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Structure Based Diode Lasers for High

Powers and High Efficiencies
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Abstract—In edge-emitting high power laser diodes, the longi-
tudinal spatial hole burning (LSHB) effect induced by the inho-
mogeneous photon and carrier distributions and the non-linear
process, two-photon absorption (TPA), are demonstrated to the
key causes of power saturation at the high injection level even in
the absence of thermal roll-over. Laser diodes based on extreme,
double/triple asymmetric (EDAS/ETAS) epitaxial structures show
great potentials in high-power and high-efficiency applications ow-
ing to the reduced series resistance, low optical loss, and suppressed
power saturation. In this paper, a novel semi-analytical calculation
method is proposed to systematically analyze the impact of LSHB
and TPA effects on the output characteristics of EDAS/ETAS-based
broad area lasers (BALs). By leveraging the feature that it is
flexible to adjust the confinement factor of ETAS epitaxial structure
without compromising the internal loss and resistance level, the
laser parameters are first optimized to minimize power saturation
of ETAS-based BALs under pulsed and Continuous Wave (CW)
operation.

Index Terms—Semiconductor lasers, quantum well lasers,
semiconductor device modeling, power conversion.

I. INTRODUCTION

H IGH-POWER broad-area laser (BAL) diodes are key com-
ponents in numerous modern technologies, such as pump

sources for solid state or fiber laser systems, laser radar, medical
apparatus, and material processing [1]–[4]. They are also impor-
tant for developing high-performance single-mode laser diodes
for high brightness applications. In all these applications, there is
a continuing demand for the increased achievable output power
with a high electro-optical power conversion efficiency (PCE).
Over the past decades, many advanced epitaxial designs have
been developed, among which the Extreme, double/triple asym-
metric (EDAS/ETAS) structures with very thin p-waveguide
design show distinct advantages in improving PCE owing to
reduced series resistance, low optical loss, and suppressed power
saturation [5]–[12]. An EDAS-based BAL with a 100 μm stripe
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width and 4 mm cavity length was reported to reach a power
conversion efficiency of 60% at 12W CW power under room
temperature conditions [8]. An ETAS-based 100μm-width BAL
with optimized confinement factor delivered an efficiency of
63% at 14 W [9]. It was also recently reported that very high ef-
ficiency > 70% was achieved from the 4 mm-long 186um-wide
ETAS based BAL by balancing the confinement factor and front
facet reflectivity [10]. Further increase of the output power and
efficiency is challenging. For high-power laser diodes, their front
and rear facets are commonly coated with highly asymmetric
reflective films to improve the slope efficiency and extract most
of optical powers from the front facet. Additionally, long cavities
are employed to lower the thermal resistance for better thermal
management and higher reliability. However, these two design
features result in an inhomogeneous distribution of photon and
free carrier densities and thus non-uniform optical gain profile
along the laser longitudinal direction, leading to the so-called
longitudinal spatial hole burning (LSHB) effect [13]–[17] and
a reduction in laser output power. Moreover, two-photon ab-
sorption (TPA), a nonlinear process in semiconductors, is also
considered to be one of the fundamental factors limiting the
maximum achievable optical power in high-power laser diodes
[18]–[20].

In this work, a semi-analytical calculation model that in-
corporates LSHB and TPA effects is used to gain an in-depth
understanding of how laser design parameters affect the output
power and the conversion efficiency, thereby achieving design
optimization of EDAS/ETAS-based diode lasers. To make the
model better reflect the real situation, the commercial soft-
ware LASTIP is used to provide the basic L-I and V-I curves
of the designed BAL devices without considering LSHB and
TPA effects first. LASTIP is a two-dimensional (2D) simu-
lator for edge-emitting Fabry-Perot laser diodes, which can
self-consistently combines multi-mode wave guiding, carrier
transport, quantum well optical gain, and heat flow in the trans-
verse plane [21]. In what follows, we begin by extracting the key
parameters, such as the internal quantum efficiency, the carrier
density dependent material gain curve, the confinement factor,
and current-dependent internal loss of the representative EDAS
and ETAS-based BAL devices from LASTIP and discuss their
advantages for high-power operation over the BAL device based
on a conventional epitaxial structure. In Section III, models for
the direct and indirect TPA effects are discussed in detail and
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Fig. 1. Schematic diagram of an edge-emitting broad area diode laser.

then the modified rate equation incorporating the LSHB and
TPA effects is introduced. Following this modified rate equation,
we explore how various laser design parameters impact on the
output power and conversion efficiency of EDAS/ETAS-based
BALs. By utilizing the feature that ETAS epitaxial structure
is flexible in controlling the confinement factor, we perform
design optimization procedures for the ETAS-based BAL under
pulsed and Continuous Wave (CW) high-power operation in
Sections IV and V. Our work provides a promising semi-
analytical method for obtaining high-power and high-efficiency
ETAS-based BALs, which is much more efficient and time-
saving compared with a full 3D simulation model.

