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The author has numerically studied the e ects of a ridge shape on the transverse mode characteristics of InGaN laser diode (LDs) with narrow-stripe ridge waveguide structures. The trapezoidal
ridge shape is taken into consideration and the dependence of ridge sidewall inclination on the transverse mode discrimination is investigated. Due to the low hole mobility in GaN-based materials,
the hole carrier distribution is mainly determined by the top width of the trapezoidal ridge. Consequently, the overlap integral of the hole carrier distribution with the fundamental optical mode
increases as the bottom width of the trapezoidal ridge increases while that with the rst-order mode
decreases with increasing ridge bottom width. This implies that, compared with the rectangular
ridge, the trapezoidal ridge with a large bottom width is advantageous for fundamental single-mode
operation. It is expected that InGaN LDs with a properly designed ridge shape could exhibit a
high kink level by combining the e ects of low hole mobility and a trapezoidal ridge shape.
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I. INTRODUCTION

GaN-based blue-violet laser diodes (LDs) with an
emission wavelength of 405 nm have been developed
as light sources for next-generation digital versatile disc
(DVD) applications [1{6]. For this extra-large capacity storage application, reliable single transverse-mode
and high-power operation is of prime importance. InGaN LDs with >100 mW single-mode output power for
>50 GB Blu-Ray Disk (BD) systems have been successfully demonstrated by several companies [2{4]. Recently,
Samsung reported >400 mW single-mode output power
under pulsed operation, which can be employed in 100GB multi-layer BD systems [5].
Most InGaN LDs have been fabricated in the form of
narrow-stripe ridge waveguide structures [7{9]. For the
single transverse-mode operation in the ridge structures,
it is important to control the ridge width and the residual thickness from the active region to the bottom of
the ridge [7,8]. Due to the short emission wavelength of
InGaN blue-violet LDs, a narrow ridge width (<2 m)
is generally required for fundamental single-mode operation. LDs having a narrow ridge stripe might undergo
a high operation voltage, a high current density, a large
scattering loss and poor heat dissipation. For the singlemode operation of InGaN LDs, Sony has developed a
ridge structure with two-step dielectric materials where
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the outer dielectric material is absorptive [7]. Although
this structure has been proven to be quite successful for
the fundamental mode operation, the absorptive layer
might deteriorate the LD performances.
In this work, the e ect of a ridge shape on the fundamental single-mode operation of InGaN LD structures is
studied based on numerical analyses. We consider a ridge
structure with a trapezoidal sidewall shape rather than
a simpli ed rectangular ridge and investigate the dependence of the ridge sidewall inclination on the transverse-

Fig. 1. Schematic view of a trapezoidal ridge structure.
Wt and Wb denote the top and the bottom widths of the
ridge, respectively. t is the residual thickness from the active
region to the ridge bottom.
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mode discrimination. As schematically drawn in Figure
1, most ridge-type LD structures have angled sidewall
formed during dry-etching processes. In the case of LDs
with AlGaAs or InGaAsP material systems, the e ect
of a trapezoidal ridge shape on the optical mode characteristics has not been considered to be important and
the bottom width of the ridge has often represented the
ridge width of the LD structure. In fact, in AlGaAs- or
InGaAs-based LD structures, there has been much e ort
to make the angled sidewall vertical in order to reduce
the disadvantages caused by the narrow ridge top width
[10,11]. In the case of (Al,In)GaN-based LD structures,
however, it will be shown that the sidewall inclination
could have signi cant in uences on the transverse-mode
discrimination. The trapezoidal ridge with large ridge
bottom width will be proven to be advantageous over
the rectangular ridge in terms of the fundamental singlemode operation. This di erent characteristic basically
originates from the very low mobility of hole carriers in
(Al,In)GaN materials.
In Section II, the issue of this study is described in
more detail. In Section III, we present calculation results on the distribution of optical modes and hole carriers, which strongly depends on the ridge shape and the
hole mobility. In Section IV, through LD simulation, it
will be shown that LDs with a trapezoidal ridge may be
e ective for fundamental transverse-mode operation of
(Al,In)GaN-based LDs.
II. DESCRIPTION OF THE PROBLEM

