Effects of lateral modes on the static and dynamic
behaviour of buried heterostructure DFB lasers
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Abstract: The transient response of buried-
heterostructure  distributed-feedback laser is
studied. It is found that the gain margin between
the lateral modes is affected by the carrier-
diffusion length in the active region. In addition,
the transient response of the lateral modes is also
influenced by the carrier-diffusion length.

1 Introduction

High-power single-mode single-element lasers with fast
response are required for wavelength-sensitive applica-
tions such as frequency doubling, atomic spectroscopy or
pumping sources. The ideal devices for these applications
are the buried-heterostructure (BH), distributed-feedback
(DFB) and distributed-Bragg-reflector (DBR) semi-
conductor-laser diodes [1, 2] because these devices can
operate at high power, with a single and stable longit-
udinal mode [3, 4] as well as exhibiting low threshold
current and high operation temperature [5].

The maximum output power of laser diodes is affected
by the width of the active region [4]. The maximum
optical power is increased with the width of active region
but this will cause the excitation of high-order lateral
modes. In the design of high-power lasers, either stable
lateral modes are allowed to lase or single mode oper-
ation is maintained to a maximum output power [4, 6].
In both cases, high-order lateral modes are supported by
the waveguide and can be excited by an electrical signal
with large amplitude. Therefore, a different design strat-
egy is required to improve the gain margin between the
lateral modes and without reducing the width of the
active region.

It has been shown that lateral effects can significantly
affect the dynamic behaviour of DFB lasers [71.
However, in our previous analysis only the fundamental
mode was considered in the calculation. In fact, the
standing-wave patterns of the lateral modes are very
different, as are the carrier distributions (in lateral and
longitudinal directions). Therefore, the dynamic and
static responses of DFB lasers can be modified signifi-
cantly by the lateral modes.

In this paper, the transient responses of the devices are
analysed including the effects of lateral modes, Further,
the influence of the lateral and longitudinal carrier dis-
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tribution on the gain margin (between the lateral modes)
is studied. A new large-signal dynamic model of DFB
lasers including lateral modes is also developed for these
purposes. This model also takes into account the two-
dimensional (longitudinal and lateral) variations of
carrier density, photon density and refractive index.

2 Laser structure

The laser structure used in our analysis is the BH
InGaAs/GaAs (0.98 um) separate-confinement/single-
quantum-well (SCH-SQW) DFB laser [1] with second-
order grating. A schematic of the device is shown in F ig.
1. The laser is composed of seven layers, the pt-GaAs

p-GaAs cladding layer (3.15)

0.12um vV V V V' p-InGaP guiding layer (3.25)

GaAs SCH (3.3)
i-InGaAs SQW (3.35)
GaAs SCH (3.3)

0.12um
0.02um
0.12um

0.20um n-InGaP buffer layer (3.25)

transverse direction x

n-GaAs substrate (3.15)
longitudinal direction z

cladding layer
blocking layer locking layer
InGaP (3.15) nGaP (3.15)

substrate

transverse direction x

lateral direction y

Fig. 1 Schematic of buried-heterostructure separate-confinement
single-quantum well distributed feedback laser

a Side view of DFB laser

b Cross-section of the DFB laser

Dimensions in yum

cladding layer, the p-InGaP guiding layer, the InGaAs-
GaAs SCH-SQW active region, the n-InGaP buffer layer
and n*-GaAs substrate. The current-blocking layers are
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of InGaP material. Using the parameters given in Fig. 1,
it can be shown that only the fundamental transverse
mode is supported along the transverse direction. In
addition, for the width of active region greater than
1.0 um, the first-order lateral mode can also be supported
by the waveguide.

3 Laser model

The laser model used to analyse the lateral modes of the
DFB laser is an extension of that in Reference 7. The
time-dependent coupled-wave equations for the forward
and reverse fields F and R are given as
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where j is the lateral mode number. In eqns. | and 2, it is
assumed that the jth lateral mode has a set of longitud-
inal (DFB) modes [8]. x; is the coupling coefficient and
h,; is radiation loss coefficient of the jth mode. g; is the
field gain of the jth lateral mode and is given by

gfe, 1) = I | rng{N(y’zz(lt); ;;;}wj(y, 20,

where N is the carrier distribution in the lateral and lon-
gitudinal directions, I', is the transverse confinement
factor, gy is the differential gain, ¢ is the gain-
compression coefficient and P is the photon density. The
total absorption and scattering losses a,; of the jth mode
are given by

—_— f Vs 0+ a1 f V30,20 dy}
active active
C)

where «, is the absorption and scattering loss inside the
optical-confinement region and «, is the free-carrier
absorption-loss coefficient associated with the blocking
layer. If lateral effects are not considered in this model,
the discrimination of lateral modes is only determined by
eqn. 4.