II. ANALYSIS BASED ON STANDARD RATE EQUATIONS

Fig. 1 shows the schematic of an edge-emitting BAL with
the coordinate system used in this paper. The behaviors of
diode lasers are commonly established by a phenomenological
approach through a set of coupled rate equations related to
photon density, carrier density, and optical gain. The standard
one-dimensional (1D) rate equation set generally assumes uni-
form longitudinal distributions of carrier and photon densities
within the laser cavity and can be written as [22]

dN

dt
=

ηiI

qV
− N

τ (N)
− vgg (N)Np (1a)

dNp

dt
= Γvgg (N)Np − Np

τp(I)
(1b)

Here, N and Np respectively represent the carrier and photon
densities in the active region. I is defined as the injection current,
q as the electron charge, ηi as the internal quantum efficiency, vg
as the photon group velocity and V = dWL as the active region
volume with d, W, and L respectively being the active layer
thickness, stripe width, and cavity length. ηi is taken as 0.97,
which is extracted from LASTIP by dividing the integral of the
total recombination rate in the active region underneath the p
contact by the injection current. (N) = 1/(A+BN+CN2) is the
carrier lifetime, where the three terms respectively characterize
the Shockley-Read-Hall, spontaneous radiation, and Auger re-
combination contributions. The coefficients of Shockley-Read-
Hall A = 7.1 × 108 s−1, spontaneous radiation B = 1 × 10−10

cm3s−1, and Auger recombination Cn =Cp = 2× 10−30 cm6s−1

are taken from literature [6]. g(N) stands for the carrier density
dependent material gain. In (1b),Γ is the confinement factor and
τp(I) is the photon lifetime. τp(I) can be calculated by use of the
relation 1/τp(I)= vg[αi(I)+αm], whereαm =−1/(2L)ln(RfRr)
is the mirror loss with Rf and Rr being the front and rear facet
reflectivity, respectively. αi(I) represents the current-dependent
internal optical loss, which mainly comes from the scattering and
free carrier induced absorption. The scattering loss is assumed
to be constant. But the free carrier absorption (FCA) generally
increases with the injection current because the carrier density
does not pin at threshold but increases with the injection current,
i.e., the carrier non-pinning effect [23], [24].

For the steady state, i.e., dNp/dt = 0 and dN/dt = 0, we can
find the values of Nth(I) by solving equation Γg(Nth) = αi(I) +
αm. Then the threshold current Ith(I) can be further obtained by
applying Np = 0 into (1a). The idealized output power-current
(L-I) curves without the LSHB and TPA effects can be calculated
from

Pout(I > Ith) =
�ω

q
ηiηd(I)[I − Ith(I)] (2)

where ηd(I) = αm/[αi(I) + αm] is defined as the differential
quantum efficiency (DQE). In order to allow the above rate
equations to better predict the power output characteristics of
BAL diodes based on different epitaxial structures, here we
employ the simulation software LASTIP to provide the required
parameter values such as the internal quantum efficiency ηi, the
carrier density dependent material gain curve g(N), the confine-
ment factor Γ, and current-dependent internal loss αi(I) Addi-
tionally, LASTIP is used to provide the electric characteristics of
laser devices for analyzing their conversion efficiencies. Next,
we explore the output characteristics of three representative
epitaxial structure designs (conventional, EDAS, and ETAS)
when LSHB and TPA effects are not considered.

The refractive index and the fundamental vertical mode in-
tensity profiles for the three epitaxial designs are plotted in
Fig. 2(a)–(c), respectively. The three epitaxial structures use
the same active region designs of a compressively strained
InGaAs single quantum well (thickness d = 8 nm) and GaAsP
barriers with the emitting wavelength around 940 nm. Their
main difference lies in the AlGaAs waveguide structure. As for
the conventional design, the active region is placed in a sym-
metric waveguide structure with the waveguide core thickness
of 800 nm. The EDAS design has a very asymmetric waveguide
structure with thick graded index (GRIN) n-waveguide layers,
very thin GRIN p-waveguide layers and a large index step at
the waveguide-cladding interface on the p-side. The resulting
fundamental mode shifts to the n-side and thus has only a small
overlap with the p doped region, leading to much less optical free
carrier absorption loss. The thin p-layers also ensure lower series
resistance and carrier leakage. On the other hand, the EDAS
structure is generally inherited with a small optical confinement
factor and thus low modal gain. In the EDAS design, as shown
in the inset of Fig. 2(b), the thicknesses of the n- and p-GRIN
waveguide layers closest to the active region (in the following
we refer to them as the confinement layers) are equal, that
is, tn = tp. Different from EDAS, the ETAS design adopts
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Fig. 2. Refractive index (Blue, left axis) and fundamental vertical mode intensity (Red, right axis) profiles for (a) a conventional epitaxial structure, (b) an EDAS
(tn = tp = 70 nm) and (c) an ETAS (tn = 350 nm, tp = 70 nm) epitaxial design. Calculated threshold current (d-f) and differential quantum efficiency (g-i) of
broad area lasers based on the three designs as a function of laser cavity length (stripe width W = 100 μm, reflectivities of the front and rear facet Rf = 1% and
Rr = 98%). Blue rectangle and red circle symbols are respectively the simulation results from LASTIP and the calculation results by solving (1). Dashed and solid
curves are the corresponding spherical linear interpolations.

an additional (third) asymmetry (tn � tp) in the waveguide
structure, as illustrated by Fig. 2(c), providing a new degree of
freedom to tailor the optical modal shape and optimize device
performances. For example, by adjusting the size of tn with
other structural parameters unchanged, we can flexibly control
the confinement factor to vary in a relatively large range while
not introducing excessive light intensity in the p-doped region,
thereby maintaining the low optical loss level.

