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Abstract In this paper, ridge waveguide quarterly
wavelength shifted distributed feedback (RW-QWS-
DFB) laser was modeled and analyzed. In this behavioral
model, some characteristics of the device, such as thresh-
old current, line width, power of output wave, spectrum of
output wave, and laser stability in high powers, were
investigated in accordance with different physical and
geographical parameters such as sizes and structures of the
layers. Considering a new proposed algorithm, the analysis
of the mentioned structures was performed using transfer
matrix method (TMM), the solution of coupled waves and
carrier rate equations. The results showed the advantages
of some parameters in this structure.

Keywords distributed feedback laser, transfer matrix
method (TMM), transversal and lateral mode

1 Introduction

Invention of semiconductor lasers in 1960s and optical
fibers in the early 1970s have resulted in ever-more-
increasing improvement of global communications. Due to
the higher external efficiency, the ability of direct
modulation, and the small scalability of the semiconductor
lasers, they are considered as convenient wave sources for
optical communications. Conventional Fabry-Perot (FP)
semiconductor lasers, are not single mode and do not fulfil
the requirement of optical communication applications.
Whereas, novel and advanced distributed feedback (DFB)
semiconductor lasers, are widely used as wave sources in
optical communication systems. Accordingly, nowadays,
development of DFB lasers’ design, qualities, and

operation methods as well as their physical and numerical
modeling has been the subjects of many researches.
The first semiconductor laser was constructed using a

single crystal GaAs bipolar p-n junction [1–5]. Optical
amplification in a semiconductor laser is similar to that in
FP [6]. To reduce threshold current density in room
temperature and modify semiconductor lasers’ character-
istics, single hetero (SH) structure was introduced in 1962
[7–9], and in late 1960s double-hetero (DH) structure was
introduced to reduce threshold current down to 1 kA/cm2

[10–12].
In many applications of semiconductor laser, the output

waves enters an optical fiber, so that it is necessary for the
light beam diameter to be smaller than optical fiber
diameter, which is about a wavelength and much smaller
than laser width. In this regard, stripe-geometry structure
was employed to limit injected carrier flow and optical
field in lateral direction [13].
Buried heterostructure (BH) was designed in 1975, and

it can eliminate electrical current leakage in lateral
direction and reduce threshold current [14]. In BH
structures, active layer of the laser is surrounded in four
directions by a material with lower refractive index (higher
band gap). BH structure implementation is fairly difficult
and complicated.
Another structure that was proposed and constructed to

confine optical field, electrical current and electrical
carriers was ridge-waveguide [15]. This structure has
high modulation speed, while its threshold current is less
than broad area structure and more than BH structure.
Since the effective refractive index in lateral area and
outside the ridge is less than middle area under the ridge,
wave propagates (travels) under the ridge area.
Another proposed structure was rib-waveguide, which

was identical to ridge-waveguide [16]. BH, ridge-wave-
guide, and rib-waveguide structures are generally called as
index-guided structures. With modifications performed in
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these structures of the semiconductor lasers, information
transfer rate in optical fibers reached up to 140Mbit/S in
1980 [17].
There have been successful approaches to increase the

output power of the semiconductor lasers utilizing laser-
array. In addition, providing some modification in structure
of the arrays, this type of lasers has been employed in
wavelength-division multiplexing (WDM) [18,19].
Vertical cavity surface emitting laser diode (VCSELD)

is designed and developed for the applications, in which
the light should be emitted in vertical direction to the
junction [20].
Some other characteristics of semiconductor lasers, like

line width, noise, and threshold current, have been
modified using quantum well structures [21]. To make
laser single mode, FP laser with external cavity has been
proposed [22]. The great sensitivity of the structure to the
changes of temperature and cavity length is a disadvantage
of the structure. Using grating instead of external mirror in
external cavity structure is another way to adjust
wavelength and make semiconductor laser single mode.
In this structure, line bandwidth can be reduced down to
100 kHz, and adjustability of wavelength is about several
tens of nano-meters. But the installation of this compound
system is very hard and it is so expensive for optical
communication systems [23].
Apart from the above mentioned structures, cleaved