8B; (=B; — Bo) is the deviation from Bragg frequency
(Bo = 2m/Ao), where f; is the propagation coefficient of
the jth lateral mode and A, is the grating period. The
lateral field y;, the propagation coefficient B; and the
equivalent longitudinal effective index n.;;; can be
deduced from the wave equation

3

aZ
{a_yz + k(2) seff(y’ 2, t)}'ﬁ,(y, z, t) = ﬁjg(z’ t)l//_,(y, 2z, t) (5)
&,;s in eqn. 5 is the effective permittivity and is given by
&or(: 2, 1)
— pn? _ Em )“0
=nlpro¥) = Posrd DT s Tom gn{Np, 2,8) — Ny}

+i ﬂiko(d’ Tlgn(NGz.0) — No} — a1 (6)

where n,;;, is the effective (build-in) refractive index of
the waveguide region, «, is the material linewidth-
enhancement factor, k, (=2mn/4,) is the wavenumber and
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N, is the threshold carrier concentration. oy) = a, inside
the active region and a(y) = «, elsewhere. The equivalent
effective index n,; ; is defined as

Nespile, ) = E’{{o_t) ™

The time-dependent rate equation of carrier concentra-
tion is given by

dN(y’ Z, t) - J(Z, t) _ N(ya 2Z, t)_ v gN{N(Y’ Z, t) _ NO}
dt qd T s (1 +¢P)

x P(y z,t) + DV2N(y, 2, 1) 8)
where d is the thickness of the active layer, D is the diffu-
sion constant, 7 is the carrier lifetime, g is the electron
charge and J is the injection current-density profile. 1t is
assumed that J is uniforn in the lateral direction. The
photon density P is given as

Py, = {|Ffz, 0 + |Rfz 0" }j0. 2 1)
= Pz, i, 2 1) ©

The inhomogeneous distribution of carriers in the lateral
direction is caused by the standing-wave pattern of the
intensity of the lateral modes, as well as by the carrier
diffusion length. Fig. 2 shows the intensity distribution of

optical intensity distribution

laterat direction
Fig. 2 Optical intensity distribution of fundamental and first-order
lateral modes

a Fundamental mode

b First-order mode

the fundamental and the first-order modes. Thus the
carrier distribution in the lateral direction can be approx-
imated by [9]

N(,z,0) =Nz 0+ ¥ (—1)Nyz, 1) cos 2kny/w) (10)
k=1

where w is the width of the active region. The coefficients
N,, N, N, ... are, respectively, the Fourier coefficients
representing the amplitudes of the various components
used in the description of the inhomogeneous distribu-
tion of carrier. The simplified field gain gfz,t) can be
obtained by substituting eqn. 10 into eqn. 3, which gives

rng{ryj{Np - No + Z (- l)kék.ij}
g;= k=1 (11
2(1 + &P)
where k = 1, 2, 3, ... . The space-independent (in lateral-
direction) rate equations can be obtained from egns. 8
and 10 and are
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where L, is the effective diffusion length and is defined
as Lo, = /(D).

A self-consistent large-signal calculation can be
obtained by solving eqns. 1, 2, 12 and 13 simultaneously
[10]. In the model, the longitudinal variation of carrier
density and field intensity are taken into account by
dividing the laser cavity into a number of small equal
sections. In each section, the nonuniform distribution of
lateral field and carrier profile are determined by eqns. 5
and 10.

In a strong guiding device, the variation of the lateral
field ¢; and the propagation coefficient f; caused by the
external carrier injection may be less that 10%. The small
variation of lateral field Ay; and propagation coefficient,
Af; can be estimated by a first-order perturbation
method [11]. The wave equation (eqn. 5), can be rewrit-
ten as

62
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where y; = ;. + Ay; and §; = B, + AB;. The subscript s
stands for the unperturbated values. The approximated
solutions for Af; and Ay, are given as [11]
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where n is the lateral-mode number.
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4 Parameters

It is assumed that the differential gain and the linewidth-
enhancement factor of the SQW are 2.4 x 10715 cm? and
3.0, respectively. The length of the laser is 400 um and the
width of the active region is 2 um. The thickness of the
SQW is 0.02 um. The confinement factor I', in the trans-
verse direction is found to be equal to 0.0462. The coup-
ling coefficient k and the radition-loss coefficient h, of the
fundamental and first-order modes are approximately
equal to 50 and 7.0 cm ™, respectively. The absorption
and scattering losses «, and a, are assumed to be equal to
200cm™!. The nonlinear gain coefficient ¢ is set to
2 x 10717 cm?3, The other device parameters used in the
model can be found in Table 1. In the following calcu-
lations, only the fundamental and first-order lateral
modes are considered.