LASTIP simulations for BALs based on the above three
epitaxial designs are performed first. In this study, we assume the
p-side contact width to be W = 100 μm. Full 2D simulations are
conducted to better reveal the current spreading and multi-lateral
mode behavior in BALs. The vertical optical mode is calculated
by solving the vertical Helmholtz wave equation. The effective
index method is used to treat the multi-lateral modes with ten
transverse standing waves considered. The reflectivities of the
front and rear facets are respectively fixed as Rf = 1% and
Rr = 98%. The extracted threshold currents of the three BAL
designs as a function of laser cavity length are plotted as the blue
rectangles in Fig. 2(d)–(f). As expected, the threshold currents
of the conventional design are smallest among the three designs
since it has the largest confinement factor. It can also be found
that its threshold current gradually increases as the cavity length
L increases. Although the reduction in mirror loss will result in
a lower threshold current density Jth for a longer cavity length,
the increase in the contact area eventually causes the threshold
current Ith to increase with the increase of cavity length. EDAS
design has the largest threshold current on account of its smallest
confinement factor. In addition, for the short cavity lengths,

i.e., when the mirror loss is relatively high, the small modal
gain in EDAS makes it more difficult to reach the threshold
condition. Therefore, the threshold current of the EDAS-based
BAL increases sharply when the cavity length L is smaller
than 3 mm. For the ETAS design, the third asymmetry helps
to increase its confinement factor and thus threshold currents
are effectively reduced. Fig. 2(g)–(i) show the simulated DQE
of the three BAL designs versus cavity length at the injection
current I = ∼3 A. Owing to the relatively high internal loss,
the DQE of the conventional BAL design drops significantly
as the cavity length increases, which indicates that this design
needs further improvement for high power operation. The low
internal loss level in the EDAS and ETAS-based BALs enables
them to maintain a high DQE even with a long cavity length,
so they have great potential for high power applications. The
red circles in Fig. 2(d)–(i) are the calculation results by solving
rate equation (1) with the extracted parameters from LASTIP. It
can be seen that, except for the slight deviations of the threshold
current values in the case of short cavity, the calculation results
are almost same with the simulation results of LASTIP, proving
that the 1D rate equations can be used to well predict the power
output characteristics of BAL diodes based on different epitaxial
structures.

III. EQUATIONS WITH LSHB AND TPA EFFECTS

For high-power diode lasers, the carrier and photon inhomo-
geneity along the longitudinal direction significantly affects the
laser characteristics especially at high injection currents, which
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is not considered in the standard rate equation set (1). In addition,
given the high optical light intensities in high-power diode
lasers, the nonlinear optical losses caused by TPA effect become
important and non-negligible under high injection levels. More
specifically, the TPA effect involves, in fact, two mechanisms
contributing to the nonlinear optical losses [20]: (i) the direct
effect of nonlinear loss due to TPA, and (ii) the indirect effect
of the TPA serving as another source of carrier accumulation in
semiconductor lasers, creating additional optical losses through
free carrier induced absorption.

The direct TPA loss at any local point in the laser cavity can
be given as [20]

αdirect
TPA (x, z) = β (x)Ψ(x, z) (3)

where β(x) [cm/GW] denotes the TPA coefficient. β is material
composition dependent, so here it shows a dependence on the
vertical coordinate x. For the specific calculation method of
β, please refer to Ref [18]. Ψ(x, z) represents the local light
intensity. If it is assumed that the optical power is uniformly
distributed in the lateral direction, then J (x, z) can be written
as Ψ(x, z) = P (z)ϕ2(x)/W , where P(z) is the local power
and ϕ2(x) is the normalized optical mode intensity profile, i.e.,∫ +∞
−∞ ϕ2(x)dx = 1. The modal loss caused by the direct TPA

effect can be calculated as

αdirect,modal
TPA (z) ≈

∫ +∞

−∞
αdirect
TPA (x, z)ϕ2 (x)dx

≈ P (z)

W

∫ +∞

−∞
β (x)ϕ4 (x)dx (4)

The local power P(z) can be expressed by the average photon
density in the active region. That is,

P (z) =
dW

Γ
[vg�ωNp (z)] (5)

After substituting (5) into (4), we obtain that

αdirect,modal
TPA ≈ d

Γ
vg�ωNp (z)

∫ +∞

−∞
β (x)ϕ4 (x)dx

≈ βdirect,modal
TPA Np (z) (6)

with βdirect,modal
TPA = d

Γvg�ω
∫ +∞
−∞ β(x)ϕ4(x)dx defined as the

direct modal TPA coefficient. Fig. 3 plots the dependance of
the calculated direct modal TPA coefficient βdirect,modal

TPA (blue,
left axis) and the confinement factor Γ (red, right axis) of the
ETAS epitaxy on the n-confinement layer thickness tn. The
confinement factor Γ increases monotonically with tn. But its
growth rate gradually slows down for relatively large values of
tn, indicating that Γ is close to its maximum achievable value.
Continuing to increase Γ requires additional adjustments to the
epitaxial layer composition. The calculated direct modal TPA
coefficient βdirect,modal

TPA shows a strong dependance on the epi-
taxial structure. As tn increases, βdirect,modal

TPA initially declines
rapidly, reaching a minimum at tn = 280 nm and increasing
slightly thereafter.

