This will result in an adiabatic chirp (Gn1 # é@n2)
in (4.88). The change in sign in ay for in-phase coupling, merely reflects the change

in sign of G, such that ayGy in (4.80) remains positive for all (.
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Figure 4.12: Local relaxation frequency distribution for out-of-phase coupling

(a) and in-phase coupling (b) in partially gain coupled DFB lasers

From fig. 4.12 it can be seen that, due to the reduced or negative Gy near the facets
for in-phase coupling, the relaxation frequency becomes imaginary (over damped) near

the facets.
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Fig. 4.13 shows the relative AM modulation response for out-of-phase (a) and
in-phase (b) coupling. The relaxation frequency is about 7 times larger in the case
of out-of-phase coupling. The damping g is the same in both cases, but as the
relaxation
oscillation frequency is much smaller for in-phase coupling, this results in a much
weaker peak. At higher powers, the in-phase coupling case becomes over damped and
no oscillation peak occurs.

The FM response is shown in fig. 4.14, and it can be seen that the adiabatic chirp
is about 5 times as large in the case of in-phase coupling. The decomposition of the
chirp in the dynamic and the three adiabatic components is shown in fig. 4.15 for
out-of-phase coupling and fig. 4.16 for in-phase coupling.

The adiabatic chirp is dominated by the component adl due to the nonuniformity
of ay. The component due to damping (ad2) is about the same at low frequencies
for both cases, and the third component (ad3) due to as is about two orders of
magnitude smaller than the total adiabatic chirp. The difference in the adiabatic
chirp component adl in the two cases is due to the difference in é@y; and éy2 which
are shown in fig. 4.17. The difference between éy; and ép;, which determines the
adiabatic chirp, is much larger in the case of in-phase coupling. The magnitude of
an1, which determines the dynamic chirp is much larger for in-phase coupling, and
increases with frequency. This explains why the chirp at high frequencies in fig. 4.14
is nearly the same in both cases, even though the roll off starts at lower frequencies

for in-phase coupling.
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Figure 4.13: AM modulation response for out-of-phase (a) and in-phase (b) cou-

pling in partially gain coupled DFB lasers
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Figure 4.14: FM modulation response for out-of-phase (a) and in-phase (b) cou-

pling in partially gain coupled DFB lasers
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Figure 4.17: Chirp factors an; and @y, for out-of-phase (a) and in-phase (b)

coupling in partially gain coupled DFB lasers

4.6 Conclusion

In this chapter a small-signal dynamic model for SLM lasers including gain coupling
was derived, starting from a Green’s function solution of Maxwell’s equations. The
model takes into account the cavity structure through the longitudinal dependence
of the optical field and the electron density, the dependence of the gain and index
coupling coefficient on the electron density, and the effect of gain compression on the
gain and the coupling coefficient. The model can be used above threshold in a self-
consistent way if the modal distributions are calculated by including LSHB. The only
limitation to the model is that it is a small-signal model, and can thus only be used

for small deviations in electron density and lasing frequency around the operating
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point.

An expression was derived for the spontaneous emission rate into the lasing mode,
showing that the spontaneous emission rate depends on the modal distribution and
the modal dynamics. An expression for the linewidth enhancement factor that enters
the linewidth formula was derived, showing how structural effects can result in a value
different from the material value. By applying the model to a QWS DFB laser, it was
shown that LSHB is not responsible for the linewidth floor or rebroadening observed
in measurements. Small signal AM and FM modulation response expressions were
derived, and different components in the FM response were identified as a dynamic
chirp and three different adiabatic chirp components. It was shown how the nonuni-
formity in the electron density, due to LSHB, causes a dominating adiabatic chirp in
the FM response of QWS DFB lasers.

Finally the model was applied to partially gain coupled DFB lasers, where, due
to the dependence of the coupling coefficient on the electron density, the differential
gain can be enhanced (reduced) for out-of-phase (in-phase) coupling by increasing
the modulation of the optical confinement factor. This results in an increased 3dB
modulation bandwidth and decreased linewidth enhancement factor for out-of-phase

coupling, and an increased FM modulation at low frequencies for in-phase coupling.
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Chapter 5

Introduction

5.1 Passive mode-locking

One of the most active research areas in lasers is the generation of short optical
pulses with pulse widths ranging from several picoseconds down to the femtosec-
ond range. Applications for these pulses can be found in dynamic measurements of
systems on subpicosecond time scales, such as in solid-state physics, biochemistry,
molecular dynamics, and ultrafast electronics and optoelectronics [1]. Some appli-
cations can be found in optical communications, such as an optical pulse source for
time division multiplexing (TDM) and generation of soliton pulses for long haul op-
tical fiber transmission. To generate pulses much shorter than the typical inversion
lifetimes, nonlinear techniques have to be used such as mode-locking, gain switching
and Q-switching. Of all these techniques mode-locking has resulted in the shortest

pulses.
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Mode-locking of a laser is achieved by a modulation of the net cavity gain (or
refractive index) at the cavity round-trip frequency, such that energy is transferred
between the longitudinal cavity modes, resulting in a phase-locked multimode spec-
trum. The coherence of the multiple modes results in an optical pulse train with pulse
widths proportional to the reciprocal of the phase-locked spectral bandwidth [2].

The modulation at the cavity round-trip frequency can be generated by an ex-
ternal RF signal as in active mode-locking, or it can be generated internally by the
optical pulse train itself as in passive mode-locking. Passive mode-locking can best be
understood in the time domain, by considering the effects of different elements (gain,
loss, dispersion) on a pulse circulating in the cavity. Several theoretical descriptions of
passive mode-locking in the time domain have been published, with most of the effort
concentrating on the existence of a stable pulse solution [3]-[8]. The main results on
the existence of a stable pulse solution are summarized below. The different elements
in the cavity are a gain element, a saturable absorber and a dipersive element as

illustrated in fig. 5.1.

dispersion gain absorption

Figure 5.1: Passive mode-locked laser cavity

The saturable absorber provides the pulse shortening (spectral broadening) mech-
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anism, while the dispersive element introduces pulse broadening (spectral narrowing)
and is usually dominated by a bandwidth limiting effect such as the optical gain
bandwidth. The time dependence of the optical intensity, the loss and the gain are
shown in fig. 5.2, illustrating the requirements for stable passive mode-locking. The
existence of a stable circulating pulse requires net gain for the center of the pulse and
net loss for the tails of the pulse, resulting in pulse compression (spectral broadening)
for each pass of the pulse. Once the pulse is short enough, the pulse broadening (spec-
tral narrowing) per pass due to the dispersive element will equal the pulse narrowing,
and a stable pulse can exist. The excess energy generated in the center of the pulse
is transferred to the tails, resulting in total net round-trip gain of zero at each point
in time.

As illustrated in fig. 5.2 three requirements have to be satisfied:

1. For the center of the pulse to experience net gain, the absorber has to saturate

faster than the gain.

2. For the trailing edge of the pulse to experience net loss when the absorber
recovery is slow compared to the pulse width, the gain has to saturate below

the total loss.

3. For the leading edge of the pulse to experience net loss, the absorber has to

recover faster than the gain.

When the pumping of the gain element is too large, the gain becomes larger than

the loss before the arrival of the next pulse and the leading edge experiences net
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Figure 5.2: Gain and loss dynamics of passively mode-locked laser

gain. The pulse becomes unstable, and mode-locking is lost or the laser switches
to mode-locking in a higher harmonic of the round-trip frequency, thereby reducing
the gain recovery between consecutive pulses [9,10]. When the pumping of the gain
element is too low, the generated pulse energy is too low to saturate the gain below
the saturated loss and the trailing edge of the pulse experiences net gain. The pulse
becomes unstable and mode-locking is lost or the laser switches to mode-locking in a
lower harmonic of the round-trip frequency. In the lower harmonic the gain before the
arrival of the pulse is larger such that larger pulse energies can be generated [9,10].
Generation of ultrashort pulses requires a broad gain spectrum as well as a broad-

band absorber. Pulses as short as 30 fs with external compression to 6 fs have
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been generated by passively mode-locked dye lasers [11]. Since the demonstration
of self-mode-locking in Ti:sapphire in 1991 [12], the Ti:sapphire laser has become
the technology leader for sub-50fs pulse generation, with pulses as short as 11fs [13].
Discovery of self-mode-locking in Ti:sapphire lasers has also opened a whole new field
in passive mode-locking, where the saturable absorber is replaced by an intensity

dependent loss or gain mechanism, such as self focussing.

5.2 Mode-locking of semiconductor lasers

Besides the usual advantages of semiconductor lasers, such as low cost, small size and
efficient electrical pumping, the electronic band structure of semiconductors and its
associated broad gain spectrum [14] are very suitable for mode-locking and genera-
tion of ultra short pulses. By coupling a semiconductor laser to an external cavity
active mode-locking was demonstrated in 1978 [17] and passive mode-locking in 1980
[18]. The saturable absorber in these lasers was provided by aging induced degraded
regions along the laser. Controlled introduction of saturable absorption by proton
bombarding one of the mirror facets was reported in [19,20], resulting in passive
mode-locking with subpicosecond multiple pulses. A good and thorough review on
the early work in mode-locking of semiconductor lasers can be found in [21] and [22].

Clean subpicosecond pulses were obtained for the first time using an external mul-
tiple quantum well (MQW) absorber [23]. The low saturation energy of the exciton

feature in the MQW provides a fast absorber saturation, and the absorber recovery
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time was reduced by proton bombarding the the MQW absorber. Improvements on
this setup has resulted in 207fs pulse widths and 160W of peak power after external
amplification and external pulse compression [24].

Passive mode-locking of a multi-section buried heterostructure laser coupled to
an external cavity was first demonstrated in 1983 [15] with 35ps pulse widths. The
pulse shape showed a pronounced fine structure however, indicating mode-locking
in spectral clusters. Improvement on passive mode-locking of multi-section lasers is

possible by making use of the following very attractive properties of MQW lasers:

e Due to the flat two-dimensional density of states the gain at a fixed wavelength
saturates at high current injection[16]. This sublinear behavior of the gain in
function of the bias results in a saturation energy for a forward biased gain
section that can be several times larger than the saturation energy in an reverse

(or “sub-transparency”) biased absorber section.

e Due to the electric field across a reverse biased pn-junction the electrons gen-
erated in the absorber section can be extracted faster than under forward bias.

The absorber recovery time is shorter than the gain recovery time.

Passive mode-locking of a two-section MQW laser coupled to an external cavity
has resulted in clean pulses with typical pulse widths of 8ps and pulse repetition
rates up to 7TGHz [9] at harmonics of the cavity round-trip frequency. The noise
characteristics and the long term stability of these lasers were measured, showing very

low timing jitter (5.5 ps for a pulse repetition rate of 546 MHz) and very low pulse
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energy fluctuations (<0.52%) [25]. The pulse energy is determined by the saturation
energy of the gain section and is typically a few pJ [10]. .

Mode-locking of MQW lasers coupled to an external cavity results in stable pulse
trains as the pulse round-trip time is of the same order of magnitude as the gain
recovery time. This allows strong gain saturation with almost complete gain recovery
before the arrival of the next pulse. Strong gain saturation however is not a require-
ment, and passive mode-locking of monolithic structures has been demonstrated with
pulse repetition rates larger than 100 GHz [26]-[28] and as high as 350 GHz [29].
As the pulse round-trip time for monolithic devices is much shorter than the gain
recovery time, the net gain modulation necessary for mode-locking is much weaker

and stability of the pulse train becomes an issue.

