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Investigation of Mode and Modulation Responses in Semiconductor
PS-DFB Lasers:Use of a Vector-Newton Method
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Abstract: A numerical model for steady state analysis and analytical expressions for the AM and FM modulation re-

sponses of DFB lasers are presented- The small signal modulation responses of 3 phase shift( PS) DFB is investigat-

ed for the first time- A new method( Vector-Newton method) to obtain multiple-longitudinal-mode of DFB lasers is

used- It is demonstrated that this method is suitable for obtaining multiple-solution of high nonlinear equations-

Longitudinal photon density distribution and multiple-longitudinal-mode of 3PS-DFB and simple-DFB lasers are an-

alyzed- The results show that modulation response characteristics of 3PS-DFB laser is as good as that of DFB,and

PS can weaken the longitudinal spatial hole-burning ( LHSB) effect and is in favor of single longitudinal mode oper-

ating of lasers-
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1 Introduction

Distributed feedback ( DFB)

lasers are key devices for high-speed; long-haul

semiconductor

communication links and broad-band information
networks- As the fabrication technologies for pro-
ducing these laser diodes become mature; modeling
and simulation begin to play more important roles
in the computer-aided engineering( CAE) of such
devices for different applications- Most DFB laser
models are basically one-dimensional, in the sense
that they account for distributions of the optical
field, the carrier, and the temperature along the
laser” ™). Some 2-D or 3-D models for DFB lasers
that consider both the transverse and the longitudi-

1~6
nal effects have been reported" - In these mod-
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els, transfer matrix method (TMM) is used to ob-
tain a complex equation for the steady-state photon
number So and the frequency shift Q. Normally,
Newton Rapson( NR) method is used to obtain the
solutions of the complex equation- But the equation
is high nonlinear and multiple-solution- In NR
method; for any longitudinal-mode solution, a pair
of initial evaluated So and €2 must be given, and
must be close to the solution- Otherwise,the solu-
tion can not be obtained- In fact, we know it is very
difficult to present all proper initial values-

In this paper; we present a Vector-Newton
method which can give multiple solutions of a com-
plex equation in the same time exactly and suitable
for CAE - The small signal modulation responses
of 3 phase shift (PS) DFB is investigated for the
first time- Longitudinal photon density distribu-
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tion, multiple-longitudinal-mode and AM/FM re-
sponses of 3PS-DFB and simple-DFB lasers were
analyzed- The results show that modulation re-
sponse characteristics of 3PS-DFB laser is as good
as that of DFB;and PS can weaken the longitudinal
spatial hole-burning effect and obtain a single lon-

gitudinal mode-

2 Model

The rate equations for the phase 6and photon

) 7.8
number S can be written as" "’

%&=%{TZRe(§}
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dt n ng
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where Wis a reference optical frequency and nor-
mally chosen to be close to the resonance frequency
of the laser;n and ng are the average refractive and
group indexes, respectively- 4l is the transverse

gain confinement factor-ga and f a are defined by

(g +jO
gr = Lo dm| | (3)
W o
e @
S :inge Jddz (9

where @ z) is the normalized field distribution of
the normal mode of the laser cavity, & is the
linewidth enhancement factor, gm is the material

gain and is assumed to be

go =gl 1 ‘@ 42 d (9
where g1 is the linear gain; which is a function of
carrier density,and Eis the material gain compres-
sion factor- For bulk material, the linear gain may
be expressed by gr =an(N ~N.) - And for quantum
wells, g1 =anxln( N /N1) may be used- an is the dif-

ferential gain factor and N+ is the transparency car-

rier, density -

The parameter €is the eigenvalue obtained

from the solution of the following equation
2 -
L@z + Wala + knlf & + ) gw

~ ] — K 8z =0 (6
where gm is material gain coefficient n. is effective
refractive index » & is the material absorption coef-
ficient and the parameter k¥ = &c is the reference
wave number-In Eq- (2), &V (z,¢) =N (z,t) —
No(z)» &S(t) =S(t) —So,where No and So are the
steady-state carrier density and the photon num-
ber-The rate of spontaneous emission into the las-

ing mode is expressed by

Ry = ny f#ﬁgde/‘ I@dz

gs is defined by

2

(7

g =g, [OF

(%)
g
The rate equation for the carrier density N(z>
t) 1is
dN(z.1) — J(1)
dt q

— [AN(z.t) + BN*(z.1)
+ CN*(z,0)] — i&%gs

where @ is the effective area of the active region -

(9)

J(t) is the injection current density-A, Bsand C
are the nonradiative » bimolecular and Auger re-
combination coefficients- In Eq- ( 9) , the injection
current is assumed to be a constant along the cavi-
ty- Also, the carrier density is uniform over the
transverse cross section of the active region and
carrier diffusion; and transverse effects have been

disregarded-

3 TMM and Vector-Newton methods

In this section,we will use TMM and Vector-
Newton method to obtain steady-state solutions-
The coupled-mode equations can be written

aS[’]