The transverse-mode operation is determined by the
di erence between the modal gain and the modal loss
for the fundamental mode and higher-order modes. The
di erence between the modal gain and the modal loss
is related to the overlap integral of the carrier distribution with the transverse mode. The modal gain can be
written as g, where and g represents the optical connement factor and the material gain, respectively. The
optical con nement factor, , can be decomposed into
vertical and transverse components. The vertical component of is de ned as the overlap integral of the active
region thickness with the vertical optical mode pro le
and the transverse component of can be de ned as the
overlap integral of the carrier distribution with the transverse optical mode pro le. Consequently, the transverse
mode operation in LDs is determined by the di erence in
the transverse overlap integral between the fundamental
mode and higher-order modes. Therefore, fundamental
single-mode operation can be achieved by increasing the
overlap of the carrier density distribution with the fundament optical mode and by decreasing that with the
higher-order optical modes.
In conventional AlGaAs or InGaAs-based LDs, the lateral distribution of carriers does not play an important
role in the optical mode discrimination because typical
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di usion lengths of carriers along the quantum-well plane
are much larger than the variation of optical modes in the
horizontal direction due to high carrier mobility (>100
cm2 /Vs for both electrons and holes) and the long carrier lifetime. In the case of GaN-based LDs, however,
the distribution of carriers should be considered for the
transverse-mode analysis because the hole mobility of
InGaN-based materials is much lower (a few cm2 /Vs)
and the carrier lifetime is also much shorter than that
of AlGaAs or InGaAs-based materials. The carrier lifetime of GaN-based materials is in the ns range [19,20],
whereas that of high-quality AlGaAs and InGaAs-based
materials can be longer than 1 s [21,22]. Consequently,
the di usion length of hole carriers is typically shorter
than 1 m and even <0.1 m for GaN-based materials
[23,24] and longer than 10 m for AlGaAs and InGaAs
materials [21, 22]. Due to the small di usion length of
hole carriers in InGaN materials, the trapezoidal ridge
shape should also be taken into consideration. Since the
holes cannot spread suciently along the lateral plane,
the hole di usion length could be shorter than the bottom width of the trapezoidal ridge. That is, the distribution of hole carriers would be determined by the width
of the ridge top rather than the width of ridge bottom,
implying that the overlap of the hole-carrier distribution
with optical modes should strongly depend on the sidewall inclination of the trapezoidal ridge structure. In this
sense, in this study, we investigate the transverse mode
characteristics of InGaN LDs based on numerical analyses focusing on the ridge shape and low hole mobility.
The InGaN LD structure considered in this work is
basically composed of a substrate, n-cladding layers,
an n-waveguiding layer, active layers, a p-waveguiding
layer and p-cladding layers.
The details of the
layer structures are almost the same as those described elsewhere [5, 12]. The active layers are composed of Inx Ga1 x N=Iny Ga1 y N multiple quantum wells
(MQWs) emitting at 405 nm. Usually, Alx Ga1 x N=GaN
superlattice structures have been employed as p-cladding
layers in order to reduce the e ects of strain. The thickness of the p-cladding layer is 0.5 m. We consider the
trapezoidal ridge structure as shown in Figure 1. The
widths of the ridge top and the ridge bottom are denoted as Wt and Wb , respectively. Here, we assume that
the width of the p-metal is the same as the width of the
ridge top so that hole carriers can be injected uniformly
through the entire ridge top layer. The residual thickness (t), de ned as the distance from the active region to
the bottom of the ridge, is xed to be 100 nm to simplify
the problem.
For the simulation of optical modes, carrier distribution and LD characteristics, we employ a twodimensional LD simulation program, Laser Technology
Integrated Program (LASTIP). The LASTIP has been
successfully employed to theoretically study the characteristics of GaN LD devices [13{15]. In the LASTIP simulator, the carrier distribution is governed by the driftdi usion model. Transverse optical mode distributions
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are solved based on the scalar complex wave equations.
The non-rectangular ridge shape is modeled by using a
nite-element mesh generator. Most material parameters such as the band gap and the e ective mass are
adopted from the Refs. [13] and [14]. The band-o set ratio of Inx Ga1 x N=Iny Ga1 y N MQWs and AlGaN/GaN
superlattices is set to be 0.7/0.3 [16]. The mobilities of
the electrons and the holes in the GaN layers are assumed
to be 500 cm2 /Vs and 10 cm2 /Vs, respectively. In this
simulation, the hole mobility in the AlGaN/GaN superlattice p-cladding layers is very important for the determination of the hole distribution along the QW plane because holes are transported from a p-contact layer to the
MQWs mainly through the p-cladding layers. In fact,
there is anisotropy of the hole mobility in the vertical
and the lateral directions to the superlattice planes [17,
18]. Here, the hole mobility in the lateral direction is
regarded to be two times larger than that in the vertical direction. In the simulation, the hole mobility of the
p-cladding layers in the lateral direction is varied from
1 cm2 /Vs to 100 cm2 /Vs for comparison purposes. The
actual hole mobility in the AlGaN/GaN superlattice is
around 10 cm2 /Vs. The carrier lifetime in all layers is
assumed to be 1 ns, which corresponds to the typically
reported lifetime of InGaN QWs [20,25,26].
III. DISTRIBUTION OF HOLES AND
OPTICAL MODES