Table 1: Parameters used in the model
3x10-%s

Carrier lifetime 7
Differential gaing ,, 2.4 x107'5 cm?
Transparency carrier density N 1.0x10"% cm—3
Linewidth-enhancement factor a ,, 3.0

Absorption and scattering loss (energy) 20 cm~'

in waveguide «,,
Free-carrier absorption loss in blocking 20 cm-'

layer «,, -
Effective group refractive index n , 3.70
Length of the laser cavity L 400 ym
Width of active region w 2.0um
Thickness of the active layer d 0.02 ym
Approximate emission wavelength A, 0.98 um
Period of grating A, 0.3 um
Nonlinear gain-suppression coefficiente 2 x 10-'7 ¢m?
Transverse confinement factor I', 0.0462
Coupling coefficient «, = «, 50.0 cm-’
Radiation-loss coefficient (h,, = h,,) 7.0cm-!

5 Simulation results

The device under investigation is a A/4 phase-shifted
DFB structure with both facets antireflection (AR)
coated. The laser is initially biased at threshold and then
modulated with a step current. The steady-state optical
power from the AR facets is kept below 11 mW such that
the power level of side modes (cavity modes) is negligible
and can be ignored in our calculation.

Fig. 3 shows the switch-on transient response of the
lateral modes with variation of the normalised carrier-
diffusion length. In Fig. 3a, the normalised carrier-
diffusion length L,,./w is set to 0.4. The device shows
lateral-mode competition. It is observed that both modes
come up initially, but the first-order lateral mode sup-
presses the second overshoot (time ‘02°) of the fundamen-
tal mode. Eventually, the first-order mode comes up with
the fundamental mode. However, for L, /w equal or
larger than 4.0, the first-order mode is quickly suppressed
after the first overshoot (time ‘o1’) of the modes. This is
shown in Fig. 3b and c.

The transient response of the lateral modes can be
explained by the coupling efficiency between the lateral
gain distribution and the optical-field profile [12], and
the effective carrier lifetime t,,, = L2,,/D in the active
region.

@) L.ss/w=04(ie 1., < 0.1 ns)(Fig. 4)
At time ‘ol’, the fundamental mode causes a high stimu-
lated recombination rate at the centre of the waveguide
and burns a hole in the lateral carrier profile. This
reduces the coupling efficiency between the gain profile
and the fundamental mode and reduces the gain margin
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between the lateral modes. As a result, N, increases to a
large value of 1 x 107 cm 3.

At time ‘ul’ (first undershoot of optical power), the
magnitude of N, remains high. In addition, the magni-
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4ot
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power, mw

— time 02
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find,

Fig.3 T resp of 1 al (solid line) and first-order
lateral modes (broken line) under direct modulation of step current

a L jw=04

b Lg/w=40

¢ Lo/w=10

tude of N, increase rapidly to its maximum value. These
are caused by the short carrier lifetime (the carriers disap-
pear rapidly before they can diffuse and smooth out the
SHB). The strength of the SHB resulting from both
modes is of the same order of magnitude. Notice that the
strength of the SHB resulting from the fundamental
mode is indicated by the magnitude of N,. This is also
true for the first-order mode and N,.

At time ‘02, the first-order mode is excited (see Fig.
3a). This is because the change in N, during the time
interval between ‘ul’ and ‘02’ is of same order of magni-
tude of N,. Fig. 6a shows the steady-state carrier dis-
tribution of N, and N,. The diagram shows that the
optical intensity of both modes depletes the active region
significantly.

() Leyp/w =40 (ie. 1,p > 0.1 ns) (Fig. 5)
At time ‘ol’, the magnitude of N, (average value is
0.3 x 107 cm~3) is less than for L.;;/w =04 (average
value is 1.0 x 10'7 cm~3). In addition, at time ‘u1’, the
magnitude of N, is reduced to a value lower than its
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peak value. This is caused by the long effective carrier
lifetime, and the gain margin between the lateral modes
remains at a satisfactory value. Therefore, the first-order

3

x10"7

carrier concentration Ny, cm
w

AN
- / O
IROFSN

e
Il
// W\

in

i

——

S S

3]
(o]

0.4

section
number

W x

time 02

carrier concentration No, cm™

[t
O

time ‘ut’ S

time o1’
section

number time, ns

Fig. &  Transient response of carrier distribution

a N, under direct modulation of step current
b N, under direct modulation of step current
Normalised carrier-diffusion length L, /w = 0.4

mode is suppressed (see Fig. 3b) at and after time ‘02”, It
is also observed that N, has a value one-tenth of that
shown in Fig, 4.

