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uasi-Three-Dimen~i~nal I Large-Signal 
ic Model of Distrib ted Feedback Lasers 4 

S. F. Yu 1 

Abstract- A simple, but powerful, quasi-three-dimensional 
large-signal dynamic model of distributed feedback semiconduc- 
tor laser is presented. The transient response of lasers is analyzed 
by using a combined beam propagation method and time-domain 
algorithm that is capable of including the longitudinal and lateral 
variation of the optical-mode and carrier density profiles. En 
addition, the spontaneous emission noise, the nonuniform current 
injection resulting from the variation of Fermi-voltage as well 
as that of the refractive index distribution are ais0 taken into 
consideration. Using this model, the influence of nondform 
waveguide structure on the static and dynamic responses of 
distributed feedback lasers is analyzed. In addition, a novel 
double tapered waveguide distributed feedback laser is proposed 
for stable single-mode operation at high power. 

I. INTRODUCTION 
ISTRIBUTED feedback (DFB) lasers are key compo- 
nents in long-haul high-bit-rate lightwave transmission 

systems. This is because the DFB lasers demonstrate stable and 
single-mode operation. The mode stability of these devices, 
however, is crucially determined by a considerable number 
of parameters describing the nonlinear interaction between 
the carrier concentration and photon densities, which are 
lateral and longitudinal inhomogeneously distributed inside 
the cavity. Recently, number of models have been developed 
for the analysis of combined lateral and longitudinal spatial 
hole burning effects on the modulation response of the DFB 
lasers. It is shown that the lateral effects can have significant 
influence on the mode stability [l] as well as the modulation 
characteristic of DFB lasers [2], [3]. Their models include, 
with varying degrees of approximation on the optical field and 
carrier profile, the lateral variations of carrier concentration 
and refractive index profile arising from the carrier diffusion 
and stimulated recombination [ 11431. 

In this paper, we present a simple method for the calcu- 
lation of large-signal transient responses of DFB lasers. The 
lateral and longitudinal variation of photon densities, carrier 
concentration as well as the refractive index distribution are 
determined self-consistently in a numerical manner. One major 
advantage of our dynamic model over the previous works 
is that the nonuniform waveguide structure [4], [5] can also 
be taken into calculation, In Section 11, the coupled wave 
equations corresponding to the forward and reverse waves 
are derived from the time-dependent wave equation. The 
perturbation approximation and the effective index method are 
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II. THEORY 
c field E in the wavegui‘de is governed by the 

the velocity of light in free space and E is the 
electric constant of the laser medium. The electric 

be approximated by 

(2) E = q5(z)Et(y, x ,  t ) e - j w t ,  

the slowly-varying electric field, j is a complex 
is the operating frequency, and q5 is the normalized 
field profile. From the wave equation (l), a set of 

e equations for a resonant‘situation can be derived 
ining the perturbation solution of the Floquet-Bloch 
n theory [6] and the conventional coupled-mode equa- 
the two guided waves. For a first-order grating, we 

propagating field within the laser E,(’) as 

+ ~ ( y ,  z ,  t ) e ” ~ ” I ~ ~ ( ~ ) ,  (3 )  

(4) 
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+ ~ K F  + Sr, (5b) 

where 2&3,,po = Pzff - p," and U ,  is the group velocity. g 
is the field gain and K is the longitudinal coupling coefficient. 
The expression of K is given by 

K = - e  I C 2  / Ao(+/e(4dz, (6) 'PO gratzng  

where A. is the Fourier coefficient of the grating. Extra terms 
Sf and Sr are introduced to the coupled wave equations that 
represent the driving force of spontaneous noise coupled to 
the forward and reverse fields. 

For quantum well active region, the field gain g is approx- 
imated by [5]  

(7) 

where rZ is the confinement factor in the transverse direction, 
a N  is the gain coefficient, No is the carrier concentration at 
transparency, Q! is the loss in the layers, and N is the carrier 
distribution inside the active region. 