5.3 Outline of part II

The implications of the broad gain spectrum of MQW lasers on passive mode-locking
of two-section lasers coupled to an external cavity is investigated experimentally in
chapter 6. Broad-band tuning of the center wavelength of the optical spectrum is
demonstrated, with a tuning range as high as 26 nm at an average wavelength of
840 nm (~3%), pulse widths of a few ps and bandwidths of a few nm. The time-
bandwidth products are typically 10 times larger than the transform limit. It is then
shown, by compressing the pulses to sub-ps pulse widths, that this excess bandwidth

is due to a strong linear upchirp of the pulse. Near transform limited pulse widths as
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low as 320 fs are measured, with a compression factor of 15 and 1.9 W of peak power.

A pulse propagation model through saturable media with self-phase-modulation
(SPM) is developed in chapter 7 and applied to a two-section structure to demon-
strate the chirping mechanisms present in passively mode-locked MQW lasers. The
a-parameter, and the associated change in refractive index under saturation in the
gain section is shown to give rise to SPM, which combined with the pulse shaping
mechanism of the saturable absorber imprints a linear upchirp on the pulses. Prop-
erties such as the pulse shape asymmetry, pulse tails, and the transform limit are

discussed.
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Chapter 6

Broad-band wavelength tuning
and subpicosecond pulse
compression from passively

mode-locked lasers

6.1 Introduction

In this chapter experimental results on the spectral characteristics of passively mode-
locked two-section multiple quantum well (MQW) lasers coupled to an external cavity
are presented. The flat two-dimensional density of states of a quantum well laser has
resulted in a single mode tuning range of more than 100 nm in GaAs [1,2]. The

theoretical limit for the pulse width of a 100 nm wide spectrum is about 10 fs. The
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spectral width measured for passively mode-locked two-section lasers is typically a few
nm [3] and the pulse width is typically a few ps [4,5], with time-bandwidth products of
several times the transform limit. These experimental results indicate that two issues
have to be addressed. First, if MQW lasers can provide gain and absorption over tens
of nm, but the mode-locked spectrum is only a few nm wide, can this spectrum be
tuned over a broad wavelength range? Second, is the excess bandwidth generated due
to a deterministic chirp during the pulse or to random noise? If the excess bandwidth
is due to chirping, all wavelengths are phase-locked and pulse compression is possible
when the chirp has a dominant linear component. If the excess bandwidth is due to
random noise, spectral filtering will result in time-bandwidth products closer to the
transform limit.

Wavelength tuning of an actively mode-locked laser only requires a medium with
a broad gain spectrum, and tuning ranges of 33 nm [6], 60 nm [7,8] and 40 nm [9] were
measured at wavelengths of 0.82 pm, 1.3 gm and 1.55 pm respectively. Wavelength
tuning of passively mode-locked lasers requires a broad gain spectrum and a broad
absorber spectrum. Only limited temperature tuning of monolithic passively mode-
locked lasers has been demonstrated with a tuning range of 8.8 nm at a wavelength of
1.55 pm. Pulse widths for actively mode-locked lasers were typically 10-20 ps [6]-[9],
reduced to 3.7 ps after external pulse compression [7]. The pulse shaping mechanism
of the saturable absorber in passive mode-locking usually results in shorter pulses,
and sub-ps pulses as low as 207 fs have been demonstrated [10] using an external

MQW absorber. The relatively narrow exciton peak of the MQW was used as a
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saturable absorber and wavelength tuning was not possible.

Recently active mode-locking of optically pumped external cavity surface emitting
MQW lasers has been reported [11,12] with full width half maximum (FWHM) of the
intensity autocorrelation of 153 fs at 1.5 pm [11] and 324 fs at 0.89 pm [12] after
external pulse compression with a grating pair. Using soliton effects in an optical
fiber these pulses were further compressed down to FWHM of 21 fs at 1.5 pym [13].
All the compressed pulses (grating pair or soliton effects) however had large and long
pedestals, containing more than 50% of the pulse energy. In these cases the FWHM
cannot be considered a true measurement of the pulse width, and a more appropriate
measurement taking into account the pulse energy distribution should be used.

In the next sections measurements on the spectral characteristics of two-section
MQW lasers passively mode-locked in an external cavity will be discussed. First
broad-band wavelength tuning will be demonstrated, after which pulse compression

to sub-ps near transform limited pulses will be discussed.

6.2 The external cavity laser setup

6.2.1 The device structure

The two-section lasers described in this chapter were provided by Ortel Corporation,
Alhambra, and are similar to the devices used in previous mode-locking experiments
[4,5]. A cross section of the laser structure is shown in fig. 6.1. The MOCVD grown

quadruple quantum well structure has on each side a 0.2um linearly graded separate
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Figure 6.1: Laser structure
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optical confinement structure from the Al concentration in the barrier (x=0.2) to the
Al concentration in the cladding layer (x=0.3). After the first epitaxial growth a
2pm stripe was etched through the active layer, and an LPE regrowth was performed
to obtain a burried structure for lateral optical and carrier confinement. Multiple
contacts were defined by selective Zn diffusion to provide a p* cap layer, after which
top and bottom Au contacts were deposited. The isolation between the contacts was
provided by a 50um gap without Zn diffusion, resulting in an isolation resistance
>10kf2. The wafer was then cleaved to obtain two-section devices with a 60um
absorber section and a 450um gain section. The lasers were mounted junction side
up and both sections were wirebonded. The facet on the absorber side was HR coated
to 90% reflectivity to enhance absorber saturation, and the facet on the gain side was
AR coated to ~ 5% to allow coupling to an external cavity. The laser mount was
then mounted on an aluminum block whose temperature could be monitored with a
thermistor and controlled with a TE cooler.

Both sections were biased through a bias tee with the high frequency terminal
terminated by 50€2. The gain section was biased by a DC current source, while the
absorber section was grounded under mode-locked operation to provide fast recovery
for the absorber [5]. The threshold current of the lasers without external feedback

and with floating absorber is typically 40mA.
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6.2.2 The external cavity for wavelength tuning

to microwave spectrum analyzer and autocorrelator

EaaFiNE

HP33150A _{ HP33150A

-u|—a~+-§

grating

== | |-

absorbel] gain region
|

R=90% — AR.
coated 40X

0.65 N.A.

to optical spectrum analyzer

Figure 6.2: External cavity with grating setup 1

The laser beam from the AR coated gain facet was focussed on a 600 lines/mm grating
mounted in Littrow configuration to provide feedback into the laser (fig. 6.2). The

grating equation for the defracted beam of order -1 is

sina = — —siny (6.1)
nd
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with 4 the incidence angle , « the exit angle (both with respect to the grating normal),
A the vacuum wavelength, n the refractive index, and d the grating period (=1/600
mm). For Littrow configuration @ = 7, and the wavelength coupled back into the
laser is given by (n=1)

A = 2dsin~. (6.2)

In order to feed back A=840nm, an angle of 14.6° with the grating normal is required.
The spectral bandwidth that is coupled back into the laser depends on the angular

spread of the incident beam, and is found by differentiating (6.2)
A) = 2dcosyA~. (6.3)
The angular spread of the beam is determined by diffraction

Boy= (6.4)

A
D
with D the beam diameter at the beam waist. As the beam is not normally incident
on the grating, the illuminated part of the grating is D/ cos~, resulting in

AN 2
=== (6.5)

with N = D/d cos~ the number of grating lines illuminated by the beam, also known
as the grating resolution.

For a beam collimated on the grating the diameter D is typically larger than 5mm
(N=3100), giving a spectral bandwidth AA=0.54nm (or Av=230GHz), which can
only result in mode-locking with pulse widths larger than 1 ps. A beam focussed on

the grating however results in a much smaller N, thereby allowing a broader spectral
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range to be coupled back into the laser, and mode-locking with subpicosecond pulse
widths should be possible. Previous noise measurements on the mode-locked laser
also indicated that a focussed beam with a mirror in place of the grating results in
more stable mode-locking [5]. Wavelength tuning is obtained by rotating the grating

(6.3) with a tuning sensitivity of AA/Ay=56nm/°.

6.3 Broad-band wavelength tuning

6.3.1 Experimental setup 1

In a first experiment [21] a 9% pellicle beam splitter (BS) placed at a 45° angle
was used to couple the light out to an optical grating spectrometer on one side and
a second harmonic (SH) collinear intensity autocorrelator and microwave spectrum
analyzer on the other side (fig. 6.2). The external cavity length was about 30cm,
resulting in a round-trip frequency of 561MHz. Due to the relatively low feedback,
and hysteresis in the L-I curve [4] the laser was turned on with the absorber floating
to avoid exposure to high gain section currents. After setting the gain current to an
appropriate value the absorber was grounded and the laser switched to mode-locked
operation. By adjusting the gain current, mode-locking in the first harmonic of the
round-trip frequency is obtained. During all measurements the temperature of the
laser mount stayed at 22.5°C.

The minimum gain current needed for mode-locking in the 1st harmonic is shown

in fig. 6.3 as a function of the center wavelength of the spectrum (full circles). The
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Figure 6.5: Intensity autocorrelations at different wavelengths

tuning range is 26nm and is the broadest tuning range measured for passively mode-
locked semiconductor lasers. Intensity autocorrelations were measured at different
wavelengths as indicated by the open circles in fig. 6.3, and the autocorrelation
FWHM are shown in fig. 6.4 as a function of the wavelength. The typical decon-
volved pulse width (assuming a hyperbolic secant pulse shape) is 3 ps. The spectral

width is typically 2.5 nm, resulting in a time-bandwidth product of 3.2 which is about
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10 times the transform limit of 0.31 . The intensity autocorrelations are shown in

fig. 6.5 for different wavelengths.
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Figure 6.6: Intensity power spectra at different wavelengths (consecutive traces

are displaced by 0.2GHz and 20dB)

The power spectrum of the intensity was measured from the photocurrent of a
~12 GHz bandwidth followed by a 0.5-4.5 GHz bandwidth 35dB low noise amplifier
and an HP8565a microwave spectrum analyzer. Intensity power spectra are shown
in fig. 6.6 for different wavelengths, indicating stable mode-locking with the noise 3
MHz from the signal at least 30dB below the signal level. The signals observed near
530 MHz and 700 MHz are part of the background. At the longer wavelength edge of
the tuning range, the laser was less stable, resulting in higher noise bands and turn

off of the laser under external perturbation (fig. 6.5, 854nm trace).
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6.3.2 Experimental setup 2
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Figure 6.7: External cavity with grating setup 2

To allow operation at lower currents the laser mount was modified, such that the
light coming out of the HR coated absorber facet could be used as the output, and
the beam splitter could be removed, thereby increasing the external feedback level
(fig. 6.7). By increasing the gain current, the laser could be mode-locked at higher
harmonics of the round-trip frequency (586 MHz). The wavelength and current ranges
for which mode-locking was obtained is shown in fig. 6.8 for the different harmonics.
During the measurements the laser mount was maintained at a temperature of 22°C.