As for the indirect TPA effect, its contribution to the optical
internal loss is determined by the TPA-generated free electron

Fig. 3 The calculated direct modal TPA coefficient βdirect,modal TPA(blue,
left axis) and confinement factor Γ (red, right axis) of the ETAS epitaxy as
function of the n-confinement layer thickness tn.

density ΔNe,TPA and hole density ΔNh,TPA. That is,

αindirect,modal
TPA (z) ≈ σe

∫ +∞

−∞
ΔNe,TPA (x, z)ϕ2 (x)dx

+ σh

∫ +∞

−∞
ΔNh,TPA (x, z)ϕ2 (x)dx

(7)

where σe and σh are respectively the free-electron and free-hole
absorption cross-sections. To obtain ΔNe,TPA and ΔNh,TPA,
we should solve the carrier transport equation of the full drift-
diffusion model with the TPA generation term given by the TPA
rate [20]:

G (x, z) ≈ β (x)

�ω

[
P (z)2

W

]
ϕ4 (x) (8)

The new version of LASTIP follows this model and automati-
cally includes the TPA-generated free carrier density in its calcu-
lations if the TPA coefficient is properly defined. The definition
of TPA coefficient in LASTIP is same as (6) [21]. Therefore, in
this work we use LASTIP to calculate the TPA-generated free
carrier density distribution ΔNe,TPA(x) and ΔNh,TPA(x). Note
that the longitudinal direction z dependance of ΔNe,TPA and
ΔNh,TPA is ignored as LASTIP is a 2D simulator. Fig. 4(a)
shows the calculated TPA-generated free carrier density dis-
tribution of 4 mm-long ETAS BALs at injection current I =
40 A. It can be observed that the TPA-generated free electrons
and holes both mainly concentrate in the active region and the
n-side cladding layer (especially around the interface where high
doping begins). Using the data ofΔNe,TPA(x) andΔNh,TPA(x),
we can obtain the indirect TPA modal absorption by (7). Fig. 4(b)
and (c) respectively show the dependance of the calculated
indirect TPA absorptions αindirect,modal

TPA of 4 mm-long ETAS-
based BALs on the injection current I and the n-confinement
layer thickness tn. As expected, αindirect,modal

TPA increases with
the injection current owing to the square term of power in the
indirect TPA generation rate. The dependance of the indirect
TPA absorption αindirect,modal

TPA on tn is similar to that of the



ZHAO et al.: EXTREME DOUBLE/TRIPLE ASYMMETRIC EPITAXIAL STRUCTURE BASED DIODE LASERS 1533111

Fig. 4 Calculated spatial distributions of TPA-generated free carrier densities
at I = 40 A (a), and dependance of indirect TPA absorption on injection current
(b) for 4 mm-long ETAS BALs. Blue: tn = 70 nm; and red: tn = 350 nm.
(c) Calculated indirect TPA absorption as a function of the n-confinement layer
thickness tn at I = 40 A.

direct one αdirect,modal
TPA . The difference is that the position of

the minimum of αindirect,modal
TPA shifts towards a larger tn value

of ∼315 nm.
Taking into account the LSHB and TPA effects discussed

above, the steady state 1D rate equations are modified as

ηiI

qV
− N (z)

τ [N (z)]
− vgg [N (z)] [N+

p (z) +N−
p (z)] = 0 (9a)

dN±
p (z)

dz
= ±

⎧⎪⎨
⎪⎩

Γvgg [N (z)]N±
p (z)−[

αi (I) + αindirect,modal
TPA (I)

]
N±

p (z)

−βdirect,modal
TPA N±

p (z)
2

⎫⎪⎬
⎪⎭

(9b)

where z stands for the longitudinal axis position, N(z) is the local
carrier density,N+

P (z) andN−
P (z) are forward and reverse prop-

agating photon densities, respectively. Instead of the average
mirror loss in the standard rate equation, the forward and reverse
propagating photon densities in the modified equations should
satisfy the boundary conditions at the front facet (z = 0) and the
rear facet (z = L) to accommodate their spatial non-uniformity:

N+
p (0) = RfN

−
p (0) (11a)

N−
p (L) = RrN

+
p (L) (11b)

By solving the coupled differential equations with the bound-
ary conditions, the output power is then determined as

Pout = vgW
d

Γ
�ω

[
N−

p (0) (1−Rf ) +N+
p (L) (1−Rr)