The derivation of Bragg condition AOe~ is given as 

(8) 

where c is the speed of light and A is the pitch of the 
grating. nee is the effective refractive index in the lateral 
and longitudinal directions. Equation (8) takes into account 
the built-in index step along the lateral direction as well as 
the influence of carrier-induced index change inside the active 
region. nee can be written as 

(9) 

where nb is the built-in refractive index along the lateral 
direction, An, is the change in refractive index induced by 
the carrier concentration and is approximated by 

WO 7r 
AD& = neff(y, 2 ,  t )  - h, 

neff = rz[na(y, 2 )  + Anc], 

where a,  is the material linewidth enhancement factor and A, 
is the operation wavelength. A N  is the small change of carrier 
concentration above threshold and dg/dN is the differential 
gain. 

The spontaneous noise coupled to the forward and reverse 
waves are introduced into calculation by adding Sf and Sr 
into coupled wave equations with the assumption that: 1) the 
spontaneous noise coupled to the forward and reverse fields 
have equal amplitude and 2) the spontaneous noise is uniform 
along the lateral direction. In our calculation, the spontaneous 
noise is generated from a Gaussian distributed random number 
generator [SI that satisfies the correlation 

( S , ( Z ,  t)Sx*(z', t ')) = vKR,,S(t - t ' ) S ( Z  - z y v g  
(S t (& t ) S t ( 2 ,  t ) )  = 0 ,  (1 1) 

where i = f, T .  Here, R,, = BN&,/L is the bimolecular 
recombination per unit length contributed to spontaneous 

emission, q is the spontaneous coupling factor and K is the 
transverse Petermann factor. Also L is the length of laser and 
Nave is defined as Nave = s F . N .  F* d y l  s F . F* dy. 

The time-dependent rate equation of carrier concentration 
is given by 

where L, and N, is the thickness and the number of quantum 
well, respectively. e is the electron charge, J ( N ,  t )  is the 
current distribution and D is the diffusion constant. R ( N )  
is the total recombination rate of carrier concentration and is 
given by 

N 
R ( N )  = - + B N 2  + GN3,  

7 

where r is the carrier lifetime, B and C are bimolecular 
and Auger recombination coefficient, respectively. The photon 
density is given as 

p = m y ,  2 ,  t)I2 + IR(Y, 2 ,  t)I2. (14) 

The injection current given in (12) can relate to the equiv- 
alent resistivity of p-layers p and is given by 

where W is the width of the metal stripe, U is the applied 
voltage and UF is the Fermi voltage in the quantum well layer. 
UF can be approximated by [9] 

where E, is the energy gap between the first quantized energy 
level of conduction and valence bands of quantum well, k g  is 
the Boltzmann constant, and T is temperature in Kelvin. N, 
and N, are the effective conduction and valence edge density 
of states, respectively, and can be expressed as 

where it is assumed L, = 100 
mass of electrodhole. 

and mEJh is the effective 

111. NUMERICAL TECHNIQUE 

The coupled-wave equations can be solved by using the 
time-domain algorithm [SI with the help of the beam propaga- 
tion method [ 101. The first-order difference approximation to 
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the derivatives in the operator H can be approximated by the 
finite difference 

of carrier 
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concentration can be written as 

the partial differential on the left-hand side of (5)  is given by Now, th$ elements of matrix [HI can be written as 

where q = 1 to m- 1. Because of the symmetry of the field, 
the second derivative at the middle of the waveguide (i.e., y = 
0 or q = 1) takes the particular form 

A z = R ( ~ - A z , ~ + A ~ )  

(30) 1- + 

Nq+l - 2Nq + Nq-1 

AY2 

Using (l8), (5) can be expressed as 

where we have assumed Az = u,At. The laser cavity is 
divided into n segments of equal spacing AZ = L/n.  E and 
- R are vectors with m elements which represent the lateral 
variation of optical field from the middle of the waveguide 
(y = 0) to the side of the laser and at a particular longitudinal 
position (i.e,, at a particular z). It must be noted that vg is 
nonuniformly distributed along the longitudinal direction due 
to the carrier induced index change. The variation of vg can be 
taken into consideration by allowing the change of AZ along 
the longitudinal direction such that AZ/v, = At = constant. 
However, our assumption on constant us is still valid if the 
variation of ne, is less than 0.1%. 