In the above discussion of lateral-modes competition,
the effect of longitudinal carrier distribution has not been
taken into consideration. In fact, N, and N, are strongly
connected with the longitudinal field profile and carrier
distribution. The longitudinal and lateral carrier distribu-
tions are coupled together by eqn. 8. The nonuniform dis-
tribution of N; and N, along the laser cavity will affect
the longitudinal distribution of n,; through eqn. 7. As a
result, the resonant conditions of the cavity modes will be
altered. This is shown in Fig. 6. For L,;/w = 04, the
first-order mode is excited and the distribution of N,
shown a concave profile. However for L/w=40, a
convex profile of N, is observed and the first-order mode
is suppressed.

The above calculation procedures are repeated for an
uniform grating DFB laser with both facets AR coated. It
is found that the uniform-grating DFB laser has similar
static and dynamic characteristics to those of the A4
device, i.e. for short L., the first-order mode is excited,
but for long L., the first-order mode is suppressed. In
addition, the steady-state carrier profile of N, is also
concave for short L, and convex for long L, (see Fig.
7). We believed this to be a main characteristic of DFB
lasers.
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The average gain margin (Ag) between the fundamen-
tal and lateral modes is also plotted against the normal-
ised carrier-diffusion length and is shown in Fig. 8. The
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Fig. 8  Transient response of carrier distribution

a N, under direct modulation of step current
b N, under direct modulation of step current
Normalised carrier-diffusion length L, sr/w =40

average gain margin can be calculated from eqn. 11 and
is given by

<Ag) = 2<{go> — {g1)) (7

where ( ) is the average along the longitudinal direction.
In the calculations, the steady-state optical power of the
devices are biased around 10 mW.

A kink is observed for L,, /w around 3. This is the
point that the first-order mode starts to be suppressed by
the lateral effects. It is also shown that the gain margin
between the lateral modes can be improved by more than
3.0cm™". The gain margin is determined not only by the
effective lifetime of the carriers, but other laser param-
eters such as differential gain, internal loss and the coup-
ling coefficient of the laser will also shift the position of
the kink.

6 Discussion and conclusions

From the analysis given in Section 5, it is shown that the
gain margin between the fundamental and first-order
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mode can be improved by increasing the effective carr.ier
lifetime inside the active region. Although the effective
carrier lifetime is the intrinsic property of the bulk

carrier concentration, cm™3
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carrier concentration,
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section number (cavity length)
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o
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Fig. 8 Steady-state carrier distribution of N, (solid line) and N,
(dotted line) for A/4 phase-shifted DFB laser with facets antireflection
coated

a Normalised carrier-diffusion length Loys/w =04

b L, /w=40
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Fig. 7 Steady-state carrier distribution of N, (solid line) and N,
(dotted line) for uniform-grating DFB laser with facets antireflection
coated

a Normalised carrier-diffusion length L, seiw =04
b L, jw=40

material, QW materials with different confinement struc-
tures can exhibit different effective carrier lifetimes. The
effective carrier lifetime of graded-index separate-
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confinement heterojunction structure is shorter than the
SCH structure. This is because of the reservoir effect in
the SCH structure. With suitable design of the confine-

25
e r ?
5, . ® ¢
c ®
5 i
g
O
.
& | 5
&
c-0.5+ o O
%a [r® = =
_1 5 1 1 1 i
0 5 10 15 20
normalised diffusion length Log/W
Fig. 8  Variation of average gain margin against the normalised diffu-

sion length for A/4 phase-shifted and uniform-grating DFB laser
B uniform grating
O A/4 grating

ment structure of QW material, the gain margin between
the fundamental and first-order mode can be enhanced.
This improvement can be utilised to suppress lateral
modes in high-power devices without reduction of the
active-region width or the maximum output power.

In conclusion, we have developed a large-signal
dynamic DFB-laser model with lateral modes taken into
consideration. Using this model, the static and dynamic
behaviour of BH DFB lasers are studied. It is found that
lateral modes have a significant effect on the static and
dynamic behaviour of DFB laser

(a) the gain margin between the lateral modes varies
with the carrier diffusion length

(b) the excitation or suppression of the overshoot of
the lateral modes is also affected by the carrier-diffusion
length

(c) the lateral and longitudinal distributions of carriers
are closely coupled together, and the distribution of N 1
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and N, is also determined by the round-trip-gain require-
ment of the lateral modes.
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