coupled cavity (C3) has been suggested to construct a
single mode laser with adjustable wavelength. This was
obtained by a very short distanced coupling (less than 1
µm) of the main laser with a shorter wavelength FP laser
[24–26]. The best and most suitable method that has been
used for construction of single mode semiconductor laser
is creation of refractor grating inside the laser. DFB and
distributed Bragg reflector (DBR) are two structures that
were constructed base on this method. Investigations on
DBR is started in early 1970s approximately at the same
time with DFB lasers, but DBR lasers are more
complicated with less applications [27].
The most common way to create grating is holographic

technique and interaction of two coherent waves [28]. The
first DFB lasers could work in low temperatures and had a
short life time [29,30]. In the middle of 1970s, the first
GaAs DFB laser was made that could work in room
temperature [31]. In 1981 and 1982, the first DFB lasers
with the wavelengths of 1.3 and 1.57 µm were constructed
[32,33]. Construction of these two lasers has improved the
fiber optic communication because the optical fibers have
the lowest power consumption in these two wavelengths.
Experimental and theoretical studies show that the DFB
lasers with uniform grating and anti-reflective (AR) sides
at endings oscillate in two symmetric (chirp) modes with
respect to the Bragg frequency. Thus, conventional DFB
laser is no single mode [28]. Several methods have been
proposed to eliminate this degeneration, the most impor-
tant ones are:

1) Cavity has nonzero reflective index at the two ending
sides of the laser [34].
2) Creation of asymmetry (chirp) in the period of the

grating [35].
3) Creation of a phase shift equal to l / 4 in the middle of

the grating [36].
Distributed Bragg reflector lasers have more advantages

in comparison with external-grating, external cavity, C3,
and DBR, so there have been a lot of modifications and
improvements in this device. Multiple-phase shift DFB,
gain-coupled DFB, and multi-quantum well DFB struc-
tures are some samples of these improvements that have
better characteristics in comparison with conventional
DFB [37–39].
Although there have been many researches and

investigations on DFB lasers, their optimization and
characteristics investigation are on-going research subjects
of recent years [40–50].
The main aim of this work will be modeling and analysis

of a wavelength shifted distributed feedback (WDFB)
laser. In this modeling, behavior and characteristics of the
device, like threshold current, line width, power and
spectrum of output wave, and laser stability in high power,
will be investigated versus different physical and geome-
trical parameters such as the structure and size of the
layers. The analysis method will be based on transfer
matrix method (TMM).

2 Optical confinement factor

Time independent wave equation of electric field of an
electromagnetic wave in a simple semiconductor laser is as
follow [51]:

r2Eðx,y,zÞ þ εðx,y,zÞk20Eðx,y,zÞ ¼ 0, (1)

in which ε is dielectric constant, k0 is defined by k0 ¼
ω
c

¼ 2π
l0

and is wave number in free space.There is an

identical equation for electromagnetic field component.
Transversal and lateral mode of the FB laser are obtained

from the solution of pervious equation considering
changes in directions of X and Y axis. An answer like
Eq. (2) is supposed and applied to Eq. (1) that results in Eq.
(3).

Eyðx,y,zÞ ¼ ΦðxÞΨðyÞðAeiβz þ Be – iβzÞ, (2)

d2Φ

dx2
þ d2Ψ

dy2
þ ½εðx,yÞk20 – β2�ΦðxÞΨðyÞ ¼ 0: (3)

Generally, the effective index method (EIM) is applied
to solve Eq. (3) [52]. In this method, the field transversal
distribution is obtained from the solution of the following
equation:
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d2Φ

dx2
þ ½εðx;yÞk20 – β2yðyÞ�ΦðxÞ ¼ 0, (4)

in which βy (y) is propagation constant for a fixed value of
y, and ε(x; y) is dielectric constant in each point of the laser.
To solve Eq. (4), it is needed to consider boundary
conditions including continuity of tangential component of
the electric field and its derivatives at the interface between
the layers. Lateral distribution of the optical field equation
is obtained as

d2Ψ
dy2

þ ½β2yðyÞ – β2�ΨðyÞ ¼ 0, (5)

for a specific structure, models of lateral and transversal
modes are obtained from Eqs. (4) and (5), respectively.
Effective refractive index is equal to

nef f ¼ Reðβ=k0Þ, (6)

the ratio of trapped light energy in the active layer of the
laser to total light energy is called an optical confinement
factor and is defined as follows:

Γ ¼
!