The matrix [MI,,, given in (19) is given by 

[MI,, t = {[I] + [HI . A z } ~ ,  t ,  (20) 

where [I] is a m x m identity matrix. In (20), the convergence 
of the calculation requires small Az, however, we can apply 
the plane wave approximation on the lateral fields to improve 
the computing efficiency and the matrix [MIZ, can be written 
as 

for q > 1, 

are zero. It is assumed that Ay = 
+ 0 for q 4 large. 

The idration procedure is started with an arbitrary profile 
and E at the facets. Then they are propagating back 

reverse waves and at the 

for both 
step is obtained. The boundary 

where w& have chosen z = 0 and L are the positions of the 

s of facet reflections. 

t = {[I] + [*I . f ’ 
. where N is an element of N. The time variation of carrier 

concentra ion can also be approximated by (21) i + & [ H ] 4 . A ~ 4 + . . . } z , t .  

[HI in (20) and (21) is a m x m matrix representing the 
operator H where 
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Fig. 1. Schematic cross section and side view of the DFB laser investigated 
in this paper. 

Fig. 2. 
the width of the waveguide and phase adjustment region. 

Schematic structure of a phase adjusted DFB laser. Wl and W2 are 

second derivative takes the form 

and at rim of the waveguide (i.e., y = W12 or q = m-1), the 
second derivative takes the form 

IV. NUMERICAL RESULTS 
The basic smcture used in our analysis is the buried 

heterostructure InGaAsP-InGaAs (1.55 pm) separate- 
confinement multi-quantum well (SCH-MQW) DFE3 lasers 
with first-order grating. A schematic of the device is shown 
in Fig. 1. The laser is composed of seven layers, the p+- 
InGaAsP layer, p-InP buffer layer, the InGaAsP SCH layers, 
the InGaAsP-InGaAs multiquantum-well active layer, the 
n-InGaAsP guiding layer, and the n-InP substrate. The 
current blocking layers are of n-InP and p-InP material. It 
is assumed that the thickness of the barrier and well of the 
active region are both equal to 100 W. The DFB laser has 

TABLE I 

XI4 phase shifted with both facets anti-reflection coated. In 
the following calculations, the device parameters used in the 
model are given in Table I. 

A. Phase Adjusted Distributed Feedback Laser 
XI4 phase shifted can be introduced along the longitudinal 

direction of the waveguide through the phase adjustment 
region [l l] ,  [12]. Fig. 2 shows the schematic of waveguide 
structure of DFB lasers with wide phase adjustment region at 
the middle of the waveguide. In the calculations given below, 
the width of the waveguide ( WI) and phase adjustment region 
(W2) is allowed to vary between 3-4 pm. This magnitude of 
stripe width is employed to illustrate the influence of lateral 
modes competition on the dynamic response of DFB lasers. We 
are going to demonstrate the utilization of phase adjustment 
region to control the longitudinal as well as lateral modes in 
DFB lasers. 

Fig. 3 shows the switch-on transient response of DFB laser 
with wide phase adjustment region and K L  is set to 1.2, 2.1, 
and 2.4. The width of the waveguide (Wl) and the phase 
adjustment region (W2) is equal to 3 and 4 pm, respectively, 
and the corresponding length of the phase adjustment region is 
equal to 200 pm. The laser is initially biased at threshold and 
then modulated with a step current. The steady-state optical 
power from the anti-reflection facets is kept around 10 mW 
for comparison. It is shown in Fig. 3(c) that mode beating is 
observed nearly 0.9 ns after the switch-on of the laser. The 
corresponding steady-state optical spectra are also shown in 
Fig. 3. Mode beating is caused by the excitation of longitudinal 
side mode and this is confirmed by the steady-state carrier 
distribution along the active region as shown in Fig. 4. Lateral 
spatial hole burning is observed at the center of the stripe and 
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Fig. 3. The transient optical power response and steady-state spectra of DFB 
laser with wide phase adjustment region (WI = 3 pm and W2 = 4 pm). (a) 
mL = 1.2, (b) mL = 2.1, and (c) K L  = 24.  
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Fig. 4. 
bution of DFB laser with wide phase adjustment region and K L  = 2.4. 