A tuning range of 12 nm was measured for the first harmonic. The upper current
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limit for the higher harmonics was not measured for all wavelengths to avoid exposing
the laser to high gain currents. Measurements of the pulse energy, autocorrelation
FWHM and spectral FWHM were performed at the operating points in the first
harmonic, as indicated by the solid circles in fig. 6.9, with the open circles indicating
the range for which stable mode-locking in the first harmonic is obtained. The pulse
energy is shown in fig. 6.10 for the different operating points, and is small as the output

is taken out of the HR coated facet after passing through the saturable absorber.
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The FWHM of the autocorrelations is shown in fig. 6.11, where higher currents
result in longer pulses. The FWHM of the corresponding optical spectrum is measured
using a monochromator and is shown in fig. 6.12, with higher currents resulting in a
broader spectrum. The “narrower” spectrum at the long wavelength side of the tuning
range is due to a stronger asymmetry in the spectrum at these wavelengths fig. 6.13.
The time-bandwidth product of the pulse ranges from 1.5 on the long wavelength side
to 12.2 at higher gain currents.

At some wavelengths weak satellite pulses can be observed in the autocorrela-
tions(fig. 6.14) centered at a time delay of about 13ps, corresponding to the round-trip
time between the two semiconductor facets (L~560um). These satellite pulses are
attributed to a residual reflection from the AR coated gain facet, but may be partially
suppressed by the presence of the monolithically integrated saturable absorber [15].

If the intensity pulse train, including the satellite pulse is given by

I(t) = f(t) + ¢f(t = T) (6.6)

where the satellite pulse is a delayed and attenuated version of the main pulse, it can

be shown that the ratio r in the intensity autocorrelation peaks is given by

= 6.7
Sl v (6.7)
from which the energy ratio ¢ can be derived
W e o
I St i (6.8)

2r
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The pulse energies in fig. 6.10 were not corrected for the energy in the satellite
pulse, which was lower than 10% except at the short wavelength side of the tuning
range where the satellite pulse could contain as much as 50% of the energy (fig. 6.14).
This seems to indicate that the AR coating was higher than 5% for wavelengths
shorter than 840 nm for this particular laser device and may explain why the tuning

range was limited on the short wavelength side to 12 nm compared to the 26 nm
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observed with a different laser device in the previous experiment.

6.4 Compression to subpicosecond pulsewidths

The high time-bandwidth products measured in the previous section indicate that
excess optical bandwidth is present (depending on the exact pulse shape the time-
bandwidth product can be as low as 0.31 for hyperbolic secant pulses, 0.44 for Gaus-
sian pulses).r This excess bandwidth can be due to noise during and between the
pulses, or to a deterministic time dependence of the optical phase. In the first case
the coherence time of the pulse is shorter than the pulse width, and not much can be
done to the pulse except narrowing the spectrum, thereby increasing the coherence
time until it is equal to the pulse width. In the second case the pulse is said to be
chirped, and the pulse can be compressed in time using a linear time-invariant system

if the deterministic time dependence of the optical phase is known.

6.4.1 Chirped pulses
The electric field of a pulse train with a complex pulse shape f(t) is given by
e(t) = e“* " f(t —nT) (6.9)

with w, the optical frequency and T the period of the pulse train. The optical

spectrum £(Q) (2 = w — w,) of this pulse train consists of a set of §-functions with
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their magnitude determined by the spectrum F(f) of the pulse shape f(t):

EQ) = ZF 271 50 — 2”?") (6.10)

The pulse train can thus be expanded in a superposition of complex harmonics:

21rnt

e(t) = eivot L ZF (6.11)

The intensity of the pulse train is given by

I(t) = =3 |f(t —=nT)[’ (6.12)

n

where the last equal sign only holds if the pulse width is much shorter than the pulse
period T. To analyze the pulse train it suffices to analyze a single pulse f(t).

A Gaussian pulse with a linear chirp A in the instantaneous frequency is given by
- t 2
(1) = c0-a(k) L(t)e*). (6.13)
The instantaneous frequency, defined as w(t) = w, + dé/dt is

t
w(t) =w, +24— (6.14)

Tp

and increases linearly with time. The spectrum of the pulse is given by

~ 2 ]
F(@) = | 2ige 0 (615

The full width half maximum (FWHM) Ar of the pulse is

At = v2In 27, (6.16)
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the FWHM Av of the spectrum is

V2In2
BT (6.17)

with a time-bandwidth product

ATAv = 21::2 V14 A? (6.18)

and the transform limit (A = 0) given by 2In2/7 = 0.44. Adding frequency chirp in
the time domain broadens the spectrum for a fixed pulse width, and adds a frequency
dependent phase in the spectrum. This frequency dependent phase can be removed

by a linear time-invariant phase filter, keeping the magnitude of the spectrum intact

" 2
F{(Q)= ‘/ 17:7:',46- Az ()’ (6.19)

resulting in a compressed pulse in time domain

£ =AT 70+ (%) (6.20)

with a compressed pulse width of

Az = \/% (6.21)

resulting in a time-bandwidth product equal to the transform limit.
Similarly it can be shown that for a fixed spectral width Ay, the shortest Gaussian
pulse is obtained when the phase has no quadratic phase component. A chirped

Gaussian pulse with spectrum

F(Q) = OB (6.22)
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and spectral FWHM

Av=+2In 2% (6.23)
has a pulse shape
2 —i
fit)= —ﬂ"’— e—_l(1_71+£? y (pt)? (6.24)

ir(1+iB)

with pulse width

. ?;“2\/1 T B (6.25)
P

This pulse width is minimal when no chirping is present (B=0).

For simplicity the analysis has been performed on Gaussian pulses where a qua-
dratic phase component in time results in a quadratic phase component in frequency.
For other pulse shapes this one to one relationship between quadratic components
does not hold. If a linear instantaneous frequency chirp is added to a chirpless pulse
fo(t)

10 = £l 4 (5) (6.26)

the spectrum becomes a convolution (*) of the chirpless spectrum with a quadratic

phase
= T2 . (Qrp)?
P(Q) = ”:” F(0) » 5 (6.27)
which can be written as
& (nrp)? ,',4(.‘...)2
F(Q) =2re 74 [ f,(t)xe \™ , (6.28)
t:ﬁri

2A

The convolution in (6.28) has in general a frequency dependent phase, resulting in

cubic and higher order terms in the phase of the spectrum.
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In general one can say however that, in time domain, a constant phase shift
is irrelevant, a phase linear with time corresponds to a constant frequency shift, a
quadratic phase dependence results in a linear frequency chirp, and a cubic or higher
order phase dependence results in a nonlinear chirp. Similarly in frequency domain, a
constant phase is irrelevant, a phase linear with frequency corresponds to a constant
group delay, a quadratic phase corresponds to a linear group delay dispersion, and a
cubic or higher order phase dependence results in nonlinear group delay dispersion.
A linear frequency chirp will in general result in a linear and nonlinear group delay
dispersion, while a linear group delay dispersion will result in a linear and nonlinear

frequency chirp.

6.4.2 Pulse compression filters

Different linear phase filters have been proposed and used for pulse compression, such
as dispersion in optical fibers [16], diffraction in a grating pair [17], and refraction in
a prism pair [18]. All of these systems however allow only one sign of chirp. To be
able to access both signs of chirp, a telescope can be used in between the two gratings
or prisms [18]. As the sign of the chirp in the passively mode-locked two-section
quantum well lasers is a priori unknown, a dual grating telescope compressor is used
and shown in fig. 6.15. This system was analyzed in [19] using diffraction integrals
for Gaussian beams. A simpler analysis using plane waves is given here.

It is well known that a point source §(z — z,,y —y,) in the front focal plane of the

first lens is imaged by the telescope into a point §(z+z,,y+y,) in the back focal plane
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Figure 6.15: Grating telescope compressor

of the second lens [20]. As this is the impulse response of a system (the telescope)
linear in the spatial coordinates, the Fourier transform of this impulse response gives

the response to a plane wave incident on the telescope. An incident plane wave
E;, = Ae”'s* (6.29)

with A the complex amplitude (magnitude and phase) of the plane wave in the front

focal plane, will give a plane wave in the back focal plane
E e = Aetths, (6.30)

The y dependence is neglected here for simplicity of notation, as all the dispersion
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from the gratings is in the x direction. The phase delay seen by a plane wave between
the two outer focal planes is independent of the angle of incidence (k. ), and the only
effect of the telescope is a 180° rotation.

The response of the grating to a plane wave is shown in fig. 6.15 The incident

plane wave electric field is
Eiu(a,2) = Eje ke siny=x'cont) (6.31)

with k = 27 /A = w/c, and A the wavelength. The electric field on the grating is
E;.(z',z' = 0) and the diffracted beam of order -1 on the grating is given by

2wz’

E_y(z',2' = 0) = r_ E,e """ "F = p_ E e*ike'sine (6.32)

with r_; the reflection coefficient for the -1 order (2’ independent), and d the grating

groove period. The plane wave exiting the grating in the -1 order is then given by
E....](I’, Z’) — r_lEoe+ik(1" sinc:—z'cosa). (633)

The grating equation which relates the incident angle to the exit angle is derived from

(6.32)

sina = % —sin . (6.34)

If the angle between the grating normal and the telescope axis is a, then the

electric field at plane z = 0 is given by
Ei(z,z = 0) = r_y E e~ =sinlac—a) (6.35)
and the electric field in the front focal plane is

El(:c,z =d, — f) — r_lEoe-ik(dl -j}cos(aa-—o:)e-:'kzsin(ao—a) (636)
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with d; the distance between the first grating and the first lens along the telescope
axis, and f the focal length of the lens. The electric field in the back focal plane of

the telescope is then (using (6.29,6.30))
EQ(I, B = f _ dz) — r_lEoe—ik{d;—j)cos(ao—a)e-i-:'krsin(ao—or) (637)

and the electric field near the plane “z = 0” of the second grating is

EQ(I., Z) =r_, Eoe-—ik(d1—f)cos(oo-a)e-{—ik(f-dz)cos[a.,-a)e+ikrsin(ag-a)e—ikzcos(ag—-a}.

(6.38)
In the 2’, 2’ system of the second grating this is
Ey(2,2') = r_y E, e~ kditda=2) cos(aoa) +ik(z'sina+2' cosa) (6.39)
The diffracted beam of of order -1 on the second grating is then given by
Bl =0) = r?_]Eoe-ik(d,+d;-2_r)cos(a.,-a)e+ikr'sinae-."—';.’-‘ (6.40)
and using the grating equation (6.34) this becomes
Eou(a', 2 = 0) = v2 B ¢ Hb+h-3l)onlas—a) ~dks'siny (6.41)
The phase delay picked up by the plane wave is thus
¢.=k(dy +dy —2f)cos(a, —a). (6.42)

All other phase delays picked up during propagation are linear with k£ and thus
with frequency, resulting in a constant group delay and are irrelevant for pulse com-

pression. The phase (6.42) however will result in group delay dispersion as « is a
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function of w. The group delay 7,(w) is given by

(w)=3¢’c_d1+d2"'
£ 0w

2f [cos @, + sinysin (a — a,)] (6.43)

CCOs O
and the group delay dispersion by

a1,  0%¢. B 4rc(dy +dy —2f) cos a,

Ow ~ Ow? w3d? cosda’

(6.44)

The grating telescope compressor acts as a linear filter on the pulse train with as

frequency transfer function H(w) = e=*%<(*) with

De(w) = Be(wo) + (@ — w,) Ty + %g—”: (w —wo)’ + 0 [(w—w,)’]. (6.45)

The term in (w —w,)? will result in pulse compression or pulse broadening, depending
on the chirp in the input pulse and the position of the gratings (d; and d;) with
respect to the front and back focal planes. If the gratings are placed outside the two
outer focal planes (d;+d;—2f > 0) the group velocity dispersion (9v,/0]) is negative,
as for a grating pair without the telescope, and if the gratings are placed inside the
two outer focal planes (d; + d; — 2f < 0), the group delay dispersion is positive as
in a single mode fiber for a wavelength around 840nm. For Gaussian pulses with a
time-bandwidth product of 5, and an autocorrelation FWHM of 6ps, the quadratic
phase component in the spectrum is £0.28 (ps)*(w — w,)?. A grating pair with 2000
lines/mm, and an angle a, (= a) with the telescope axis of 60° (y & 55°), requires a
grating “spacing” |d; + d; — 2f| = 3.3cm to compress the pulses at a wavelength of
845nm to their transform limit of 0.37 ps.