active  layer

Eðx,yÞj j2dxdy

!
1
!1 Eðx,yÞj j2dxdy

, (7)

transverse optical confinement factor is equal to

Γx ¼
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lateral optical confinement factor is equal to
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, (9)

the overall optical confinement factor is equal to

Γ ¼ ΓxΓy: (10)

3 Rate equations

The rate equations that are the fundamental equations of
semiconductor lasers, express the rate of changes in
electrical carriers and also photons in time. From the
solution of rate equations, the time-dependent function,

frequency response, small signal, large signal and noise
can be surveyed. Rate equations of electrical carrier and
photons for multi-mode semiconductor laser can be written
as follows [51]:

dn

dt
¼ J

qd
�ðAþ Bnþ Cn2Þn�

X

m

Gðn,lm,SmÞSm, (11)

dSm
dt

¼ ½Gðn,lm,SmÞ�gm�Sm þ Rspm, (12)

in the above mentioned equations, J is input current
density, q is the electron charge, d is the thickness of the
active layer of the laser, A, B, and C are the non-radiative,
self and Auger recombination rate, respectively. The last
term in Eq. (11) is stimulated emission per time and per
volume units for all modes. Sm is the density of photons in
the mode of m, n is density of charge carriers, γm and G are
defined as

Gðn,lm,SmÞ ¼ vggðn,lm,SmÞ, (13)

gm ¼ vgðαin þ 2αthÞ (14)

where vg, g(n,lm,Sm), αin, αth are group velocity, gain
coefficient, internal dissipation factor and mode dissipation
factor in threshold condition respectively. Rspm in Eq. (12),
spontaneous emission rate per unit volume, which is
coupled with the mmode and its value is obtained from the
following equation:

Rsp ¼ βspBn
2, (15)

in which, βsp is the spontaneous emission factor and its
value is between 10–5 to 10–3. In FB laser, charge carrier
and photon densities are constant along the cavity, but in
DFB laser their values depend upon z. Photon density in
each point is proportional with light field intensity on that
point, which means

Sm ¼ C0

�

Ef ðzÞj j2 þ EbðzÞj j2
�

: (16)

C0 is the proportional constant, which is determined by the
rate equations.
In the steady-state, dSm/dt and dn/dt are 0. At the

threshold condition, the stimulated emission is negligible,
so the threshold current density is obtained from the
following equation, where Sm is placed by 0 in the carrier’s
rate equation:

Jth ¼ qdðAþ Bnth þ Cn2thÞnth: (17)

nth is the charge carriers’ density in threshold condition,
and is obtained from the following equation:

nth ¼
gth
an

þ nt, (18)

where gth is the threshold gain coefficient and is equal to
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gth ¼
αin þ 2αth

Γ
, (19)

where Γ is the optical power confinement factor in the
active region.
From the time-dependent coupled wave equation of

DFB laser, its rate equations can also be obtained [53–56].

4 Spectral line width

Dispersion phenomena in optical fibers results in wider
optical pulses and limits modulation speed. Therefore, the
single-mode lasers with narrow line width are used in
optical communication systems.
The line widths in different optical resources have

different origins. There are some reasons that result in
wider visible line in semiconductor lasers. Coincidental
phase of spontaneous emission that are coupled to the
excited modes of laser, gain to frequency dependency,
variations and plunges in local charge carrier density and
also interactions between photons and electrical changes
are the main reasons [57,58].
Spectral width at half maximum optical power is

measured as line width. The line width resulted from
spontaneous emission effect in single mode semiconductor
laser is mainly analyzed based on phase and amplitude of
time-dependent classical electromagnetic wave based on
following [59]:

Δ� ¼ Rspð1þ α2HÞ
2πI

, (20)

in which Rsp, I and αH are the rate of spontaneous emission,
total number of photons in cavity, and line width
enhancement factor, respectively. The latter is defined as
[60]:

αH ¼ 2k0

dnr
dn
dg

dn

, (21)

dnr
dn

and
dg

dn
are change rates in refractive index and gain

versus injected charge carrier density. The factor was first
introduced by Henry [57] to justify experimental results.
The acceptable value for in InGaAsP/InP is between 4.5
and 7 [61].
αH depends on the charge carriers and photons densities

and in the case of constant carrier density decreases by an
increase in photons’ energy. On the other hand, it remains
constant at the peaks of gain curve in different values of
carrier densities [62]. Moreover, αH depends on tempera-
ture such that by a decrease in temperature, its value
decreases. Up to this day, no direct way is introduced to
measure αH. But different methods, such as noise

measurement [61] and line width measurement [63] are
used to determine it. These methods cannot be evaluated in
a certain manner.
Using Eq. (20), DFB laser line width is calculated as

following [64]:

Δ� ¼ v2gnspgthαthh�ð1þ α2HÞ
4πðP1 þ P2Þ

, (22)

in which vg is group velocity, nsp is spontaneous emission
factor, h, �, P1 and P2 are Plank’s constant, frequency, laser
output power at left and right sides, respectively.

5 Output optical power of distributed
feedback (DFB) laser

Output power of laser is proportional to the numbers of
photons that are emitted from active region and exit from
to end sides of the cavity in time unit. If the total numbers
of photons in the laser is S0, the output power of left and
right sides can be obtained from following [65,66]:

P1 ¼ h�vgð1�R1Þ
Ebð0Þj j2

!
L

0

EðzÞ
�
�
�
�
�
�

�
�
�
�
�
�

2

dz

S0, (23)

P2 ¼ h�vgð1�R2Þ
Ef ðLÞj j2

!
L

0

EðzÞ
�
�
�
�
�
�

�
�
�
�
�
�

2

dz

S0, (24)

where R1 and R2 are the reflection coefficient of the sides.
The total number of photons at point is proportional to the
square amplitude of sweep wave at that point. It can be
obtained from the solutions of the rate equations and the
coupled wave equations. The output power curve versus
injected current is an important characteristic of the
semiconductor lasers.

6 Spectrum of amplified spontaneous
emission (ASE) in distributed feedback (DFB)
laser

The spectrums of amplified spontaneous emission for the
currents lower and higher than threshold current are
important characteristics of DFB laser. Spontaneous
emission spectrum of DFB laser can be obtained utilizing
Green’s function and TMM methods as follows [67]:

PASE ¼
hc

l

ð1�r22Þ
y22þ r1y21�r2y12�r1r2y11

!
L

0

nspðzÞgðzÞ EðzÞj j2dz:

(25)
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In this equation, r1, r2, nsp, yij are reflection coefficient of
left and right side of the laser, inverse mass factor and
matrix elements [68,69], respectively. E(z) is the solution
of coupled wave equation and PASE can be normalized to
hc

l
.

To calculate, PASE in the threshold condition is replaced
by gth in Eq. (25), but in case of heir than threshold, it is
calculated in term of charge carrier density from Ref. [70].
It should be noted that in latter condition its value depends
upon z.
Utilizing ASE spectrum, it is possible to determine some

parameters, such as frequencies of oscillation modes in
lasers, frequency distance between successive modes, line
width, the power difference between successive modes and
changes in the wavelength of modes correspond to input
current changes.

7 Side mode suppression ratio (SMSR)

Another important characteristic of semiconductor lasers is
the ratio of main mode output power to the power of first
side mode, which is called side mode suppression ratio
(SMSR) and is defined as follows:

SMSR ¼ P0

Ps
, (26)

where Ps is side mode power, P0 is the power of main
mode. SMSR is usually expressed in dB. Also, SMSR can
be obtained by using the rate equations or ASE spectrum.
An acceptable criterion for a single-mode laser is having a
SMSR value more than 25 dB [51,70]. The SMSR value of
the DFB laser is typically much higher than that of FP
laser, and it increases by an increase in current. It should be
mentioned that the spatial hole burning (SHB) effect far
above the threshold current causes a reduction in SMSR
value [71].
SMSR quantity is in direct proportion with the deference

between the main and side modes. α0 and α1 are threshold
gains of main and side modes, respectively, and Δα ¼
α1 – α0 is called gain margin. Gain margin can be
considered as a criterion for single-mode laser evaluation.
It is empirically known that in order to have a stable
function, the single-mode laser should be more than 0.25
(ΔαL³0:25) [71].

8 Laser structure

Ridge waveguide-quarter-wavelength shift distributed
feedback (RW-QWS-DFB) laser has attracted more
attention in comparison with other lasers due to its lower
threshold current, higher power, and easer manufacturing
process. In this section, the structure of RW-QWS-DFB at
threshold and above threshold is analyzed based on the

TMM method and its characteristics dependency to ridge
width is investigated. A simple illustration of DFB laser
with a ridge waveguide is shown in Fig. 1.