The steady-state lateral and longitudinal carrier concentration distri- 

there is no sight of first-order lateral mode. The excitation 
of the longitudinal mode is attributed to the enhancement of 
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tribution of DFB laser with narrow phase adjustment region and K L  = 
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profile (An,,) of Fig. 6.  

DFB laser at steady state for the cases of K L  equal to 1.2, 
2.1, and 2.4. The effective longitudinal refractive index Anefl 
is defined as 

J' F . An, . F* dy/ F . F* dy. (32) 

As shown in Figs. 4 and 5, severe spatial hole burning of 
carrier concentration as well as a step change of refractive 
index are exhibited at the phase adjustment region. The exci- 
tation of longitudinal side mode is caused by the nonuniform 
distribution of refractive index. On the other hand, lateral side 
mode is not observed in DFB laser with wide phase adjustment 
region. For devices with K L  > 2.4, the dynamic and static 
responses are similar to the case of KL = 2.4 except mode 
beating is enhanced with the increase of KL. 

X/4 phase shifted can also be produced by phase adjustment 
region with width narrower than the waveguide. Fig. 6 shows 
the switch-on transient response of DFB laser with narrow 
phase adjustment region and K L  equal to 1.2, 2.1, and 2.4. It 
is assumed that the width of the waveguide (Wl) and the phase 
adjustment region (W.) is equal to 4 and 3 pm, respectively, 
and the corresponding length of the phase adjustment region 
is equal to 200 pm. In Fig. 6, the time evolution of the 
fundamental and first-order lateral modes are separated from 
the total field in order to indicate the influence of first-order 
lateral modes on the dynamic response of DFB laser. As we 
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Fig. 9. Comparison between the transient output power response of DFB 
lasers with uniform waveguide and phase adjnstment regions. (a) K L  = 1.2, 
(b) nL = 2.1, and (c) KL = 2.4. 

can see first-order lateral mode is excited for K L  larger than 
1.2. The corresponding steady-state optical spectra are also 
shown in Fig. 6 for comparison. The carrier concentration of 
DFB laser for the case K L  = 2.4 is shown in Fig. 7. Severe 
lateral hole burning is observed away from the center of the 
waveguide and this is caused by the excitation of lateral side 
mode. In the above calculations, longitudinal side mode is 
not observed for all cases during the turn-on period of the 
current step. The reason can be explained by the longitudinal 
distribution of effective refractive index as shown in Fig. 8. As 
we can see the steady-state longitudinal spatial hole burning 



[EEE JOdJRNAL OF QUANTUM ELECTRONICS, VOL. 32, NO. 3, MARCH 1996 

0 

40 ' 
-400 -200 0 200 400 0 2  0 4  0 6  0 8  1 1 2  1 4  

time (us) relative ftequency (GHZ) 

(a) 

430 

Fig. 10. Schematic of a DFB laser with double tapered waveguide structure. 

is less severe that the case for DFB lasers with wide phase 
adjustment region. For devices with K L  > 2.4, the static and 
dynamic responses are similar to the case K L  = 2.4 except the 
lateral side mode is enhanced with the increase of KL. 

Fig. 9 compares the transient response of DFB lasers with 
K L  varies between 1.2-2.4. We analysis the X/4 phase shifted 
DFB lasers with: 1) uniform stripe width, 2) wide, and 3) 
narrow phase adjustment region. As we can see relaxation 
oscillation frequency is enhanced for devices with large KL. 
In addition, the DFB lasers with narrow phase adjustment 
region exhibit larger relaxation oscillation frequency than that 
of devices with uniform stripe width or wide phase adjustment 
region. 