In Figures 2(a) and (b), lateral distribution of hole
carriers along the QW plane are shown for hole mobilities
of 1 cm2 /Vs and 100 cm2 /Vs, respectively. Here, Wt
is xed to be 2.0 m while Wb is varied from 2.0 m
to 3.0 m. When the hole mobility is 1 cm2 /Vs, the
hole distribution is changed only slightly with increasing
Wb . Hole di usion is quite limited even for large Wb .
On the contrary, when the hole mobility is 100 cm2 /Vs,
the hole distribution maintains a Gaussian shape and
the distribution region increases with increasing Wb . In
Figure 2(c), the full-width at half-maximum (FWHM)
of the hole distribution is plotted as a function of Wb
for a xed Wt of 2.0 m. When the hole mobility is
100 cm2 /Vs, the FWHM follows reasonably well with
the Wb , implying that the hole distribution in this case
almost corresponds to the ridge bottom. However, when
the hole mobility is 1 cm2 /Vs or 10 cm2 /Vs, the FWHM
increases only slowly or does not increase with Wb . In
this case, the hole distribution is mainly determined by
the ridge top and the ridge bottom has only a minor
e ect on the hole distribution in the QWs. Therefore,
the results in Figure 2 indicate that the hole distribution
of an InGaN LD trapezoidal ridge structure would be
limited by the size of the ridge top.
Due to this strong dependence of hole mobility on the
hole distribution in a trapezoidal ridge structure, the
overlap of the hole density with optical modes should also

Fig. 2. Lateral distribution of hole carriers in the QW
plane. (a) Hole mobility is 1 cm2 /Vs. (b) Hole mobility is
100 cm2 /Vs. (c) Full-width at half maximum (FWHM) of
the hole distribution as a function of the ridge bottom width
(Wb ). In the gures, the ridge top width (Wt ) is 2 m.

be in uenced by the hole mobility and the ridge shape.
Figure 3 and Figure 4 show the normalized distribution
of the hole density along with the fundamental mode and
the rst-order mode, respectively. In each gure, the results for the Wb of 2.0 m and 3.25 m are compared.
Since Wt is xed to 2.0 m, the ridge shape with Wb
of 2.0 m and 3.25 m corresponds to the rectangular
ridge and the trapezoidal ridge, respectively. The hole
mobility is assumed to be 10 cm2 /Vs in this case. In
Figure 3, the size of the fundamental mode is smaller
than the hole distribution for the rectangular ridge and
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Fig. 3. Normalized distribution of holes (solid line) and
the fundamental optical mode (dotted line) when the hole
mobility is 10 cm2 /Vs and Wt is 2.0 m: (a) rectangular
ridge with a Wb of 2.0 m and (b) trapezoidal ridge with a
Wb of 3.25 m.

Fig. 4. Normalized distribution of holes (solid line) and
the rst-order mode (dotted line) when the hole mobility is
10 cm2 /Vs and the Wt is 2.0 m: (a) rectangular ridge with
a Wb of 2.0 m and (b) trapezoidal ridge with a Wb of 3.25
m.

almost the same for the trapezoidal ridge. This is because the hole distribution hardly changes with Wb , as
mentioned in the previous paragraph while the optical
mode size increases with increasing Wb . Therefore, the
overlap integral or the lateral optical con nement factor
for the fundamental mode is larger in the case of the
trapezoidal ridge than that is in the case of the rectangular ridge. On the contrary, in case of the rst-order
mode, the rectangular ridge shows better overlap of the
hole density with the rst-order mode, as one can see
from Figure 4. This is also related to the di erent behaviors of the hole distribution and the optical modes
with changing Wb . Thus, as Wb increases for xed Wt ,
the overlap integral of the hole density distribution with
the fundamental mode increases and that with the rstorder mode decreases. This implies that the trapezoidal
ridge has a higher probability for the fundamental singlemode operation than the rectangular ridge.
In Figure 5(a), the overlap integral of the hole density
with the fundamental mode and the rst-order mode is
plotted as a function of Wb for a xed Wt of 2.0 m
and a hole mobility of 10 cm2 /Vs. The overlap integral
means the lateral con nement factor of optical modes,
which plays an important role in determining the lasing threshold. In this gure, the overlap integral of the