For finite beam sizes different frequencies will come out of the compressor with

a frequency dependent displacement perpendicular to the output beam [17,19]. The
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main consequence of this displacement is a filtering of the magnitude of the spectrum,
resulting in a narrower spectrum and a broader minimum pulse width achievable
[19]. To avoid this broadening, the compressed pulse can be sent back through the

compressor with a retroreflector, or a wide enough beam can be used.

6.5 Subpicosecond pulsewidth experiments

f=8.6mm
N.A.=05 70%

= kK 100%
"= | e

absorbel gain region

90% L

to autocorrelator

Figure 6.16: External cavity laser with pulse compressor setup

In order to have a larger energy per pulse, the setup shown in fig. 6.16 was used.

The grating was replaced by a 70% mirror and the beam transmitted through this
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mirror was sent through the grating telescope compressor. The beam size coming
out of the laser was several mm, such that the compressor could be used in a single
pass mode without causing noticable broadening due to the frequency dependent
beam displacement. After exiting the telescope compressor, the beam is directed to
the collinear autocorrelator for pulse width measurements or the monochromator for
spectral measurements. All measurements were performed in the 1st harmonic of the

round-trip frequency (558 MHz), which was obtained for gain currents between 39 and

48mA.
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Figure 6.17: Uncompressed (circles) and compressed (triangles) pulse widths as

a function of gain current

The uncompressed pulse widths coming out of the laser were very sensitive to the

cavity alignment, with different pulse widths coinciding with small spectral changes.
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The FWHM of the autocorrelation is shown in fig. 6.17 as a function of the gain
current for different cavity alignments. For a fixed cavity alignment the pulse width
and the spectral width tend to increase with increasing gain current. The compressed
pulse width as shown in fig. 6.17 decreases with gain current, agreeing with the larger
bandwidths for higher gain currents. The shortest compressed pulse width is typically
3601fs after deconvolving with a factor of 1.543 for hyperbolic secant pulse shapes, with
an optical bandwidth of typically 1.1THz, giving a time-bandwidth product of 0.39.
All compressed pulse were obtained with the compressor in the region of negative
group velocity dispersion, corresponding to an upchirp (blue shift) during the pulse.

Deconvolved pulse widths as low as 320fs [21] were measured for a gain current
of 48mA. An autocorrelation trace of a 330fs pulse is shown in fig. 6.18a, together
with the uncompressed pulse (fig. 6.18b). The uncompressed pulse has a deconvolved
pulse width of 5.2ps and time-bandwidth product of 6.8. The large compression factor
(>15) indicates that the pulse has a strong linear chirp component. Satellite pulses
are observed at a time delay of 14.2ps, corresponding to the round-trip time between
the two facets of the 510um long laser. The satellite pulses contain less than 10%
of the pulse energy, and are attributed to the residual reflection at the AR coated
facet. Compression of the satellite pulse indicates that it is a replica of the main pulse
through reflection of the facets.

The corresponding optical spectrum of the compressed pulse is shown in fig. 6.19
and has a FWHM of ~ 3nm (1.2THz), giving a time-bandwidth product of 0.4, close

to the transform limit. A fringe resolved autocorrelation [22] was measured, and is
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shown in fig. 6.20. The fringes are visible over the full pulse width, indicating that
the pulse is very close to the transform limit, and that very little nonlinear chirp
is present. Presence of nonlinear chirp after compression usually shows up as long
tails in the autocorrelation traces [23]. The optical spectrum (fig. 6.19) shows a mod-
ulation at 71GHz, the round-trip frequency between the two semiconductor facets.
Compression to near transform limited pulses shows that the residual reflectivity at
the AR coated facet does not prevent mode-locking over a bandwidth larger than

71GHz semiconductor mode spacing, but merely results in weak satellite pulses.
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Figure 6.19: Optical spectrum of compressed pulse

Typical pulse energies coming out of the laser were 1.3pJ, and 0.6pJ after losses

in the compressor, corresponding to a peak power of 2W for a 330fs long pulse.
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Figure 6.20: Fringe resolved autocorrelation of compressed pulse

6.6 Conclusion

In this chapter broad-band wavelength tuning of passively mode-locked two-section
multiple quantum well lasers coupled to an external cavity was demonstrated. Typical
tuning ranges on the order of 15 nm at 840 nm can obtained, and a maximum of 26
nm was demonstrated. This is the broadest tuning range reported for passively mode-
locked semiconductor lasers. The pulses emitted by the laser are several picoseconds
long with time-bandwidth products of several times the transform limit. By using
external pulse compression with a grating telescope compressor, it was then shown
that the large time-bandwidth products are due to a linear upchirp during the pulse.
The pulses were compressed by a factor as large as 15, down to near transform limited

pulse widths as low as 320 fs. At the time of the measurements these were the shortest
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pulses reported for two-section passively mode-locked MQW lasers. This pulse width
has been lowered since then in a continuation of the work presented in this chapter,
by combining the wavelength tuning with the external pulse compression. A tuning
range of 16 nm was measured with compressed pulse widths below 600 fs, and as
low as 260 fs [23], with the shorter pulses nearly transform limited and the longer
pulses about 2 times the transform limit. The near transform limited pulses after
compression indicate that the upchirp of the pulses is extremely linear, while the
2 times transform limit is due to a nonlinear chirp component, which cannot be
compensated for with the compressor used in the setup.

Combining the experimental results presented in this chapter with previous ex-
periments on the low noise performance of these lasers [5], indicates that passively
mode-locked two-section MQW lasers coupled to an external cavity, are getting close
to commercial applications for low cost, low power, wavelength tunable, subpicosec-

ond pulses.
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Chapter 7

Pulse propagation and
self-phase-modulation in saturable

media

7.1 Introduction

In the previous chapter experimental results on passive mode-locking of two-section
quantum well lasers in an external cavity indicated that the large time-bandwidth
products measured are due to strong chirping of the pulse [1,2], allowing for external
pulse compression to subpicosecond pulse widths. The large compression factors (~
15) and the near transform limited pulse widths measured, indicate that the chirp is
very linear and that the nonlinear chirp remaining after compression is very small.

From the compressor setup it was found that the pulses emitted by the laser have an
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upchirp (blue shift). Other groups have reported pulse compression to near traﬁsform
limited pulse widths using similar structures [3] (upchirp), a hybridly mode-locked
laser with an external quantum well absorber [4] (upchirp), and optically pumped
active mode-locking of VCSEL in an external cavity with a downchirp [5] or an
upchirp [6]. It should be noted that while actively mode-locking can result in either
an upchirp or downchirp, structures using a saturable absorber have only shown an
upchirp.

A qualitative explanation for the chirping is based on self-phase-modulation due
to the gain and absorber saturation. The mode-locking mechanism is an interaction
between pulse compression (spectral broadening) and pulse broadening (spectral nar-
rowing). The pulse compression is obtained by a modulation of the net gain of the
device such that the center of the pulse sees net gain, while the tails of the pulse
see a net loss. The pulse broadening mechanism are usually group velocity disper-
sion (GVD) and the finite spectral bandwidth of the gain medium (gain dispersion).
Under stable mode-locked operation the pulse compression per round-trip is equal to
the pulse broadening per round-trip and the pulse reproduces itself. For semiconduc-
tor lasers however there is an additional mechanism that contributes to the spectral
broadening, namely the self-phase-modulation (SPM) due to the change in electron
density induced by the pulse and the dependence of the refractive index on the elec-
tron density. Stable mode-locking is then obtained when the spectral broadening per
round-trip due to pulse compression and SPM is equal to the spectral narrowing per

round-trip due to the finite gain bandwidth. The amount of chirp increases with
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each round-trip until equilibrium is reached, resulting in chirped pulses with large
time-bandwidth products.

While this qualitative treatment explains how SPM can result in chirped pulses,
a more rigorous analysis is necessary to explain the strong linearity and the sign
of the chirp induced by SPM. Different models have been developed for passively
mode-locked lasers using a time domain analysis [7,8,9,10,11], resulting in analytic
expressions for the pulse shape, the pulse energy and the pulse width by making
several approximations. These models however do not include SPM as they were
developed for dye lasers where the refractive index does not depend on the inversion
level. Other drawbacks of these models are that they assume symmetric pulse shapes
and pulse energies much smaller than the saturation energy of the absorber and gain,
while both assumptions are not valid for semiconductor lasers. The leading edge of the
pulse is determined by saturation of the absorber, while the trailing edge is determined
by the saturation of the gain, and as the saturation energies for absorber and gain
are different, asymmetric pulse shapes should be expected. For semiconductor lasers
where the gain and the absorber are strongly saturated, the pulse energy is of the
same order of magnitude as the saturation energy of the active media [12].

More recently a model based on the traveling wave rate equations was developed
for active mode-locking [13], where the effects of SPM are neglected, and for passive
mode-locking of two-section lasers [3] where SPM is briefly discussed. Several models
of pulse propagation through laser amplifiers have been developed, including SPM

[14], gain dispersion (finite gain bandwidth) [15] and other fast gain dynamics [16,17].
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Recently fast gain dynamics were discovered in semiconductor laser amplifiers using
pump-probe measurements techniques [18,19,20,21]. These dynamics were attributed
to carrier heating induced by free carrier absorption and two photon absorption [17,
21)], and have time constants associated to intraband scattering that are on the order
of 100fs. It was found that the fast gain dynamics have little effect on picosecond
pulses, and are only important for subpicosecond pulses [16,17]. For the passively
mode-locked two-section lasers studied here, the pulses propagating in the cavity are
on the order of picoseconds, such that these fast gain dynamics can be neglected. The
only time constants are then the carrier recovery time which is on the order of 1 ns
for the gain section, and 100 ps for a reverse biased absorber. As these recovery times
are much larger than the pulse widths, gain and absorption recovery can be neglected
during passage of the pulse and will only be taken into account once the pulse has
passed.

To include the effects of SPM and gain dispersion the frequency dependence of
the gain and refractive index has to be included. As pointed out in [16] this frequency
dependence was erroneously introduced in [15] as the frequency dependence of the
a-parameter was ignored. In the next section a simple model will be used to calculate
the frequency dependence of the real and imaginary part of the complex susceptibility
x- Once the correct frequency dependence of x is determined, the traveling wave rate
equation for the complex magnitude of the optical field will be derived together with

a rate equation for the gain and the absorption. Solution of these coupled nonlinear

rate equations will be discussed and applied two-section laser structures as used in
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the experiments of the previous chapter.