It is shown that wide or narrow adjustment regions can 
provide sufficient longitudinal phase shifted, however, these 
methods may excite longitudinal and lateral side modes at 
high nL. For DFB lasers with wide phase adjustment region, 
stable single lateral mode can be maintained at large KL but 
longitudinal side modes are excited by the longitudinal spatial 
hole burning. On the other hand, longitudinal side mode is 
suppressed for devices with narrow phase adjustment region 
but lateral side mode is excited. In fact, single oscillation 
mode can be achieved in DFB with narrow phase adjustment 
region provided that the stripe width is less than 3 pm (only 
fundamental lateral mode is supported in waveguide with 
such dimension). However, it is also desired to have lasers 
with wide stripe width near the facets for the reason of high 
output power. In design of high power lasers, stripe width 
between 3-7 pm is commonly found [13], [14]. Therefore, 
the conventional phase adjusted DFB lasers may not satisfy 
for the application in high power and a DFB laser with novel 
waveguide structure is required for stable single-mode and 
high-output power operation. 

B. Double Tapered Waveguide Distributed Feedback Laser 
Fig. 10 shows the proposed waveguide structure of DFB 

lasers. The optical waveguide has double tapered structure 
with narrow phase adjustment region at the middle of the 
waveguide. The corresponding width of the waveguide near 
the facets and the phase adjustment region is equal to 4 and 
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Fig. 12. The steady-state lateral and longitudinal carrier concentration dis- 
tribution of DFB laser with double tapered wavegudie structure and K L  = 
2.4. 

with narrow phase adjustment region and large KL, single- 
longitudinal mode is maintained due to the relatively uniform 
refractive index distribution along the longitudinal direction 
of the laser, but lateral side mode is excited for the reason 
of severe lateral spatial hole burning at the waveguide region. 
Furthermore, it is found that lasers with large K L  and narrow 
phase adjustment region exhibit higher relaxation oscillation 
frequency than other devices’ structure. 

We proposed a DFB laser with double tapered waveguide 
structure. It is shown that the longitudinal and lateral spatial 
hole burning is minimized by the double tapered waveguide 
structure and stable-single-mode operation can be maintained. 
In addition, the power density at the facets is reduced by the 
wide stripe width. Therefore, the facets degradation by heating 
effects can be minimized. This device structure can be utilized 
to implement single-mode high-power semiconductor laser. 
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Fig. 13. The corresponding steady-state longitudinal effective refractive in- 
dex profile of DFB laser with double tapered waveguide structure of Fig. 11. 

device is also shown in Fig. 13. The refractive index profile 
is smoothly distributed along the longitudinal direction and 
this is different to that given in Fig. 8 (in Fig. 8, the refractive 
index profile has a step change along the length of waveguide). 
Stable and single longitudinal mode operation is the result of 
relatively uniform refractive index distribution. 

V. CONCLUSION 

A new quasi-three-dimensional large-signal dynamic model 
is developed for the analysis of combined lateral and longitu- 
dinal spatial hole buming effects on the dynamic response of 
DFB lasers. In addition, this model is also capable of including 
the lateral and longitudinal variations of optical field distribu- 
tion. This model combines the beam-propagation method and 
the time-domain algorithm for solving the transient response 
of the coupled field equations and the rate equation of carrier 
distribution in a self-consistent manner. In the model, nonuni- 
form distribution of spontaneous emission noise, nonuniform 
carrier injection and refractive index distribution are also taken 
into consideration. 

Using this model, we analysis the influence of phase- 
adjustment region on the static and dynamic behavior of 
DFB lasers. It is shown that DFB lasers with wide-phase- 
adjustment region can enhance the stability of lateral mode, 
but for large K L  (22.4) longitudinal side modes are exhibited 
due to the severe longitudinal spatial hole buming near the 
phase adjustment region. On the other hand, for devices 
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