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Abstract:
The slab coupled optical waveguide laser (SCOWL) is a
promising candidate for high power, single mode emitter for a number of
reasons, including its near diffraction limited optical quality, large modal
size and near circular output pattern. Current SCOWL designs have limited
electrical-optical power conversion efficiency (PCE) around 40%, which is
lower than conventional RWG laser and broad area laser that are known to
have much higher PCEs. To improve the SCOWL PCE, we theoretically
optimize its structure by reducing Al content, increasing doping concentration and introducing a GRIN layer to prevent carrier leakage. Numerical
simulations predict that an optimized SCOWL design has a maximum PCE
of about 57% at room temperature.
© 2014 Optical Society of America
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1.

Introduction

Laser diodes (LDs) have been widely used for many industrial and scientific applications because of their high PCEs, compactness and brightness. Several critical applications, such as
pump sources for fiber and solid state laser systems, usually require high output power and particularly for fiber lasers, high brightness. The conventional single mode ridge waveguide laser
(RWG) has an excellent beam quality but cannot provide high output power due to its relatively
small modal size, which results in a low threshold for catastrophic optical damage (COD).
To overcome the power limitation of conventional single mode LDs, various approaches have
been proposed to expand the mode size, including tapered laser [1–3], super large optical cavity
laser [4], and slab-coupled optical waveguide laser (SCOWL) [5–8]. Among the various single
mode lasers, SCOWLs offer unique advantage of a nearly circular output pattern and therefore
is a great candidate for providing both high output power and brightness resulting in efficient
coupling into fibers.
Compared with the RWG laser, the SCOWL has an expanded n-doped waveguide slab layer
and wider rib width. The materials and layer dimensions of SCOWLs are properly chosen
so that the fundamental mode of the ridge waveguide is coupled with the fundamental slab
mode, resulting in an expanded mode profile. The lateral confinement for the SCOWL mode
is provided by the etched ridge, while higher order modes leak through the slab layers and
exhibit much larger losses. The power-conversion-efficiency (PCE) for current SCOWL designs
is only around 40% at high power, which is much lower than the PCE of state-of-art RWG
lasers (around 60%) and broad area lasers (over 70% [9–11]) at 980nm. The power that is
not converted into light results in waste heat which increases the operation temperature and
generates deleterious effects including a thermal roll-over of the PCE. In other words, the low
PCE of the SCOWL also limits the maximum output power.
In this work, we optimize the SCOWL design with a goal of improving its PCE. The analysis
of power distribution in a typical SCOWL design predicts that a large portion of the input
electrical power is lost due to the series resistance and the threshold current. Although the
relatively large threshold current is inevitable because of its weak confinement nature, one can
reduce the series resistance by reducing the overall Aluminum composition and increasing the
doping concentration. In addition, a GRIN layer is added to the p-doped side to prevent carrier
leakage. As we will present later, such a design results in a maximum PCE∼57% at room
temperature.
2.

Quantification of the various inefficiencies

In the early SCOWL design, the active region was placed inside the rib to enhance the lateral
confinement and ensure the single mode operation. However, etching through the quantum
wells (QWs) usually generated surface defects that led to additional surface states and decreased
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Fig. 1. The cross-section of the simulated SCOWL device. Only half of the structure is
included in the simulation because of the symmetrical plane on the left boundary. A perfect
match layer (PML) is placed on the right boundary of the simulation window to damp high
order leaky modes.

the efficiency of photon generation in the wells. It has been reported that placing the active
layer inside the slab region to eliminate etching process of QWs improve both the efficiency
and reliability of the device [12]. Thus, we will not etch through QWs in our designs. Figure
1 is a schematics of the simulated 980nm SCOWL. The materials chosen for each layer are
similar with the reported design by MIT Lincoln Laboratory [5]. The active region contains
three InGaAs QWs separated by GaAsP barrier layer.
The optical output power and bias voltage were numerically calculated by using the commercial laser simulation tool, LASTIP [13]. The two dimensional carrier transport is simulated
based on the drift-diffusion model. An empirical model of the free carrier absorption is also
included to accurately estimate the internal optical loss [14]. The device was assumed to be at
room temperature.
The simulated current-voltage (V-I) and power-current (L-I) characteristics for SCOWL design 1 (Table 1) are shown in Fig. 2. Other than the output optical power (P), part of the electrical
power is converted into waste heat during laser operation due to (a) the threshold current, (b) the

Fig. 2. (a) Simulated I-V characteristics for SCOWL design 1. The blue dotted line corresponds to the simulated data points, and the red line shows the linear fitting at 1A to obtain
the series resistance and turn-on voltage. Ith stands for the threshold current. The areas of
the rectangles correspond to the power distribution (see details in the context). The length
of the laser is 3mm. The width of the rib is 4.5μ m for all the designs in this study. The
reflectivity is 32% on both facets. (b) The calculated L-I curve and PCE.
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Fig. 3. Power distribution calculated based on the simulation result for SCOWL, RWG and
BA lasers.