7.2 The frequency dependence of the complex
susceptibility

The complex susceptibility x(E = hw) in a semiconductor is given by [22]

X(E) _ X:(E) _ l-X”(E) - :)_h'[o'*m P(EO) [fv (EU(ED)) —F (Ec(EO))]dEO (71)

E - Ey+1E,
with g the matrix element, p(E;) the reduced density of states, f, (f.) the fermi
factor for the valence (conduction) band, and F; the lineshape broadening. The
fermi factors and the reduced density of states have to be determined for the laser
structure used in the experiments.

The quantum well structure of the lasers is shown in fig. 7.1 where the barrier
height for the conduction band is AE.=0.17eV and AE,=0.084eV for x=0.2. Cou-
pling between the quantum wells will be ignored and the location of the subbands for
finite well depths can be calculated in a straigthforward way [23]. Following subbands

are found for the conduction band (m. = 0.067m., m, = 0.46m.):

E,. = 0.044eV

E;. = 0.15eV
and for the valence band:

E,, = —Eg—0.009¢V
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Figure 7.1: Quantum well structure

E;, = —Eg—0.035¢V

E;, = —Eg—-0.073eV

with Eg the bandgap, and zero energy corresponding to the bottom of the conduc-
tion band in bulk material. Using the k-selection rule the energy states E. in the
conduction band and FE, in the valence band interacting with a pﬁoton of energy Ey
are (transitions between the n=1 conduction subband and n=3 valence subband are

neglected for the photon energies of interest)
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Ei+22(Eo— Er.+ En)  1=1& Eo> By~ Ey,

E(Eo) =\ Ej+ 2:(Eo— Exe+ E2y)  n=2& Eq > Ez. — En, (7.2)

AE. + Z=(Eo — Eg — AEg) continuum & Ep > Eg + AEg

'3

By = %(EO =Fsek Elv) n=1& Eo > Eyc — Eyy
Eu(ED) =y Egv = %(Eo = E:Zc + Egv) n=2 & EO > E2c = E2v

—Eg —AE, + 2x(Ey — Eg — AEg) continuum & E, > Eg + AEg
(7.3)

with AEg; = AE. + AE,, Eg the bulk band gap of GaAs (1.4eV), m. = 0.067m,
(m, = 0.46m.) the conduction (valence) band effective mass, and m, the reduced
effective mass (1/m, = 1/m.+ 1/m,).

The reduced density of states p(Ey) is given by

m, m,

p(Ep) = H2L. H(Eo, — Ey. + Ey,) + TLZH(EO — E; + E3,)
1 (2m,\%?

= (ﬁ_":) (B — By = AEZ)"® H( By~ Eg — AEg)

with L, = 754 the quantum well thickness, and H the heavyside function.

The electron density N and the hole density P are given by

N = TR ([ e mean] [ 4 eenseon])

3/2
l (chkT) ¢~(AEc=Erc)/kT (74)

4 rh?
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m kT
_om +(Ero=Ero)/T +(Bau=Er.)/KT #sa-Fin) AT
p = B it ] ]
3/2
1 (2m kT /c+ms.,-Epu)/kT. (7.5)
4 7h? '

The quasi-fermi level for the conduction band Ef. and valence band Ef, are related
through the neutrality condition, which for undoped material is N = P.

The susceptibility was calculated for different pumping levels by choosing Ef.
and solving N = P for Ef, after which the integral in (7.1) can be calculated. The
results are shown in fig. 7.2 for the real part Ex/(E) and fig. 7.3 for the imaginary
part Ex"(E) (~ gain) at different pumping levels. In the region of gain (1.45 eV-1.6
eV) the slope of Ex/(E) versus E is seen to be quasi-independent of the pumping
level (fig. 7.2), the corresponding group velocity component is thus independent of
the gain. The curvature of Ey/(E) is small, and quasi-independent of the pumping
level, hence the associated group velocity dispersion is small and quasi-independent
of the gain. The slope and curvature of the gain however are dependent on the gain
as illustrated in fig. 7.3.

The a-parameter, defined as

AX'(E)

a(E) = 255 (7.6)

with A referring to different pumping levels and fixed photon energy, is shown in
fig. 7.4 as a function of photon energy at different pumping levels. In the region of

absorption (low pumping level) the a-parameter is small compared to its value at
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Figure 7.2: Real part of susceptibility as a function of photon energy at different

pumping levels
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Figure 7.3: Imaginary part of susceptibility as a function of photon energy at

different pumping levels
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higher pumping, as is also evidenced by the quasi independence of Ex'(E) on the
pumping level at low pumping levels (fig. 7.2). The a-parameter in the absorber is
thus very small, and the associated SPM due to the saturation of the absorption will
be small, as most of the change in the refractive index will occur while the absorption

is getting bleached, and most of the light is absorbed.

\

increasing E
Fc

LSS S N N ML S Ny M e B SN S I

1.4 1.45 1.5 1.55 1.6 1.65 1.7 1.75 1.8
photon energy E  (eV)

Figure 7.4: a-parameter as a function of photon energy at different pumping

levels

From this simple model the following conclusions (similar to the results in [16])

are drawn for use in the pulse propagation model

e The dependence of the real part of y on the photon energy is quasi independent

on the pumping level.

o The dependence of the imaginary part of y on the photon energy depends on

the pumping level.
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¢ The a-parameter under absorption is much smaller than under gain.

7.3 The traveling wave rate equation

The traveling wave rate equation for the optical field can be derived from the wave
equation using the slowly varying envelope approximation (SVEA) [14,24]. A different
derivation is given here starting from Maxwell’s equations, based on the formalism
derived in appendix A without making use of the SVEA. Maxwell’s equation in this

case are given by

Vi elz,y,2,1] = pogt—h (7.7)
Vxh(@yzt) = enioe+ 2N (7.9

with ny(z,y) the cold waveguide refractive index, and pn(z,y, 2,t) the polarization
generated by the electron density.
In the case of pulse propagation through a saturable medium only one transverse

mode has to be taken into account and the complex amplitude a(z,t) is defined as
e(z, ¥, 2,t) = a(z,t)erwtPIE, (2, 4) (7.9)

with wy and 3, appropriately chosen reference frequency and wavevector, and Ey, the
transverse modal distribution.

The equations in appendix A are derived for the frequency domain where

e ; +o0o : ;
E(z,w) = d(z,w)e" 0" = / a(z,t)etilwnt=Fo2) =it gy (7.10)
0
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The equation for a(z,w) follows then from (A.62) with ,, = k, = 0:

3& _ (o . % +ifpz
= (34 iAB) a(z,w) + Pr(z,w)et (7.11)

In the derivation of (A.62), the polarization was assumed to be due to spontaneous
emission. This is not necessary, however, and the polarization P(z,y, z,w) can also
be due to the electron density. In this case ¥ = @;/2 as the material gain is now
included in P. For TE modes the polarization function Py(z,w) is related to Py by

zw,uac

2nesy

Py = I ey 2,0) B2, v)dedy (7.12)

with Ey, normalized to [[**° |Ey(z,y)|*dzdy = 1, and Pn(z,y, z,w) the Fourier
transform of pn(z,y, 2, 1).

Using the susceptibilty x(z,y, z,w) for the electron density, Py becomes

Py(z,w) = — I'x(z,w)E(z,w) (113}
ey
substituting this in (7.11) gives:
6E a; f ~ uur -
e (-—2— - 2,6) E(z,w) - T x(z,w)E(z,w). (7.14)

To go back to the time domain equation the frequency dependence of 3 and x has

to be included:

d d?
B = fot B —wo) + 57l — o)
= fot 24 Sy —wn)?

g
with By = woness/c, v, = dw/dpB the group velocity, B, = d*3/dw? the dispersion of

the cold waveguide, and only terms up to second order in (w — wy) are considered.
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Similarly x is given by

wx Wo [X'(Wo) — iX"(wo)]
Nejy Nesy

0 [wx'(w) .0 [wx"(w)
+ w2 -m ()] e
1] & [wy'(w) . [wx"(w)
t 5[5?( Ness )hza_uﬂ-( Mefs )]u,:uo =)

The modal gain g is related to x by

o) = — SEX(®) (7.15)
ety
and
_ iwol'x(wo) _ g(wo) (1.4 ia). (7.16)

2611.,_;_( 2
Substituting this in (7.14) and inverse Fourier transforming using (w —wp) — —i3/0t

gives a traveling wave rate equation (with go = g(wp))

9z v, 0t 2 ot

da  10a 1iB;0% - [go(g’t)(l +ia) — '(;—'] a(z,t)

L' | 0 [wx"(w) .0 [wy'(w) da
T 2 (30 \nef T ) T \ e T )| B

I & (wx"(w))_‘_i 7 (WX'(W))] a
4c |0w? \ n.ff 02\ neff )| omu o’

As was pointed out in the previous section the derivatives of wy/(w) are quasi-
independent of the electron density. The change in these derivatives due to saturation
under pulse propagation will therefore be ignored such that (9/0w)(wx’/n.ss) can be
absorbed in the group velocity v, and (9%/8w?)(wx’/ness) in the dispersion B. The

dependence of x” on the frequency however cannot be neglected. As x" is related to
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the gain, a parabolic gain profile will be assumed:

9(w) = g, [1 - TH(w — wc)’] (7.17)

with g, the peak gain at frequency w. and 1/#T; the gain bandwidth. This gives

g(wo) = gp [l - Tf(wo —we)’] (7.18)
' d [wx"(w) B 3
2C aw ( ncff ) w=wp B ng2 (wo a WC) (7.19)
I' @ [wy"(w) B [/
4—37( tett Jme | 2 17209

Substitution in the traveling wave rate equation results in

da 10a . B0% _ gy(z,1)

— — — l—_

2 L R L
9z v, 0t 2008 2 (1+ia) [1 = T3 (wo — we)?] a(z,1) Sa(=,1)

da  g,(z,t)T? 32_0

- igp(z,t)Tg(wg—wc)a ——a (7.21)

where the time dependence of g,(z,1) has been included now, while it was ignored
in the inverse Fourier transform. This is justified as the change in the peak gain
under saturation of picosecond pulses is much slower than the response time of the
polarization to the electric field, such that it can be adiabatically eliminated (also
known as the rate equation approximation). The dependence of the spectral width
T, and location of the gain maximum w, on the peak gain will be ignored.

The traveling rate wave equation (7.21) can be simplified by applying a coordinate

transformation to an observer moving with the pulse at the group velocity v,.

&3
B~



188

where the local time 7 has been normalized to T and the position ( is normalized to

the length L. The traveling wave rate equation becomes

@_i@@ 3 gp(c M [1_
a¢ 2 9r2

wO Fad wc ] O(C,T) = %G(Cs T)
da d2 d%a

with Bg = BgL/Toz, gp - gpL, d= Tz/To, t;)c‘o = w(;.oTo and &,’ = Q,‘L.
The rate equation for the peak gain is given by
0§ g T o ~ alg, T
_g_: _ _ (¢ ’F) Jo ~ Gt 1 = (@ -0 7] Bt a6, )" (7.23)
g sat

with go = goL the normalized unsaturated (or small signal) peak gain, 7, = 7,/Tp
the normalized carrier lifetime, and E,u¢ = Esa¢ /Ty the normalized saturation energy.

The following assumptions have been made in deriving (7.23):
o The peak gain is linear with the carrier density: g, = TA(N — Np)
o The carrier recovery rate is linear with the carrier density: R = N/7,
e The average frequency of a((, 7) is zero (& is then the average optical frequency)

e The spectral width of a({, ) has been ignored
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7.4 Solution of the traveling wave rate equations

Analytic solutions of the set of coupled nonlinear partial differential equations (7.22)
and (7.23) only exist for specific situations, such that numerical solutions of these
equations will be necessary. There are two interesting cases where analytic solutions
can be found. The first one is the case of frequency independent gain (no gain

dispersion), and the second one is the case of low pulse energy (no gain saturation).