9 Simulation

Optical power confinement factor and coupling factor for
RW-DFB structure is described in Section 2. This method
can also be applied to RW-QWS-DFB structure. Figure 2
illustrates optical power confinement factor changes versus
ridge width, w, for two different values of the active layer
and waveguide thicknesses. As it shows, by increasing w,
thelateral confinement factor coefficient increases; and for
w = 5 μm, it tends to unity.

Coupling coefficient variations versus ridge width is
shown Fig. 3 for the same structures of Fig. 1. Coupling
coefficient decreases with an increase in ridge width, such
that for w = 5 μm the coupling coefficient is so close to a
ridge less structure. The reason is that by decreasing the
width of the ridge, the effect of side dielectric layers coated
on the last layer on wave reflection increases. This happens
in a condition that the amplitude of wave is damping in

Fig. 1 Simple illustration of DFB 5-layered semiconductor laser

Fig. 2 Lateral confinement factor changes versus ridge width
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ridge area. Coupling coefficient of a ridge less structure is
shown in the figure. It is observed that the coupling
coefficient decreases by an increase in the thickness of the
active layer and the waveguide.
With increasing w, the threshold current density in RW-

QWS-DFB structure decreases, as shown in Fig. 4. It is
obvious that the changes Jth for the values of w> 2 μm are
negligible.

The threshold current changes in different width of ridge
are depicted in Fig. 5. As it can be seen, it has its lowest
current value in thickness between w = 1 and 2 μm.
Figures 4 and 5 are plotted for four different thicknesses

of the active layer h, and the waveguide t. It can say that
lower Ith and Jth values are due to higher coupling
coefficient in structure with lower h and t.

10 Line width

Line width change of RW-QWS-DFB laser versus ridge
width is shown in Fig. 6. It shows that with increasing w,

the line width decreases rapidly down to its minimum
value that happens at w&1 μm, and afterwards it start to
increases slowly to offer the lowest increases. Moreover,
the line width for higher t and h is more. As it can be seen
that the line width is calculated for an output power of 1
mW.
The spectrum of amplified spontaneous emission of RW-

QWS-DFB laser in threshold condition is shown in Fig. 7.
This spectrum is analyzed for three different line widths w
= 1, 3, 5 μm. As it can be seen that the structure with w = 1
μm has higher frequency gap in comparison with two other
structures. Also, two other structures withw = 3, 5 μm have
approximately equal frequency gaps.
Output power curve versus normalized current density

(J/Jth) for the proposed RW QWS-DFB laser in two values
of line widths can be seen in Fig. 8. Since coupling factor
of w = 1 μm is higher, the output power and the slope of
output power line versus J/Jth is lower in comparison with
w = 3 μm.

Fig. 3 Coupling coefficient changes versus ridge width in
different thickness of active layers and waveguides

Fig. 4 Threshold current density changes versus ridge width in
different thickness of active layers and waveguides

Fig. 5 Threshold current changes versus ridge width in different
thickness of active layers and waveguides

Fig. 6 Line width changes of RW-QWS-DFB laser versus
different ridge widths
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Line width changes, Δ�, of the proposed structure versus
J/Jth is shown in Fig. 9 in w = 1 and 3 μm. As it is expected,
by increasing current density, line width decreases. Due to
lower output power in w = 1 μm, Δ� is more than its
corresponding value in w = 3 μm.
Longitudinal distribution of photons and charge carrier

density for w = 1 and 3 μm in above threshold condition is
shown in Fig. 10. These figures show that photons
distribution for w = 3 μm is more uniform than that for w
= 1 μm, because it has a bigger valley in the center of
photons distribution. Also the curves for charge carrier
densities (Fig. 11) have the same trend while w = 1 μm
shows bigger valley in center of the curve. These trends
depict SHB effect in w = 1 μm structure. Moreover, the
average increase of photons and carriers density is higher
for w = 1 μm in comparison with w = 3 μm.
The average changes of the normalized threshold gain,

αL, and the deviation from the Bragg normalized

Fig. 7 Spectrum of ASE of RW-QWS-DFB laser in threshold
condition for three different line widths w = 1, 3, 5 μm