]
(12)

IV. DESIGN OPTIMIZATION FOR PULSED OPERATION

Based on the rate equations with LSHB and TPA effects
discussed in the previous section, we will investigate how the
laser structural parameters of the ETAS-based BAL impact its
output power and efficiency. In this section, we do not consider
the impact of thermal effects, which effectively corresponds
to pulsed (quasi-CW) operation regime. The calculated L-I
characteristics and conversion efficiencies for the representative
EDAS and ETAS-based BALs with cavity length of 4 mm are
respectively plotted in Fig. 5(a) and (d), where the dashed lines
are the idealized results neglecting LSHB and TPA effects, the
dashed-dotted lines are the calculation results with only LSHB
effect, and the solid lines are the results with both LSHB and TPA
effects. The reduction in output power and conversion efficiency
can be seen after LSHB and TPA effects are taken into account.
The LSHB and the TPA power penalties (i.e., the percentages of
power reductions caused by the LSHB and the TPA effects re-
spectively) for the two designs are also calculated in dependence
on the injection current, as shown in Fig. 5(c) and (f). It can be
seen that LSHB effect dominates the power penalty in the low
bias regime. As discussed in previous references [17], [19], the
magnitude of the LSHB penalty is directly correlated with the
internal loss value. Since the internal loss of the EDAS/ETAS
design is rather low, the performance degradation induced by the
LSHB effect is not very serious. The calculated LSHB power
penalties of the EDAS-based and ETAS based BALs are∼3.75%
and ∼2.5% respectively at the injection current of 30 A. The
LSHB power penalty values remain relatively stable (the LSHB
penalty of the EDAS design even decreases) with the increasing
injection current. Conversely, the TPA power penalty grows with
the injection current owing to the increasing photon density
and outweighs the LSHB power penalty in the high injection
regime. Although, as shown in Section III, the calculated values
of direct modal TPA coefficient βdirect,modal

TPA and indirect TPA
absorption αindirect,modal

TPA of the EDAS epitaxy (tn = 70 nm)
are much larger than those of the ETAS one with tn = 350 nm,
the narrower modal shape (narrower near field) and thus higher
photon density in the ETAS-based BAL results in roughly the
same TPA power penalties for both designs (e.g., the calculated
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Fig. 5. Calculated L-I characteristics (Blue, left axis) and conversion efficiency (Red, right axis) for (a) the 4 mm-long EDAS-based BAL design with tn = tp =
70 nm and (d) the 4 mm-long ETAS-based BAL design with tn = 350 nm and tp = 70 nm; DQE (Blue, left axis) and threshold current (Red, right axis) versus
injection current for (b) the EDAS BAL and (e) the ETAS BAL; Calculated LSHB and TPA power penalty versus injection current for (c) the EDAS BAL and
(f) the ETAS BAL. Here thermal effects are not considered.

TPA power penalties for the EDAS and ETAS designs at I =
30 A are both around 4.9%). The current-dependent DQE and
threshold current for the two devices are provided in Fig. 5(b)
and (e) in order to better illustrate how the LSHB and TPA effects
directly affect the laser output performance. As indicated by the
figures, the LSHB effect accounts for most of the increase in the
effective threshold current, whereas TPA just slightly increases
the threshold current, indicating that the LSHB effect affects
the non-stimulated recombination more than the TPA effect.
Since the TPA effect affects the laser output power mainly via
increasing the internal loss, that is, reducing the DQE, the drop in
the DQE with the high injection current correlates to the increase
in the TPA power penalty.

As for the EDAS design, the smaller confinement factor
leads to a larger threshold current and thus a lower maximum
conversion efficiency (∼5.5% lower than the ETAS one). On the
other hand, the conversion efficiency of the ETAS design drops
faster at high injection currents due to the large resistance and
the serious TPA effect. To find the optimal values of structural
parameters for the highest output power and efficiency, we sweep
the n-confinement layer thickness tn from 35 nm to 385 nm.The
sweeping results for the output power and efficiency are plotted
in Fig. 6(a) and (b), respectively. Clearly, the tn value which leads
to the maximum power and efficiency changes with the injection
current. Fig. 6(c)–(e) respectively show the output power (upper
panel) and the conversion efficiency (lower panel) as a function
of tn at three different currents I = 20 A, 30 A and 36 A.
Since the output power and efficiency values change slowly near
the peak values, we define the 0.5% drop ranges of maximum
output power and efficiency as the optimal tn ranges, which are

indicated as the translucent colored areas in Fig. 6(c)–(e). It can
be seen that a large tn value is in favor of high output power. As
current grows and the TPA effect becomes more pronounced, the
optimal tn range shifts slightly to the smaller side. The optimal
tn ranges for the efficiency are lower than those for the output
power. The overlaps of the translucent areas for the power and
efficiency indicate the optimal ranges of the tn parameter at the
specific injection level. For I= 20 A, 30 A, and 36 A, the optimal
tn range are centered at ∼325 nm, ∼255 nm, and ∼240 nm,
respectively. Taken together, for 4 mm-length ETAS-based BAL
under pulsed operating mode (i.e., no thermal effects) to achieve
both high power and high efficiency in the current range of
20–36 A, the optimal range of tn is about 250–300 nm.