7.4.1 Frequency independent gain

When the carrier lifetime 7, is much longer than the pulse width of a(({, 7), the carrier
recovery term in (7.23) can be ignored during the passage of the pulse, and (7.23)

can be integrated:

Go(C,7) = Gins( Q)™ (1 F @-aeP 01 (7.24)

with

U, ) = El / w la(¢, ) dr’ (7.25)

sat ¥~

the normalized pulse energy up to time 7, and §;.i({) = §,({, —oc) the peak gain
before the arrival of the pulse. This approximation is valid for picosecond pulses
propagating through semiconductor materials as the carrier recovery time are typi-
cally on the order of 1ns for the gain section and 100ps for the absorber section.
When the finite gain bandwidth is neglected (d = 0) and the internal losses and

dispersion are zero (a; = 0, B, = 0), the traveling wave equation has an analytic
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solution [3,14,24]. If the complex amplitude a({,) is known at some plane ( for all

T

a(¢,7) = \/P((,7)e ) (7.26)

the intensity P and phase ¢ at plane ( + A( are given by

P((+ A¢,7) = = (1= Ggi(jijz(oo-ac)zlmc,r) (7.27)
and
$(¢ + Ag, r)=¢(¢,7)+ 51— (1-G5l) e-ll-d"%-d’c)’]”“'ﬂ] (7.28)
with G, the initial pulse gain between ¢ and ¢ + A(
Gini = G(r = —o0) = elt=#@=2eF] [ gimitat (7.29)

The instantaneous frequency &({ + A(,7) = 0¢/0r is

G(CHAC,T) = &(C, r)—%u_a;{.) [ - (@0 — &)Y PUCHAGT) —fi-dt(@-z?|uicn)
sat
(7.30)
where the second term is the SPM due to the refractive index change associated with

gain saturation.

The peak gain at position { and time 7 is

1
(1 —d*(@o — @)Y AC

In [1 (- G.*l)e-ll-'f"(%-ﬁc)?]”“’*)] . (7.31)

int

.‘}p(Ca T)=—
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7.4.2 Low pulse energy

When the pulse energy is much smaller than the saturation energy, the peak gain
is time independent §,(¢,7) = gini = Jo. The traveling wave rate equation (7.22

becomes linear, and can be solved in the frequency domain

&;

{%"(1 +ia) [1 - d¥(@0 — &c)?] - 5 — God’ (@0 — &c)2 - i—"dzﬂz - i%ﬂz} A¢,Q)

(7.32)

with solution

e{%Q(H'iﬂ)[l—d:’(@a-@c)z]—%‘--§ud2(&o-éc)ﬂ-(%?-d?q-i%z)n?}zxg "

AC+A(,Q) = A(¢,9).

(7.33)

7.4.3 Numerical solution algorithm

When both saturation and gain dispersion are present the formal solution (7.24,7.25)
of (7.23) can still be used, but (7.22) has to be solved numerically and self-consistent
with (7.24) by propagating a((,7) over a distance A(. The (i+1)th iteration on the

complex amplitude at ( + A( at any time 7 is given by
a(( + A7) = a((, )TN (7.34)

with
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i A( g . 5 & | )2 - 1 9a®)
WG+ ) = (1 +io) 1 -d(@ -8 - 5 +igd G0 -2 | 5
dOd2 4+ i3 2,(9)
g + lﬂz 1 d%a
g B2 (a(-‘} - ) (7.35)

a(¢,7) and gini(()

Y

calculate initial values al® (¢ + A(,7) and a0(¢,7)
using (7.27,7.28,7.31)

Y

calculate a®*V(¢ + A(, 7) using (7.34,7.35,7.37)

y

al#(¢+A¢ ) —aD(¢+ A7)

?
G+ ACT) < ¢ for all 77

no yes

h 4

a(( + A(,T)

Figure 7.5: Propagation algorithm

Due to the quasi-exponential increase of the complex amplitude a, its value at

¢ 4+ A(/2 is taken as the geometrical mean

a9+ 55,7) = \aO(C 1)aO(C + A7) (7.36)

and
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e A ) Al o s g viine ’
gx(’;)(g_*_?C’T) = Gini(C + Tc)e [1-d% (@0~ )2 U (¢+55, ) (7.37)

The initial guesses a/® and §{°) are calculated using the frequency independent
gain solutions (7.27,7.28,7.29,7.31). The solution algorithm is summarized in fig. 7.5
If the center of the spectrum of a moves too far from & — &y = 0 due to SPM or
detuning from the gain peak (&, # &o) during the iteration, the reference frequency

wp 1s changed to the center of the spectrum of a.

7.5 Two-section passively mode-locked lasers

Two-section lasers similar as the lasers used in the experiments described in chapter
6 were simulated. Starting with an initial pulse shape and width, the pulse is prop-
agated through a gain section, an absorber section, the partially saturated absorber
section, and the partially saturated gain section. The gain and absorber recovery is
neglected during propagation through these four sections as the round-trip time is
typically 10-20 ps. After the pulse has propagated through the four sections, the

absorber section is assumed to recover completely to its unsaturated value

&,‘m' = ﬁo (738)

while the gain section only recovers partly as required for stable mode-locked oper-
ation. The initial peak gain §;,;({) before the next passage of the pulse is found by

solving (7.23) with a =0, giving
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Gin(0) = Go + [35(C, —00) — ol ™% (7.39)
with go the unsaturated gain (corresponding to the gain current), §,((, —oo) the peak
gain at plane ( after passage of the pulse, and 7, the round-trip time in the external
cavity. After propagating through the external cavity a fraction R.. of the power is
coupled back into the partly recovered gain section. This iteration is continued until
the pulse energy, pulse width and the spectral width converge. All pulse energies are
normalized to the saturation energy of the gain section (E,q:,), and the saturation

energy of the absorber (E,,;,) is determined by the s-parameter:

e Eaat.g

B Eaat,a (7'40)

7.5.1 No self-phase-modulation

When no SPM is present (o = 0) the pulses are expected to be transform limited. The
pulse shape however is still unknown. Simulations have been performed for different
gain bias levels g, and parameters as indicated in table 7.1.

The reference time is taken as Ty = 1 ps and the gain bandwidth is then 1.6 THz
for d =0.1. For a gain recovery time of 2 ns, the round-trip frequency 1/7, is 500
MHz. Simulations were performed starting with a Gaussian and with a hyperbolic
secant pulse shape, but the self-consistent pulse shapes are independent of the initial

pulse shape. The results are shown in figs. 7.6-7.10.
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gain section | absorber section
% variable -13dB
d 0.1 0
@, Wo —
a 0 0
&; 0 0
By 0 0
Ru=01| #=7% s=3

Table 7.1: Parameter values used for two-section laser simulation
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Figure 7.6: Pulse energy, pulse width, spectral width and time-bandwidth

product as a function of unsaturated gain
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Figure 7.7: Pulse shapes for different values of unsaturated gain
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Figure 7.8: Total pulse gain for different values of unsaturated gain
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The pulse energy, pulse width, spectral width and time-bandwidth product are
shown in fig. 7.6 as a function of the pumping Gy = exp(§,). The pulse width
decreases, the spectral width increases and the pulse energy increases with pumping,
in agreement with the analytical sech? solutions of [10]. The spectral width is about
1/3 of the gain bandwidth, and the time-bandwidth product is quasi-constant at 0.31
(close to the sech? transform limit) and the pulse shapes are shown in fig. 7.7 for
four values of Gy. The leading edge of the pulse is determined by the saturation of
the absorber ‘and is steeper than the trailing edge which is determined by the larger
saturation energy E,,, , of the gain region. At higher pulse energies the saturation of

the absorber is faster, resulting in a steeper rise time for higher pumping Gj.

The total gain Gy(7) defined as

Gtot(T) = efgﬂm.l ﬁf’(c"")dc't'fabm ‘ap((’f)dc+fabs,2 QP(C,‘r)dC+fgm.n.2 gp(Cim)dC (7.41)

is shown in fig. 7.8 for the different pumping levels. At low pumping levels (G = 20
dB) the pulse energy is just large enough to saturate the gain and provide net loss
for the trailing edge of the pulse. At high pumping levels (Gy = 26 dB) the gain
recovery 1s still low enough to provide net loss for the leading edge of the pulse. The
input pulse shape, output pulse shape and total gain Gy, are shown in fig. 7.9 for
Go = 23 dB. The pulse shaping mechanism due to the time dependent gain advances
the pulse in time compared to the group delay through the two-section structure as
the gain peaks befor the peak of the pulse. The pulse shape is compared to a sech?

and a Gaussian pulse with same FWHM on a logaritmic scale in fig. 7.10 for G,
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la(v)? (normalized)

Figure 7.9: Total gain, input pulse and output pulse for G, = 23 dB
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Figure 7.10: Pulse shape comparison with Gaussian and sech? pulse shapes
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= 25 dB. Both tails of the asymmetric pulse shape have a behaviour closer to the
exponential tails of the sech? than to the Gaussian tails. The two pulse shapes shown
were obtained with a sech? pulse and a Gaussian pulse as initial pulse shape, and the

difference in the self-consistent pulse shape is only visible in the tails.

7.5.2 Self-phase-modulation

When the a-parameter of the gain region is different from zero, the additional mech-
anism of self-phase-modulation makes the equilibrium between the pulse narrowing
or spectral broadening on one side, and the pulse broadening or spectral narrowing
on the other side, more complicated. Convergence in pulse width, spectral width and
pulse energy cannot be obtained, as it is too hard to guess a good initial pulse shape
with the right amount of chirp, and centered around the right frequency. The SPM
induced by the gain region will add to the chirp and shift the frequency spectrum for
each round-trip, resulting in creation of spectral side lobes (as is typically observed
for SPM induced nonlinear chirp), and other spectral and temporal instabilities.
Without achieving self-consistency in pulse shape and chirp, it is still possible
however to understand the chirping mechanisms present by investigating the effects
of each section on a pulse. When there is no gain dispersion, the instantaneous
frequency is given by (7.30) and for low pulse energies the chirp imprinted on the
pulse is proportional to the intensity pulse shape. For increasing pulse energies, this
proportionality with the pulse shape is damped in time by the energy content of the

pulse. As the typical pulse energies in the passively mode-locked lasers are moderate
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(on the order of the saturation energy), the chirp imprinted on the pulse has a down
and up shape similar to the pulse shape and is thus highly nonlinear. The linear
chirp measured for the passively mode-locked lasers can thus not simply come from
saturation of the gain region and the associated SPM, but has to come from a more

subtle interaction between the different sections.