Ru(z) = 7j%(z) Rn(z) TjKLn(z) (10a)

Lu(z) =j%(z)Ln(z) T jkRn(z) (10b)
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where

Yo = ok’ F k[ G ¥ ) g —
( 113)

ngi /k]
( 11b)

where ¥€is the grating period- For a complex-cou-

= TF/4;2PN5|:‘IT§ [deffnl +(qt)

pled DFB laser; the effective refractive index neir
and the lateral confinement factor $f#ifor the active

region may be expressed by

nei(z) = nar T nicos ?I;rz ( 12a)
2T
filz) = e F Hlicos( yee) ( 12b)

where nef is the average refractive index of a refer-
ence waveguide- n1 is the maximum effective varia-
tion - $lle, $l and g1 are the average and the maxi-
mum variation of the gain confinement factor and
gain-

The transfer matrix that maps ®from a loca-

tion to another is given by

{Rm(z) =[T11 le} {Rm(zo)} (13
Lun(z) T21 Tazf ( Lun(z0)

where
T = coshlu(z —z0)] — ijinh[u z0) J/u
Tie == jke "sinh[u(z — 20) J/u
Tar = j ke ksinh[u(z = z0) 1/u
Lia(L) — reRia(L) Liz(L) — reRiz(L)
L2a(L)y — reR2a(L) L22(L) — rrR22(L)
Li—1a(L) = reRe=11(L) Li—12(L) — reRi—1.2(L)
Lk,l(L) - TRR/C.I(L) Lk,Z(L) - TRR/C.Z(L)

then some elements with the smallest absolute val-
ue at a local region can be obtained;i-e-some las-
ing modes can be obtained roughly- For obtaining
accurate solutions of these regions; a Newton

method is used - For a lasing mode,>we assume that

S (So.is Q),,') =Lij(L) —rmRij(L) ( 17&)
b P(Soit Q) _ f(Ses Tt BSos, Q)
S s o.; ASo,;

(17)

T2 = cosh[u(z
where u = K,

—z0)] T j¥%sinh[u(z ~ z0) J/u
~ Y., and Q is initial phase-

The boundary conditions at the laser facets are

Lu(L) =reRu(L) and R(0) =riLu(0) -
For the steady state, Eqs-(1),(2) and (9) re-
duce to o
_ R
So = % X Im( § (14)
d 6 w
@ anRe(§=0Q (19)
5 — [ANo(z) BNi(z) T CNi(z) ]
- %gB =0 (16)

where unknown quantities are So, Q,Noand @ z)

At first>we construct vectors So and €
So = (Sm 15025 ++=50i++-504)

5) = ( Qi, Qq, --- Q)_f--- Q)m)
Normally,we have 1050 <<10", and =0 1oo=Qy
<0 lwfor obtaining exact results in the calcula-
tion- Certainly; vectors that have more elements
and larger scope can be constructed- With the
boundary condition at the left facet, initial L ( 0)
and R(0) can be glven Accordlng to Eqs- (14) ~
( 16) , substitution of So and Q into ( 13), a matrix

for final transfer results can be given as follow :

Lin-1(L) = reRin-1(L) Lin(L) — rrRin(L)
L2xy=1(L) = rrRz.v-1(L) L2n(L) — reRe.n(L)
Li-t.v=1(L) = reRe-1.v-1(L) Li—1.n(L) — reRe-1.5(L)
Lin=1(L) = reRen—=1(L) Lin(L) = reRen(L)

»o_ P(Sos T Q) _ f(S0;, Q; F AQ
fa= Q, AQ,
(17
New So.; and Q. can be given by S0.imew =S0.i T f/
f ;Oaand Qe = Q. —f /f 2;)-
Using above Vector-Newton method, all lasing
mode can be obtained in the same time easily and

avoid choosing initial value and overflow problem

of simple NR method-
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4 Small-signal modulation responses

Suppose that J(z) =Jo+ Re( A.]ejQ yN(z:t) =
No(z) TRe( ANejQ): S(t) =SotRe( ASe , Qo =
0+ Re(( AQ:jQ) ,equations( 1) ,(2) and ( 9) can be

linearized, and utilize ( 14) ~( 16) , one can obtain

_2]5 =< J#Hﬂs—“”—“c} ;{f; (18
Az: 1 +Soc¢i|
N Hg{j%ﬁ) 4zt % Q+ o)
0 +
J’«*E“}—szf*c—dz (15
where
c == '—Qgr Jgﬁlm = ®
ne ° @ )qsdz
—_ o, Of
“ ne B o
(it d
C3 g W( E.f‘ F)Im (ﬁdz
R— _%_L 1 go |®F
C4 e W( .f
i+
cs < MRe (—J—qﬁiﬁ
5 g L ‘f jG&
@
= B Sy
O AU T fe TR g
;= A + 2BNo + 3CNG + s

o
s = [[Qt e t IﬁfmSocg + K pnapcr)

x —ZB + Soe
@ Q)