hole density distribution with the fundamental mode increases as Wb increases, but the overlap integral with
the rst-order mode decreases signi cantly with increasing Wb . The overlap integrals for the fundamental and
the rst-order modes are 0.93 and 0.86 at Wb of 2.0
m and respectively change to 0.98 and 0.79 at Wb of
3.0 m. Due to this encouragement of the fundamental
mode and discouragement of the rst-order mode, the
probability of fundamental single-mode operation is expected to increase with increasing Wb . In Figure 5(b),
the di erence in the overlap integral with the fundamental mode and that with the rst-order mode is plotted
as a function of Wb for three values of the hole mobility,
1 cm2 /Vs, 10 cm2 /Vs and 100 cm2 /Vs. A large increase
in the di erence in the overlap integral with increasing
Wb is observed when the hole mobility is 1 cm2 /Vs and
10 cm2 /Vs. However, when the hole mobility is 100
cm2 /Vs, the overlap integral di erence increases quite
slowly with Wb compared to the cases of smaller hole
mobility. Therefore, larger Wb and smaller hole mobility is advantageous for the selection of the fundamental
mode and for the discrimination of higher order modes.
This is the case of InGaN LDs with trapezoidal ridge
shapes.
In this section, we have investigated the e ect of hole
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Fig. 5. (a) Overlap integral of hole distribution with optical modes as a function of Wb when the hole mobility is
10 cm2 /Vs and Wt is 2.0 m. Solid and dotted lines correspond to the fundamental mode and the rst-order mode,
respectively. (b) Di erence of the overlap integral with the
fundamental mode and that with the rst-order mode as a
function of Wb for three values of the hole mobility.

mobility and ridge shape on the overlap of the hole density with optical modes and have found that the ridge
structure with a trapezoidal shape having a large ridge
bottom width and materials with low hole mobility, such
as (Al,In)GaN-based systems, should be favorable for
fundamental single-mode operation. In the next section,
the fundamental mode operation in a trapezoidal-ridge
InGaN LD will be con rmed by using L-I curve simulations based on the LASTIP.

IV. LD PERFORMANCES

The LD structure for L-I curve simulations is almost
the same as those reported recently [5,12]. The L-I characteristics are calculated by combining the photon rate
equations, the wave equations, the nonlinear gain model
and the drift-di usion equations. However, thermal effects and Piezo-electric e ects have not been considered
in this work. The re ectances of the front and the rear
mirrors are set to be 18 % and 95 %, respectively. The
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Fig. 6. (a) L-I curves for the rectangular ridge (Wt = Wb
= 2.0 m). (b) L-I curves for the trapezoidal ridge (Wt = 2.0
m, Wb = 3.0 m). Here, the hole mobility is 10 cm2 /Vs.
In each gure, solid and dotted lines correspond to the L-I
curves of the fundamental mode and of the rst-order mode,
respectively. Dashed lines represent for the total L-I curve.

cavity length of the LD is 650 m and Wt is 2.0 m.
In the simulation, the hole mobility is assumed to be 10
cm2 /Vs. Figure 6(a) shows an L-I curve for a rectangular ridge where Wt = Wb = 2.0 m and Figure 6(b)
shows an L-I curve for a trapezoidal ridge with Wb of 3.0
m. In each gure, the L-I curves for the fundamental
mode and the rst-order mode are shown together. The
threshold current and the slope eciency calculated here
are similar to the experimentally obtained results [5,12].
For the fundamental mode, the threshold current and
the slope eciency of the rectangular ridge are, respectively, 30 mA and 1.3 W/A and those of the trapezoidal ridge are 35 mA and 1.55 W/A. The large
increase in the slope eciency for the trapezoidal ridge
is due to the better overlap of the fundamental mode
with carriers as described in Figure 3. For the rst-order
mode, there is a large di erence between the rectangular ridge and the trapezoidal one. The threshold of the
rst-order mode in each case is 60 mA and 160 mA,
respectively. That is, the rst-order mode easily appears
in the rectangular ridge while it has diculty in getting
sucient gain for lasing in the trapezoidal ridge.
In Figure 7, the threshold current of the rst-order
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sult is attributed to the low hole mobility of AlInGaN
materials, leading to an improvement in transverse-mode
discrimination and to a high kink level in a trapezoidal
ridge structure with a large ridge bottom width. The
calculation results presented in this work may be advantageously used for ridge structure designs of high-power
single-mode GaN-based blue-violet LDs.
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