1 0 llllllll‘-l-lkklIllI,l!lllllIJAJ"J’.lllllllllll 0 0
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w069 ° i g e se - -0.2
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T

Figure 7.11: Pulse shape and chirp after propagation through a gain region and

an absorber region

In order to investigate this, the pulse shapes obtained in the previous section
(a=0) were propagated through the same two-section device with the only difference
being an a=2 in the gain region (=0 in the absorber). The results for Go=23dB are
shown in fig. 7.11 for propagation through the gain region followed by propagation
through the absorber region. The input pulse (solid line) has no chirp, and after

propagation through the gain region two pulse shaping mechanisms can be observed.
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First, due to saturation of the gain, the leading edge of the pulse experiences more
gain, such that the pulse is advanced in time relative to the group delay (dashed line).
Second, a nonlinear down and up chirp has been imprinted on the pulse as discussed
above (dotted line), and the chirp is clearly nonlinear. This pulse was then propagated
through the absorber region with the following pulse shaping effects. As the leading
edge of the pulse is used to saturate the absorber, it is attenuated and the pulse is
delayed in time relative to the group delay. As a was taken as zero, no additional SPM
is imprinted on the pulse. Even for the small ’s that should be used for the absorber,
the corresponding up and down chirp will be small compared to the chirp imposed by
the gain region. The main effect of this cutting off of the leading edge of the pulse by
the absorber, is that the downchirp that is present in the leading edge becomes less
important as the power present during the downchirp is much smaller than during
the upchirp, and the chirp on the pulse becomes predominantly upward with a strong
linear component. Repeated propagation through a combination of saturable gain
region with SPM and saturable absorber region, should therefore result in pulses

with a strong linear upchirp.

7.6 Conclusion

In this chapter a simple pulse propagation model for saturable media with SPM was
developed. First a study of the material parameters was performed to determine the

frequency and electron density dependence of the susceptibility of MQW material.
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It was found then that only the frequency dependence of the imaginary part of the
susceptibility (the gain) depends strongly on the electron density. It was also found
that the a-parameter for an absorber section should be very small. Simulation of a
two-section device with a=0 was performed, and it was found that the pulse shapes
are asymetric with exponential tails, and time-bandwidth products around 0.31.

Simulation of pulse propagation through a saturable gain region with SPM (a=2),
followed by a saturable absorber, showed that a combination of SPM in the gain
region and absorption in the absorber can lead to a predominantly linear upchirp as
the downchirp in the leading edge of the pulse is attenuated in order to saturate the
absorber.

Providing there are no other bandwidth limiting elements in the cavity, a broader
pulse spectrum should be possible by using optimized devices which demonstrate a
broader gain spectrum. It is wellknown that QW material has a broad and flat gain
spectrum when operated near the onset of the second quantized state. By optimizing
the number of quantum wells and the laser length, it should therefore be possible to
generate broader mode-locked spectra, and if the chirp on the pulses still has a strong

linear component 100 fs pulses and maybe shorter should be possible.
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Appendix A

The coupled mode equations

The first derivation of the coupled mode equation started from the wave equation
and can be found in [1]. Even though the resulting equations and coupling coeffi-
cient expressions for TE modes are correct, they are reached by making unnecessary

approximations. A first approximation made is
0=V.(E)xeV.E=V.E=0. (A.1)

For this approximation to be valid, the dielectric constant ¢ should not vary much
over one wavelength, which is not the case for DFB lasers as the grating in € has a
periodicity of half a wavelength.

The second approximation made is the slowly varying envelope approximation
(SVEA), where the second-order derivatives with respect to z (the longitudinal di-
rection) are neglected.

The coupled mode equations can be derived directly from Maxwell’s equations
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without using these two approximations [2]-[4]. A discussion of why the two ap-
proximations yield the correct coupled mode equations can be found in [5]. In this
appendix the derivation of the coupled mode equations directly from Maxwell’s equa-
tions is summarized, with inclusion of the spontaneous emission polarization necessary
for noise calculations.

iwt)

Maxwell’s equations in frequency domain (e'“*) for the DFB laser are given by

VxE=-wuH (A.2)
V x H = iwe, [n_?(z,y, 2) — 30(:_32)] E + iwP,, (A.3)
wWe,
V. [(nz(z,y,z) - icr(:x:,—y,z)) E] = (A.4)
U-’Eo
VH=0 (A.5)

where n*(z,y, z) includes the grating and waveguide, o(z,y, z) includes the gain and
losses as well as a gain or loss grating, and P, is a Langevin noise source describing

the spontaneous emission. It is related to F(z,y, z;w) in [6,7] by

F(z,y,z;w
P.y(z,y, 5i0) = ~ e Fie) (A6)
wlp,
with following statistical properties (where < - -- > denotes ensemble average):
(F(z,y,2w)) =0 (A7)

(F(.‘I, Y, z;w).F*(x', y'a z’;w')) = 2DFF°6(:‘U ik z’,y = y’v z— z’)§(w = wi)' (A'S)

The spontaneous emission noise is thus completely uncorrelated in space and fre-
quency, and using the dissipation fluctuation theorem one finds [6,7]

4rhwig(z,y, 2)n(z,y, 2)n.p(z, ¥, 2
o T g(z.y )Cgsy )nsp(2, Y, 2) (A.9)
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where g is the material gain, n the material real index, and n,, the spontaneous
emission factor which relates the spontaneous emission rate to the stimulated emission
rate.

The electric field and magnetic field are developed in terms of the modes of an

ideal waveguide n,(z,y) (i-e., no grating, no gain):

E(z,y,2) = Z aq(2)Eq(z,y) + Z ¢4(2)Eq:(2,y) (A.10)
(2,9,2) = Y by() H(2,9) + X dy(5)Hon(2, ). (A1)

The summation stands for a summation over all modes (guided and radiation modes),
g > 0 as the coefficients include forward and backward propagating modes (hence the
different coeflicients for E and H), and the subscript t stands for the transversal (z,y)
component and z for the longitudinal component. The modal fields (E,(z,y)e %

and Hy(z,y)e "* satisfy Maxwell’s equations for n,(z,y):

V x Ee™#* = —jwu,H e P* (A.12)
V x H,e " = iwe,n’(z,y)E e~ (A.13)
V. (ni(x,y)qu'iﬁqz) =0 (A.14)
V.H,e e = 0. (A.15)

Splitting (A.12,A.13) in transversal and longitudinal components (using V = V; +

e, %) gives:
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V. x E,, —ife, x By = —iwp H,, (A.16)
V: x H,, —if,e; x Hy = iwe,n’Ey, (A.17)
H, = w' V, x Eg (A.18)

i
E,. = _weongv, x Hye. (A.19)

Replacing ¢ by —¢ yields following relationships between the forward and the back-

ward propagating modes:

ﬂ-q = _ﬁq | E—qt = eq 3 H—qt = _Hqt ) E—qz = _qu 3 H—qz = qu
(A.20)
The longitudinal components of (A.2,A.3) can be used to solve for H, and E, using

(A.18,A.19):

E(z,y,2) = ) a,(2)Eu(z,y) + no(z,y) ZE (2)E,.(z,y) — P
h g>0 ! i nz(x,y,Z)-i—(—l" :::z 2>0 ! L €n? —15
(A.21)

H(z,y,2) = Y. b(2)Hulz,y)+ Y a5(2)He(z,y). (A.22)

g>0 g>0

The coupled mode equations are then derived using the Lorentz reciprocity relation,

which states that given (E;,H,) and (E,, H;) that satisfy following equations:

V x E; = —iwp,H, V xE; = —iwp H,
(A.23)

N'x Hy= iusonfEl + wP,, Vx Hy= iwsongEg
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the following relationship exists:

ﬂ-{:: i E, x H;, + E;, x Hy,) .e.dzdy = —iwe, f/::" ['n.f = (ng)'] E,.E}dzdy

~iw [ :° P,,.Edcdy. (A.24)

This is the Lorentz reciprocity relation expanded to include the spontaneous emission

polarization. Using this theorem orthogonality of the modes can be derived:

1 oo -

> ]f_  (Ba x H,) ecdzdy = Py (A.25)
To apply this to the DFB laser, n; and ny are taken as

al = wi(z,y,s) - iZEabet) (A.26)

WE,

ny = ny(z,y) (A.27)
(E,,H;) is given by(A.21,A.22), and (E;,H;) is a forward mode p

E; = E, % (A.28)

H, = H,e (A.29)

Substitution of this in the Lorentz reciprocity relation (A.24) gives, using the orthog-

onality of the modes (A.25):

d

2 [8(2) + 5(2)] +i8, [ap(2) + by(2)] =

23 Kpo(2)dg(2) + 23" Fpg(2)84(2) + 2Pspp(2) + 2Pappt(2) + 2Pip pa(2)

g>0 g>0

(A.30)
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with

s we, [ o(z,y,2 .
Kp(2) = 15 jj [nQ(a:,y,z)—zM-ng(x,y)] Eu(z,y).Ex(e,y)dzdy
p W —oo

WwEe,

(A.31)

_ wE, //+°° [n3(z,y,2) — 2222 — n2(z,y)| n3(z,y)

koo(2) = 5 ng(x ) z) ) E,.(z,y).E}.(z,y)dzdy
pEd—0 v s = g
(A.32)
+oo n?(z,y,2) — i T2 _ n2(z,y) .
p-’PP ﬂ n2 I Y, 2 ) zagryz! Psp($1y1z)'Epz($=y)dwdy
(A.33)
+co
Posi(2) = grp [ Purle,9,2) Bl )dady (A34)
w oo -
Pos(2) = 7= [ Pupl,9,2)E;. (2, y)dady. (A.35)
P -00

Using a backward mode —p for (E;,H;) and using (A.20), (A.24) gives

% [ap(z) - 319("")] — 1By [&p(z) B bp(Z)] -

-2 prq(z)&q(z Z Z)b z) + stp p( ) 2Psp.pt(z) ¥ 2PJ.’P.P=(Z)

g>0 g>0

(A.36)
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The coefficients a,(z) and @,(z) can be expanded as
&p(z) = ap(z) + bp(z)

by(2) = ay(2) — by(2)

such that a, and b, satisfy the following equations

d /aa s a
—d_ +18,a,(2) = Z K z)aq z)+ ZI b b(2) + Ppi(2)+ Pzl 2) + Foppi(2)

g>0 g>0
(A.37)
db,
d_ — iBpbp(2) = K22 (2)ag(2) + 3 K2 (2)by(2) + Popp(2) — Peppi(2) + Pepipa(2)
g>0 g>0
(A.38)
with
K:;(z) = qu(z) + qu(z) = —K,f';(z')
Kp(2) = Kpg(2) = Fpl2) = —Kpg(2). (A.39)

The coefficients in the expansions (A.21,A.22) can thus be written as a superpo-
sition of a forward propagating mode a,(z) and a backward propagating mode b,(z).
Equations (A.37,A.38) are the most general form of the coupled mode equations, with
the coupling given by (A.39). These equations are valid for any n,, e.g., a DFB laser,
a codirectional coupler or any other structure. The only approximation made so far
is that the electric and magnetic field can be expanded into modes of the ideal waveg-
uide. These ideal modes are found by solving (A.12-A.15), while (A.37,A.38) have

been obtained by only considering (A.2,A.3). In particular the modes satisfy (A.14),
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while the actual electric field has to satisfy (A.4),which includes boundary conditions
for layered waveguides, as they are a consequence of (A.4).

The DFB structure can now be introduced in the equations by assuming that
n?(z,y,z) = n%(z,y)+An?*(z,y, z) and o(z, y, z) are (quasi) periodic in z with (quasi)

period A. Splitting all Kp,’s in an index part and a gain part

Koo (z)=Kpa(2)+ Kppo(z) u=ab & v=a,b (A.40)
FI’G('Z) = qu.n(z) =+ qu,a(z) (A.41)
—pq(z) Kpq, n(z) + km (2) (A.42)

the (quasi) periodic functions K (z) and K}7,(2) can be expanded in a localized

Fourier series:

K z K u=a,b & v=a,b (A.43)

pq ﬂ pq,mf
{=—c0

with the local fourier coefficients given by

s2nl i

Kianel?) = £ j __ K“" e~ gy (A.44)

Pg,my

and a similar expression for the o coefficients. This local Fourier series is only valid
if the Fourier coefficients do not vary too much over one grating period.