= %:p - Jflﬂmso + 2K pnsp) dz

dz]7"

where A&S/4 is the amplitude modulation (AM)
response and & /4] =jQAQ(214Y) is the frequen-

cy modulation (FM) response-

5 Results of analysis

Using above models and Vector-Newton

method: the characteristics of steady multiple-lon-

gitudinalsmede and AM/FM_ modulation responses

of a 3PS-DFB are analyzed. Parameters used in the
simulation are presented in Table 1. Locations of
phase shift lie in L/4,L/2 and 3L /4, and all values
of phase shift are 3. In our calculation, 65,75, 90
and 110mA four injection currents are analyzed- A
simple DFB laser without phase shift is analyzed in
the same time- Two vectors are constructed, and
each one included 50 elements- For solving equa-
tions for @, the whole structure is subdivided by
several sections along the cavity- Thirty sections

are enough for normal analysis-

Talbe I Material and geometrical parameters of

the simulated PS-DFB laser

A=4X108¢71
B=1%10"10,,"3
C=2X10729 g =6 + 71
G=—3

Lﬂillzzscm_l

o =3%X10716,3

=1 5X10717 g
Ni=15x108 ¢y 3

Shockley-Read- Hall recombination coefficient
Bimolecular recombination coefficient

Auger recombination coefficient

Linewidth enhancement factor

Absorption loss

Differential gain parameter

Gain saturation factor

Transparency carrier concentration

Facet reflectivity rR=rL=0
Cavity length L=5%X10"2¢m
Average group refraction index ;g =3 5294
Average refraction index ;_=3 256
Average effective refraction index ;eﬂ‘=3 .3136
Average confinement factor EHFOK
Grating period $=0.235 Hn
Coupling coefficient k=40¢m ™!

T hickness of the active region d=0.12 4n

It is observed that LHSB occurs at both 3PS-
DFB and simple DFB lasers, as shown in Fig- 1.
Phase shifts affect photon distribution in the cavi-
ty»which weaken LHSB effect as a whole- We also
observe that LHSB is evident at high bias- Figure 2

4.5
s aol A\ ——wsoin
g oA T Simple -DFB
T 3s5p  [=l0mA - / -
=30
g
~
g 25
i R
= 20F o
1.5t 1—65mA/’\ e \W,\ T
0.00 0.01 0. 02 0.03 0.04 005
Cavity length/cm
Fig- 1 Longitudinal distribution of the photon

density inside 3PS-DFB and simple-DFB LDs
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300 - ™ overflow problem by using simple NR method-
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Fig- 2
3PS-DFB and simple-DFB LDs

Multiple-longitudinal-mode distribution of

describes multiple-longitudinal-mode distribution
of 3PS-DFB and simple-DFB laser at 110mA injec-
tion current- It can be observed that phase shifts
change the position of longitudinal modes and two
main modes of simple DFB laser turn into one main
mode of 3PS-DFB, which present a method to ob-
tain single longitudinal mode- AM modulation re-
sponse of small signal is given in Fig- 3, and FM
modulation response in Fig- 4. At high injection
current intensity of responses decreases: while re-

sponse frequency increases- Phase shifts affect AM

10
~ Y
« Simple-DFB
E
S
2
E
£
£
=
<
00 4 8 12 16
Modulation frequency/GHz
Fig- 3 AM responses of 3PS-DFB and simple-DFB

LDs with different injection currents

response evidently- For FM modulation re-
sponse> phase shifts have an effect on intensity of
response: but not change response frequency-
These results agreeed with Ref- [8] for a normal
DFB laser-In the calculation,we find Vector-New-
ton method can give all longitudinal modes solu-

tions exactly nand-avoid, chqosinginitial value and

Modulation frequency/CHz

Fig-4 Fm responses of 3PS-DFB and simple-DFB

LDs with different injection currents

6 Conclusion

A numerical model for steady state simulation
and analytical expressions for the AM and FM
modulation responses of PS-DFB lasers are pre-
sented- Vector-Newton method is applied to obtain
multiple-longitudinal-mode of lasers- Further this
method can be used in 2-D and 3-D simulation,
which make multiple-solution of high nonlinear e-
quation obtained easily- AM and FM modulation
responses of SPS-DFB and simple DFB lasers are
analyzed- The results show that PS can weaken
LHSB effect and are in favor of single longitudinal

mode operating -
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