The cavity length plays an important role in the performance
of high-power diode laser. As discussed earlier, in the case
of no LSHB and TPA effects, the threshold current generally
increases and DQE decreases with the increase of cavity length.
As a result, the achievable output power at a certain injection
current decreases as the cavity length increases. Since LSHB
and TPA effects are more serious as the cavity length increases,
there is no doubt that under a certain injection current, the
maximum output power will monotonically decrease with the
cavity length, which is shown in the upper panels (left axis,
hollow squares) of Fig. 7. To better illustrate the contribution of
LSHB and TPA effects to the power reduction, Fig. 8 plots the
LSHB and TPA power penalty at the maximum output power
versus cavity length. For longer cavity length, the longitudinal
spatial non-uniformity is more severe. It is evident from Fig. 8
that both LSHB and TPA power penalties at maximum output
power monotonically increase with cavity length. Furthermore,
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Fig. 6. The sweeping results for the output power (a) and conversion efficiency (b) of the 4 mm-long ETAS-based BAL as a function of the injection current I
and n-confinement layer thickness tn with both LSHB and TPA effects taken into account. (c)–(e) Output power (upper panel) and conversion efficiency (lower
panel) as a function of tn at various injection currents: (c) I = 20 A, (d) I = 30 A, and (e) I = 36 A. Thermal effects are not considered here. The rectangle and
circle symbols are the calculation results, and the solid and dotted curves show the corresponding spherical linear interpolations.

Fig. 7. Upper panels: the highest output power (left axis, hollow squares) and the highest conversion efficiency (right axis, filled circles) under different injection
currents: (a) I = 20 A, (b) I = 30 A, and (c) I = 36 A. Middle/lower panels: the translucent areas show the overlap regions between the length-dependent optimal
tn/Γ ranges for power and efficiency under different injection currents. The symbols and curves respectively show the calculation results and the corresponding
spherical linear interpolations. LSHB and TPA effects are included, while thermal effects are not considered here.

Fig. 8. Calculated LSHB and TPA power penalties of ETAS-based BALs at the maximum output power (corresponding to the hollow squares in the upper panels
of Fig.7) versus cavity length under different injection currents: (a) I = 20 A, (b) I = 30 A, and (c) I = 36 A. (Thermal effects are not considered here).
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the TPA power penalties under different cavity lengths are higher
than the LSHB ones at these three injection currents, which
is consistent with the previous discussion that the TPA effect
dominates in the high injection regime.

On the other hand, longer cavity means lower device resis-
tance, and thus higher conversion efficiency might be achieved.
The conversion efficiencies of the ETAS-based BALs in depen-
dence on the cavity length are also plotted in the upper panels
(right axis, filled circles) of Fig. 7, which clearly illustrate the
trade-off between the maximum achievable power and efficiency
at a given injection level. At the three targeted injection currents
I = 20 A, 30 A, and 36 A, the maximum efficiencies are found
at cavity length of 5 mm, 5 mm, 6 mm, respectively. Moreover,
with the increase of pumping level, the impact of cavity length
on conversion efficiency becomes more obvious. At I= 36 A, the
highest efficiency can reach 58.7% with a cavity length of 6 mm,
whereas the highest efficiency is only 56.4% with a cavity length
of 3 mm. The length-dependent optimal tn overlap range for the
power and efficiency are shown as the translucent colored areas
in the middle panels of Fig. 7 and the corresponding optimal
confinement factor overlap ranges are shown in the lower panels.
As can be seen, the optimal tn and confinement factor Γ range
varies little with different cavity lengths at a specific injection
current. The optimal tn and Γ range tends to get smaller overall
as the current increases to reduce the increasing negative effects
of LSHB and TPA. To enable the ETAS-based BAL to have the
most favorable performance under pulsed high-power operation
for various cavity lengths from 3 mm to 7 mm and for a wide
current range from 20 A to 36 A, the optimal choices of tn and
Γ are around 300 nm and 0.61%.

V. DESIGN OPTIMIZATION WITH THERMAL EFFECTS

As for a diode laser operating under CW mode, self-heating is
another critical factor that limits its output power and efficiency.
In this section, we will investigate the laser performance of
EDAS/ETAS-based BALs with LSHB and TPA effects under
CW operation. LASTIP is used here to better address the thermal
effects of BALs with different design parameters. The BALs
are assumed to be mounted p-side down onto CuW submounts.
The heat sink is assumed to be kept at room temperature of
298K. In the LASTIP simulation, we apply the bottom n-type
GaAs substrate with zero outgoing heat flux. For the top p-type
contact, we assume it to be connected to a thermal conductor
with a specified thermal conductance, the value of which is fitted
from the experiment results in Refs [25], [26]. The extracted T0

and T1 characteristic temperatures of 4 mm length ETAS-based
BALs are 183.5K and 572.8K for tn = 70 nm, and 223.5K
and 813.1K for tn = 350 nm, respectively, which show good
agreement with the experimental results reported in [24], [26]
that the epitaxial structures with higher confinement factors
show relatively higher T0 and T1 values. The effect of thermal
lensing is considered in the LASTIP simulation by using 2.5e−4
K−1 as the temperature dependence of the thermal index change
�n/�T for AlGaAs [27]. To account for the thermal effects in
the modified rate equation, we need to add the temperature and
wavelength dependance to the material gain, that is, replace

g(N) with g(N, T, λ), where T represents the temperature of
the quantum well.