excess bias voltage, and (c) the optical/electrical losses. The excess electrical voltage is a result
of the voltage defect and device series resistance. Throughout the simulation, we have assumed
good ohmic contacts at the metal-semiconductor interfaces without additional Schottky barrier.
On the other hand, only the injected current above the threshold contributes to optical output.
Therefore, it allows us to divide the total electrical power into four parts as presented in Fig.
2(a). The device resistance (R) equals to the slope of V-I curve, which is obtained by a linear
extrapolation around 1A. The intercept of the extrapolated line (shown in red) with the Voltage
Axis corresponds to the turn-on voltage of the laser. The difference between the turn-on voltage
and the photon voltage (h̄ω /q) is defined as the voltage defect (δ V ), which is mainly due to the
interface voltage in our simulation. As shown in Fig. 2(a), the three parts in the colored regions
correspond to power lost due to, (a) the threshold current (Pth = Ith h̄ω /q as colored in gray),
(b) the series resistance (PIR = I 2 R as colored in orange) and (c) the voltage defect (Pδ V = δ V I
as colored in violet), respectively. The remainder is the maximum output laser power with an
ideal slope efficiency. In reality, the slope efficiency of the device is lower than the theoretical
maximum because of the optical losses and non-radiative electron-hole recombination losses.
We define the difference as the power lost resulting from the non-ideal slope efficiency (Pse ).
This SCOWL design works well without the lowering of slope efficiency for up to 3A (Fig.
2(b)). However, the PCE is only 50% at its maximum and decreases to around 40% at higher
input. To understand the causes of this limited PCE, the power distribution is calculated and
compared to the results for a typical broad area (BA) laser and a typical RWG laser operating at
the same wavelength in Fig. 3. The data presented are obtained with the same inject current density for the three lasers. Apparently, more electrical power is lost due to higher threshold current
and series resistance in the SCOWL. Because the SCOWL mode is expanded and pushed into
the n-doped slab region, the overlap between optical field and the active region is very low (typically around 0.5%), which results in the relatively large threshold current. The series resistance
comes from both the contribution of Al in the material and the large overall thickness of lightly
doped waveguide layers. Since the expansion of mode size is the very essence of SCOWL, we
mainly focused on reducing the resistance in this study.
3.

Improved design for high efficiency

Because the electrical conductivity decreases with the Al composition in AlGaAs, one way to
reduce the bulk resistance of the device is to use less aluminum. However, for a InGaAs/AlGaAs
laser operating around 1μ m, a sufficiently high Al composition is usually required to ensure
carrier confinement in the active region. The calculated L-I characteristics and PCE shown in
Fig. 4(a) corresponds to the SCOWL design 2 where the overall Al composition is reduced
by about 5% in all the layers from design 1. The overall series resistance is therefore reduced
from 0.39Ω to 0.25Ω at 1A. The practical series resistance values depend on the device dimensions. The calculated value of the base design is comparable to the experimental results for
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Design 1
Layer

Material

P-contact
P-cladding
P-waveguide
P-waveguide
P-waveguide
Active
N-waveguide
N-cladding
Substrate

GaAs
Alx Ga1−x As
Alx Ga1−x As
Alx Ga1−x As
Alx Ga1−x As
InGaAs MQW
Alx Ga1−x As
Alx Ga1−x As
GaAs

Design 2

Design 3

Thickness
[nm]

Doping
[1018 cm−3 ]

Al
(x)

Thickness
[nm]

Doping
[1018 cm−3 ]

Al
(x)

Thickness
[nm]

Doping
[1018 cm−3 ]

Al
(x)

120
1600
200
69
3800
1700
-

2
0.2 to 1
0.1
0.05 to 0.1
0.1 to 2
2

0.25
0.2
0.2
0.25
-

120
1300
200
200
48
3800
1700
-

2
0.2 to 1
0.2
0.1
0.05 to 0.1
0.1 to 2
2

0.2
0.15
0.15
0.15
0.2
-

120
1300
200
100
100
48
3800
1700
-

2
2
1
0.5 to 1
0.05 to 0.1
0.1 to 2
2

0.2
0.15 to 0.17
0.15
0.15
0.15
0.2
-

Table 1. Layer structures of three SCOWL designs.
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Fig. 4. (a) Calculated L-I curve and PCE for design 2. The blue dotted line shows a linear fitting near threshold. (b) Electron current density (Je ) distribution along the vertical
direction at the center of the device from n-contact to p-contact for different input currents.