Fig. 8 Output power versus normalized current density for RW-
QWS-DFB laser for two different value of w

Fig. 9 Line width changes versus J/Jth for the proposed RW-
QWS-DFB structure in w = 1 and 3 μm

Fig. 10 Photons density distribution along the cavity of RW-
QWS-DFB structure for w = 1 and 3 μm in above threshold
condition

Fig. 11 Charge carrier density distribution of RW-QWS-DFB
structure for w = 1 and 3 μm in above threshold condition
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condition, δL, in terms of J/Jth are investigated in Figs.
12(a) and 12(b). As it can be seen, there are significant
changes in these quantities versus input current. As it can
be predicted form Fig. 4, the changes of αL and δL in w = 1
μm is more than that in w = 3 μm, because this two
parameters’ variations are due to changes in charge carrier
density, which in turns depend on input current changes.
Figures 13(a) and 13(b) show laser output wave

spectrum for two different ridge widths (1, 3 μm) in three
different values of J/Jth = 1.02, 1.5 and 3. As these figures
indicate that by increasing current, the power of the main
mode and the side modes increase, but for w = 1 μm, the
ratio of main mode power to side mode power decreases in
high currents.
Also these figures indicate the changes of the main mode

oscillation wavelengths in different input current density.
Moreover, the main mode oscillation wavelength for w = 1
μm is slightly greater than its corresponding value for w =
3 μm with a difference of about 0.5 nm.
The output wave spectrum of RW-QWS-DFB laser in

two different ridge widths for J/Jth = 3 are compared in Fig.
14. As it shows, for w = 1 μm, the side modes appear with
more power in comparison with w = 3 μm.
Investigation of the SMSR parameter changes versus

input current for two widths of w = 1 3 μm is shown in Fig.
15. The results verify the outcomes of Figs. 13(a) and 13
(b). As it can be seen, for w = 1 μm and J/Jth> 1.8, the
SMSR parameter decreases with an increase in input
current.
In this section, the uniformity parameter F, which

dependences on the RW-QWS-DFB ridge width, is
investigated. Figure 16 shows the F variation in terms of
w. In this figure, the solid and fold (dashed) curved lines
are corresponded to RW-QWS-DFB structure and hor-
izontal straight lines show uniformity parameter in the
QWS-DFB structure without ridge waveguide and with
identical active layer thickness and waveguide.

As it can be seen, with increasing w, the uniformity
parameter of RW-QWS-DFB structure decreases such that
it tends to reach to its corresponding value in ridge-less

Fig. 12 (a) Average changes of the normalized threshold gain αL; (b) deviation from the Bragg normalized condition δL (J/Jth for two
different ridge widths of w = 1 and 3 μm)

Fig. 13 Output wave spectrum for RW-QWS-DFB for J/Jth =
1.02, 1.5 and 3. (a) w = 1 μm; (b) w = 3 μm
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structure for higher values of w. Higher values of
uniformity parameter at small widths are due to higher
coupling coefficient that produces over coupling condition
in the structure.

Optical field intensity distribution curve along the cavity
of RW-QWS-DFB structure is shown in Fig. 17 that
compares them for three values of w = 1, 3 and 5 μm. As
this figure shows for w = 1 μm, strong coupling between
the sweeping wave in the middle area of the laser causes an
increase in optical field intensity, which produces over
coupling condition in that parts. In this figure, optical field
intensity distribution for a ridge-less structure is shown
with open circle.

11 Conclusions

In this paper, the dependence of RW-QWS-DFB laser
characteristics, such as coupling coefficient, threshold
current and line width on ridge width, has been
investigated for threshold and above threshold regions. It
has been shown that an increase in ridge width (w)
decreases the coupling coefficient, such that for w = 5 μm
the coupling coefficient is very close to structure without
ridge. In addition, study of threshold current versus ridge
width have shown that for w = 1 μm to w = 3 μm threshold
current has its minimum value and this current is also very
less than its counterpart in structure without ridge.
Moreover, study of RW-QWS-DFB laser line width versus
ridge width has depicted that at first by increasing w, line
width reduces sharply up to its minimum value at w about
1 μm and afterwards it increases slowly. The simulation
result has shown that photons and charge carriers have
more uniform distribution in w = 3 μm in comparison with
that in w = 1 μm.
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