The calculated L-I and conversion efficiency curves of the
representative 4 mm-long EDAS and ETAS-based BALs after
considering the thermal effects are shown in Fig. 9(a) and
(d). The corresponding current-dependent effective threshold
current and DQE are also plotted in Fig. 9(b) and (e), serving
as an alternative representation of L-I characteristics. Since the
CW-driven diode lasers usually have the thermal roll-over and
break down at a lower injection level than those under the pulsed
mode, we reduce the studied current range to 0–30 A. It is
worth pointing out that 30 A is still an ambitious operation
point for a CW-driven BAL with 100um-wide stripe. According
to state-of-the-art experiments, the sustainable range for CW
operation is about 15–20 A. It can be clearly seen that the
effective threshold currents of both designs, especially for the
EDAS design with a small confinement factor, rise substantially
with increasing bias current. This is because as the junction
temperature increases with the bias current, the broadening of
the Fermi distribution leads to a decrease in material gain [24].
To compensate the lower gain and the higher optical loss, the
carrier density in the quantum well is increased (non-pinning)
accordingly. This non-pinning effect of the carrier density results
in increased carrier loss due to nonradiative recombination and
carrier leakage, thereby leading to increased effective threshold
current [24]. In addition, the increasing carrier density with
temperature exacerbates the impact of LSHB. Fig. 9(c) and
(f) respectively shows the calculated LSHB and TPA power
penalty as a function of bias current for the two designs with
thermal effects, which clearly show that the LSHB power penalty
becomes larger than the case of no thermal effects. Moreover,
the LSHB power penalty increases with bias in the high current
region. TPA power penalties of both designs are basically the
same as those in the case of no thermal effects. Accordingly,
for the EDAS design with thermal effects, LSHB replaces TPA
effect as the dominant effect in reducing output power within
the targeted current range. The proportion of LSHB in the total
power penalty of ETAS design is also considerably enhanced.

To find the optimal confinement factor at which the joint effect
of LSHB and TPA on the device are minimum, n-confinement
layer thickness tn is swept from 35 nm to 385 nm, as illustrated
in Fig. 10(a) and (b). To better illustrate the change trend of
optimal tn with the pumping level, Fig. 10(c)–(e) show the output
power and conversion efficiency as a function of tn at three
different injection currents of I = 15 A, 20 A and 25 A. Here we
also use the colored translucent areas to denote the 0.5% drop
range of maximum output power and efficiency. Compared with
the sweeping results in the absence of thermal effects shown in
Fig. 6, it can be observed that the optimal tn ranges for the output
power and efficiency tend to overlap more in the presence of the
thermal effects. For I = 15 A, 20 A, and 25 A, the optimal tn
overlap range are centered at∼340 nm,∼311 nm, and∼280 nm,
respectively. This result suggests that a relatively large tn and
confinement factor Γ should be adopted in the design of 4 mm-
long ETAS-based BALs under the CW mode, which is consistent
with the experimental results in [24] that a high-Γ ETAS design
is beneficial for improving CW and short pulse performance at
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Fig. 9. Calculated L-I characteristics (Blue, left axis) and conversion efficiency (Red, right axis) for (a) the EDAS-based BAL design with tn = tp = 70 nm and
(d) the ETAS-based BAL design with tn = 350 nm and tp = 70 nm; DQE (Blue, left axis) and threshold current (Red, right axis) versus injection current for (b)
the EDAS BAL and (e) the ETAS BAL; Calculated LSHB and TPA power penalty versus injection current for (c) the EDAS BAL and (f) the ETAS BAL. Here
thermal effects are included.

Fig. 10. The sweeping results for output power (a) and conversion efficiency (b) (with both LSHB and TPA effects) of the 4 mm-long ETAS-based BAL as a
function of the injection current I and n-confinement layer thickness tn after considering the thermal effects. (c)–(e) Output power (upper panel) and conversion
efficiency (lower panel) as a function of tn at various injection currents: (c) I = 15 A, (d) I = 20 A, and (e) I = 25 A.

high currents. As can be seen from Fig. 10, there is considerable
overlap (280 nm–350 nm) between the optimal tn ranges for the
power and efficiency at these three different currents, indicating
a large design margin in practice to achieve both high power and
efficiency over a wide current range. Note that the power and

efficiency drop rapidly as tn approaches the lower sweeping limit
of 35 nm. This is because the high nonradiative recombination
in the low confinement factor design exacerbates the thermal
effects, causing the rapid growth of effective threshold with the
increase of the injection current.
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Fig. 11. Upper panels: the highest output power value (left axis, hollow squares) and the highest conversion efficiency value (right axis, filled circles) as a function
of the cavity length under different injection currents (a) I = 15 A, (b) I = 20 A, and (c) I = 25 A; Middle/lower panels: the translucent areas show the overlap
regions between the length-dependent optimal tn/Γ ranges for power and efficiency under different injection currents. The symbols and curves respectively show
the calculation results and the corresponding spherical linear interpolations. LSHB, TPA, and thermal effects are all included here.