SCOWLs in Ref. [15] if we scale the series resistance linearly with the device length. Although
the maximum value of PCE is increased, it rapidly decreases with current. This is mainly due to
the electron leakage into the p-doped region. Figure 4(b) plots the normalized electron current
density (Je ) distribution along the vertical direction as increasing the input current. On the left
side of the multiple quantum wells (MQW), the decrease of the normalized Je is due to current
spreading. On the right side of the MQW, the electron leakage occurs above the threshold and
gets more severe at higher injection current (bias voltage). Because electrons lost to leakage recombine with holes in the p-side layers instead of in the quantum well, the quantum efficiency
decreases dramatically which is reflected in the decreased slope efficiency. Comparing the L-I
curve to the dotted line which is plotted by a linear extrapolation near threshold in Fig. 4(a),
the output power is reduced by about 25% due to carrier leakage. We use the band diagram to
further examine the electron leakage problem. Under an external bias, the potential barrier for
electrons from the quantum well to p-waveguide layer is similar to a finite triangular potential
barrier, as shown in Fig. 5 and its inset. The tunneling probability for electrons to travel through
the potential barrier depends on both the width and height of the barrier. When the lower Al
composition is introduced in the waveguide layer, the barrier height decreases. On the other
hand, as the bias voltage keeps increasing, the conduction band in the p-waveguide layer bends
due to the excess potential, which causes the shrinkage of the width of the triangular potential.
To postpone the onset of carrier leakage, we can add a graded index (GRIN) layer between
the waveguide and cladding layers [16]. Because the bandgap energy gradually increases with
the distance from the well in the GRIN layer, it can partially compensate the bending of the
conduction band under the excess bias voltage. The effective width of the potential barrier for
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Fig. 5. Band diagram under certain bias voltage for the SCOWL design 2 with and without
GRIN layer. The red lines are the conduction band (CB) and the blue line is the quasiFermi level. The inset illustrates a triangular potential barrier that electrons encounters
when traveling through the p-waveguide layer.

electrons increases, resulting in a reduced carrier leakage.
Increasing the impurity doping also reduces electrical resistance. Usually this is not preferred
because the internal optical loss increases with the doping concentration due to free carrier
absorption. However, it is feasible to increase the doping on the p-side in the SCOWL, thanks
to the small overlap between the optical mode and the lossy p-doped region. Additionally,
increasing the doping concentration on the p-side is more effective than on the n-side with
regard to reducing the resistance, because most of the series resistance is generated in the pdoped layers because of the much smaller mobility of holes.
Based on the concepts discussed above, we modify the layer thickness, etching depth, doping
profile and material composition of the original SCOWL design and results in an optimized
combination for maximizing the PCE. The layer structures of the optimized SCOWL (design
3) are listed in Table 1. A GRIN layer is inserted to help eliminate carrier leakage for injected
current up to 3A. Since the total thickness of the high-index p-waveguide layers increases in
the optimized design, the optical mode moves upwards and the confinement factor tends to
increases. This can be seen from the far field profile in Fig. 6. Compared with the original
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Fig. 6. The farfield profile along fast axis (FA) and slow axis (SA) for design 1 and design
3.
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Fig. 7. (a) The simulated L-I-V curves for the three designs listed in table 1. (b) The calculated PCE versus current curves for the three designs.

design 1, the beam divergence angle along the slow axis (horizontal) increases from 3.4◦ to 3.9◦
at full width at half maximum (FWHM) and from 6.6◦ to 8.6◦ for 95% power content, while
the divergence angles along the fast axis are almost unchanged and are about 12.4◦ (FWHM)
and 20.6◦ (95% content). The increase of the confinement factor also tends to increase the
modal gain. Because the SCOWL supports multiple waveguide modes, it is important to keep
the modal gain small enough during operation so that higher modes will not reach threshold.
Therefore, we reduced the number of quantum wells in the active region from three to two
to keep the confinement factor lower for better modal discrimination. This also reduces the
interface voltage by about 0.08eV.
The simulated L-I-V and PCE curves for the optimized design are shown in Fig. 7(a) and
7(b). Also shown in this Figure are the comparisons with the results from other two designs. By
increasing the doping concentration and reducing the Al composition, the overall series resistance of the laser structure is reduced to 0.19Ω at 1A, which is about 50% of its value in design
1. We estimate that the doping profile and Al composition changes contribute approximately
equally to the reduction of the series resistance. By adding the GRIN layer and reducing the
excess voltage, the carrier leakage is very small during the simulation. Despite the slightly reduced slope efficiency due to higher doping, the optimized design shows an improved PCE at
about 57% because of the much reduced series resistance. The optimized SCOWL design also
exhibits the similar PCE with the RWG laser at watt-level output power.
4.

Conclusion

We simulated and optimized the SCOWL design for high PCE at watt-level output. The power
analysis of the non-lasing losses shows that the original design has limited PCE because of the
excess voltage and the higher threshold current. The excess voltage is reduced by lowering the
overall Al content and increasing doping concentration on the p-doped region. A GRIN layer
inserted on the p-side also helps to prevent electron leakage under bias voltage. The maximum
PCE has been increased to 57% at room temperature.
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