The slowly varying modal amplitudes A;(z) and B,(z) are defined as
A (2) = a (z)etPe (A.45)

B,(2) = by(2)e . (A.46)
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Substituting this in (A.37,A.38) and using the local Fourier series (A.43) gives

dA raa al Fi.d4
dp = Z Z A( [Imnt +[‘P90£(Z)]e (Bq Fo~ )
> >0 f=—co
= T a a 1 2nt z
+3 3 Byle) [Kae2) + Kb o dl2)] et (Petort )
g>0f=—0c0
+p3p,p(z)e+iﬁpz 4 Psp,pt(z)e+iapz & Pap,pz(z)e‘}.iapz (A-é?)
dB 2l rha —2mt),
2 = XX Afe) Kl f2) + Kig (2)] o)
* q>0e—-oo

+2 z By( [Imﬂf )+quot(2)] e+i(Ba=Bp+ %)z

g>0f=—-0
P o(2)e P — P, i(2)e™ % 4 P,y . (2)e P, (A.48)
For a DFB laser there is some £, (the order of the grating) and some p for which

By = ”—‘2 = f3,. In all sumations over g and £ only these terms that vary slowly in the

phase will play an important role:

dA,

T2 = A=) [Kipao2) + Kippol2)] + Ba(2) [Kip-ta() + Kip o o (2)] €707
+psp p( ) Hilip + Psp,pt(z)e+lﬁpz + Psp pz(z)e-i—:ﬁpz (A49)
dB. —21A08z
—d_z:JE = A(2) [ Copanto )+Ippoto(z)] s + By(2 [I\W“G(z * I\P”"O( )]
+p3P'P(z)e_igpz - sP.pt(z)e-mpz + Pap,pz(z)e_iﬁpz (A.50)
with
.74

AB=BP__A'2=ﬂp_ﬂo- (A51)
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From these equations the gain 7(z), effective index component from the grating

Angsg4(2), index coupling coeffcients &,,(z) and gain (loss) coupling coefficients «,(z)

can be defined:

W - ;
—lZAneffg(Z) = Kppno(2) = =Kpp no(2) (A.52)
1(2) = Kppyo(2) = —Kpp 5.0(2) (A.53)
knl)= K2, o l0) =[R2, o (] (A.54)
iKg(2) = —Kpp, _1,(2) = [K}2,0.(2)] - (A.55)
This gives:
Aty o(2) = =25 dz/ dzdy|An? |E |2+—L:—( 2An? + 527) |Eyl?
eff.g 4P A pt —'z—:' pz
(A.56)
8 [ andy o | B + — B, A5T
v(z) = 4PA.[ Z/_w$y0|ptl+m|pz| (A.57)
W 2 2 i2fla
salg) = TPA dz/ dzdy lAn |Epe[? -—+;-_Tr( An? 4 )|Epz|]
(A.58)
7 Bty
ks (2) = 4P A ]-_ dz' [/ dzdy o [|Epf] - +—%| pzil’] e 7. (A59)
Redefining the slowly varying modal amplitudes a(() and b(() as
ap(2) = Ay(z)e " = a(()e™P* (A.60)

by(z) = By(z)et P = b(()etPe< (A.61)
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with ¢ = £, Bo = f,L the Bragg wavevector (all “~” refer to normalization to the
total length L of the laser), and substituting this in (A.49,A.50) gives the final form

of the coupled mode equations

T = [0 = i880] a(0) + [(0) - (0] = 4O5(0)
+ﬁap.p(0e+ié°c + P smpt(oeﬁéoc + P sp,pz (€ )e+iﬁoc (A.62)

T = a0 = RO 0a(c) - [3(0) - iBAO)] b0)
+ﬁsp,P(C)eﬁié°( - Psp,pt(()e_iéoc + Psp,pz(()e‘iéo( (A63)

where £,(() and %,({) now stand for the magnitudes of the coupling coefficients,

while the phase of the coupling coefficients is incorporated in ¢(()
Rn(Q)e ) = ka(¢)L (A.64)

£4(0)e 0 = w, ()L (A.65)
and the detuning factor AB(() is given by

w

AB(Q) = [+ Danegsa(Q) = B L= Znegs(OL - B (A66)
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For TE modes (E, = 0) all expressions are simpler and given by

Angsol6) = 22 [ Lag [ ety (e, O Bue ) (AST)

. BL e+t R
Y(¢) = ~ TP, C/f zdy o(z,y,() [En(z,y)" = (A68)
Eal()em40) = ﬁ%%;__dpﬂ*m@Anwyc)mewFﬁM (A69)

(040 = oL 4 a [ Gty oo, ) Bla )P (A0

4miPyL,

Psp,pt(C) 42P [/ sp(I y'l E;t($7 y) dIdy

ﬁapm(g) =0
PaslC) =0

1 [r+ee : B [t
Py 3 [ [Bute) x My )] s dody = o [ e

where £, is real for index guided (loss- or gainless) waveguides.

(A.71)

(A.72)

(A.73)

pt("'l"‘vy)l2 d.‘L'dy

(A.74)
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Appendix B

The single mode Green’s function,
the Wronskian, and its functional

derivatives

B.1 The Green’s function and the Wronskian

The coupled mode equations are derived in appendix A, including the driving force

due to a polarization term, (A.62), (A.63) and can be written in vectorial form as

dZ

T M({)Z(<) + P(¢) (B.1)

with

2() = [ il ] (B.2)
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Q) —iABC)  [Ra(C) —ike(()] e
| [RalQ) — o (O] et —3(C) +iAB(C)
ﬁsp'pt (C)e+;5oc
P(() = ) (B.4)
| _Pap.pt(C)e_iﬁoc

and where the expression for P is only valid for TE modes.

Two independent solutions of the homogeneous (P = 0) coupled mode equations
can be found by satisfying the boundary conditions on the left (Z;({)) or on the right

(Zr(¢)). In order to find the Green’s function, G((,(’) is defined as the solution to

1 (¢ ~ ¢
= MOG(C,) + (B3)
0

satisfying all boundary conditions. Solving this equation gives

Ci(¢NZe(¢) ¢<¢
Gi((, () = . (B.6)

C2(¢)Zr(¢) (> ¢

with continuity at { = (' requiring

B br((’')

GO = TR0 — e lORD) o
N bL(C’)

O = () - e RE) B

Similarly a function G,((,(’) is defined from
dG, 0
ra = M({)G2(¢,¢) + (B.9)
—6(¢ —¢)

satisfying all boundary conditions and resulting in

C3(¢"Z C<t'
Gy o | BB e

Ca(()Zr(C) ¢>(
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with
N _ GR(C’)
GO = a0 - a0V (B.11)
C(C') = b (¢") (B.12)

br(¢")ar((’) — ar(¢")bR(C")

The Green’s function solution to (B.1) with P given by (B.4) is then

7(¢) = =227 [ G(¢, )P’ (B.13)
with the Wronskian W given by
W = —2iB, [ar(¢)bL((') - br({")ar({)] (B.14)

= 2B, det[Zr(¢") Zr(¢)]
and
ZL(Q)ZR(¢) ¢<(

Zr(OZL(() ¢>(
The Wronskian W is taken out of the integral in (B.13) as it can be shown that W

G((, () = (B.15)

1s ( independent:

dw
T =(My +Mp)W=0 (B.16)

as M]] 2k .11!22 =0 (B3)

The electric field is related to the forward (a) and backward (b) mode by
B(Q) = a(()e™5¢ + B(()e" (B.17)
and has as Green’s function solution

BQ) = g [ G6.¢IF(CHc (B.13)
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with
E E { !
ele.e) = L(OER() (< (B.19)
Er(CQ)EL((") ¢>(

W = —2if.[Err(¢)ELs(¢) — Era(¢)Err(C)] (B.20)

L* 73 F(z,y,().E}(z,y)dzdy
ﬂ‘j—oo: IEpt(Ia y)]2d$dy

Equations (A.6) (A.71) and (A.74) have been used in the derivation of F.

F(¢)

(B.21)

B.2 The functional derivatives of the Wronskian

If a change in the Wronskian can be written as

W [3(0),%(0)] = [ [i()8B(C) + Ua(¢)6R ()] e (B.22)

then U; and U; are by definition the functional derivatives

oW
U1 — e T B.23
(<) 6555) (B.23)
Us(¢) = SO (B.24)

From the definition (B.14) of the Wronskian, a change in W is given by
W = =2iB,, {[bp —arl6Zr —[br — agr|6ZL} (B.25)

with 3 representing A3 + 77 and & representing &, — i%,. The effect of a change 63
and 6% on the solutions Zy, g of the coupled mode equations (B.1) is a solution of

d6Zp r
dg¢

= M(()é6Zr(¢) + 6M(C)ZLr(C) (B.26)
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with
—i6B(C) SR(C)e"
§M(C) = AlG)  OR(C)e . (B.27)
SR(C)et™®  +i65(¢)

Equation (B.26) is identical to (B.1) with P replaced by éM Z; g and can thus
be solved using the Green’s function (B.13) with addition of an arbitrary solution of

the homogeous equation:

br(C) | .
i) =32 [G@o) | | 8B

ar.Rr({")

(') 8&(¢")d(" + Ciz.rZL(C) + Car,RZR(C).
—by r((")e™*

i (APRT -
2iBrm [ . arr((')e
(B.28)

As the boundary conditions for any solution of (B.1) are fixed by the laser struc-

ture, the boundary conditions for §Z g are

6Zr(0) = 0 (B.29)

6Zg(1)

I
=

(B.30)

Solving (B.29) for C;1 and Cy using (B.28) and G(0,(") = Z1(0)Z%({’) gives

e 1 b(¢) |
e = 2 [y | s
ar(¢’)
L ’ EM
- 2 [0 O sxenae (B31)
—b((")e™** ‘

Ca = 0. (B.32)
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Solving (B.30) for C;r and Cg using (B.28) and G(1,(’) = Zg(1)ZT((’) gives

clg = 0 (B.33)
3 1 br(({’ .
e = 22 [z | " |smenae
w (©)
ar
iBm 1 ar((')e*
- 2 L] " R(C)dc" (B.34)
—bg((")e™

Substituting (B.28), (B.31)-(B.34) into the expression (B.25) for éW gives
W = 2B [ [n(C)or() + an(¢u(¢ N EB(CNC
~ 2 [ [as(¢)an(¢)e — bu(¢'bn(¢')e] SR(CNC.  (B35)

The functional derivatives are thus, using (B.17) and (B.22)-(B.24):

oW

% = 2B, [ELr(¢)Ers(¢) + Err(¢)ELs(()] (B.36)
fk—‘:g) = —2ifm [ELr(Q)Err(¢)e*®*9) — E15(C)Erp(()e"?%+9)] (B.37)

When the lasing condition W = 0 is satisfied, the fields £ and Epg satisfy E; =

Er = E,, and the functional derivatives become

W -

W 4B E.(O)E, B.38
53(0) BmEor(C)Eon(C) (B.38)
LU —2i8,, [EgF(Oei(ZﬁaH—ﬂ - EEB(C)e—i(zﬁoG«#)] ) (B.39)

6x(C)