Fig. 12. Calculated LSHB and TPA power penalties of ETAS-based BALs at the maximum output power (corresponding to the hollow squares in the upper
panels of Fig.11) versus cavity length under different injection currents: (a) I = 15 A, (b) I = 20 A, and (c) I = 25 A. (Thermal effects are considered here).

As mentioned earlier, the longer cavity length contributes to
better thermal management owing to its lower thermal resis-
tance. How to adjust the design parameters with different cavity
lengths to achieve the best output performance of ETAS-based
BALs under CW mode is studied. The calculated maximum
output power and conversion efficiency of ETAS-based BAL as
a function of cavity length under three different injection levels
are plotted in the upper panels of Fig. 11. Fig. 12 shows the
calculated LSHB and TPA power penalties a maximum output
power versus cavity length. It can be noticed that the LSHB effect
accounts for a larger fraction of the total power penalty for the
shorter cavity length, where the thermal effects are more severe.
The length-dependent optimal tn and Γ overlap range for the
power and efficiency areas are respectively shown in the middle
and lower panels of Fig. 11, Evidently, longer cavity lengths do
help increase the conversion efficiency, especially at the higher
injection level (e.g., I= 25 A). For I= 20 A/25 A, the maximum
efficiency is increased by 5.6%/9.3% by increasing the cavity
length from 3 mm to 5.5/7 mm. Although at a certain bias current,
a slight decrease in the output power with the increase of cavity
length can be observed, their correlation becomes very weak
at high injection levels. Hence, a relatively long cavity length
(5–6 mm) is preferred for the ETAS-based BAL operating at high
injection levels under the CW mode. As indicated by the middle
and lower panels of Fig. 11, the optimal tn and confinement
factor Γ ranges tend to be a bit larger overall as the cavity length

increases. Overall, the optimal tn/Γ value for the CW driven
ETAS-based BALs to maintain the optimum performance over
a wide range of injection current and cavity length are around
345 nm/0.645%.

VI. CONCLUSION

Structural parameter optimization of EDAS/ETAS epitaxial
designs for high-power and high-efficiency BALs is investigated
by employing the modified rate equations with the LSHB and
TPA effects taken into account. To better predict the perfor-
mances of BALs based on different epitaxial structures, simula-
tion software LASTIP is used to provide several key parameters
that are required in rate equations, the TPA-generated free
carrier densities for indirect TPA absorption calculation, the
electric characteristics for conversion efficiency analysis, and
thermal simulation under CW operation. The dependence of the
two parameters describing the TPA effect in the modified rate
equation—direct modal TPA coefficient βdirect,modal TPA and
indirect TPA absorptions αindirect,modal

TPA —on the n-confinement
layer thickness tn are discussed. It is found that, in the case of
pulsed mode operation, i.e., in the absence of thermal effect,
TPA effect acts as the dominant power saturation mechanism at
high injection currents. As for the case of CW operation mode,
the thermal effects exacerbate LSHB effect, and as a result, the
proportion of LSHB power penalty to the total power penalty
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significantly boosts. For both cases, with or without thermal
effects, relatively large values of n-confinement layer thickness
tn and confinement factor Γ are beneficial to improve the output
power and efficiency. Calculation results suggest that the optimal
tn/Γ value for the ETAS-based BAL design to maintain the
optimal performance over a wide range of injection current
and cavity length are ∼300 nm/0.61% for the pulsed mode and
∼345 nm/0.645% for the CW mode. It is noteworthy that the
level of the confinement factor mentioned in this article is a
relative term. The confinement factors of the ETAS structures
are relatively low compared with a conventional symmetric
waveguide epitaxial structure. Regarding the optimal choice
of cavity length, there is a trade-off between the maximum
achievable power and efficiency. The maximum output power
generally decreases as the laser cavity increases, whereas the
optimal cavity length for maximum conversion efficiency is
around 5-6mm depending on the injection level for both cases
of with or without thermal effects. For the case of CW mode,
the increase in cavity length only results in a slow decrease in
maximum output power but greatly improves the conversion
efficiency. For example, by choosing the optimal cavity length,
conversion efficiency improvements of 5.6% and 9.3% can be
achieved at I = 20 A and 25 A, respectively. It should be pointed
out that the mirror reflectance will also affect the optimization
results, as the LSHB effect strongly depends on the difference
between the mirror reflectances at the front and rear facets. The
more unbalanced the mirror reflectance of the front and rear
facets is, the more severe the LSHB effect is. However, the
mirror reflectance optimization procedure is beyond the scope
of this article. Our work is important for realizing high-power
and high-efficiency BALs based on the EDAS/ETAS epitaxial
structure as well as provides valuable guidelines for ongoing
experimental implementation.
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