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Abstract
A semiconductor laser design for efficient, high power, high brightness red light emission is
proposed, using a large optical cavity asymmetric waveguide and a bulk active layer (AL)
positioned very close to the p-cladding. The low threshold carrier density associated with the
broad AL, as well as the proximity of the AL to the p-cladding, ensure that the electron leakage
current, the major detrimental factor in red lasers, stays modest in a broad range of excitation
levels. This in turn promises high-power, efficient operation.

Keywords: semiconductor laser, efficiency, visible

(Some figures may appear in colour only in the online journal)

1. Introduction

In the previous papers [1, 2], we proposed and analysed a
high-power semiconductor laser design using an asymmetric
large optical cavity (LOC) waveguide (with different refract-
ive index steps at the interfaces between the optical confine-
ment layer (OCL) and the n- and p-claddings, and a relatively
thick (typically bulk) active layer (AL) positioned very near
the p-cladding. Such a waveguide design combines a number
of advantages. The broad asymmetric waveguide makes for
reliable generation of a single transverse mode regardless of
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the lateral laser structure [1, 2], and also for a relatively nar-
row far field [2], hence high brightness. The asymmetric posi-
tion of the AL (if necessary, helped by strong n-doping of the
n-side of the waveguide [3]) helps minimise the accumulation
of nonequilibrium carriers in the waveguide at high injection
levels, which allows the internal losses in the laser to be kept
down up to high currents, in turn helping the laser to main-
tain high output efficiency up to high injection levels. This was
shown to be particularly important for lasers (with both bulk
or quantumwell (QW)ALs) operating at the long wavelengths
(∼1.5 µm) using InGaAsP quaternary materials, due to the
large free hole absorption cross section in those materials [1,
4] but was also shown to be relevant for GaAs/AlGaAs based
lasers operating at a wavelength around 0.85 µm [2]. Finally,
the bulk AL, besides providing some extra flexibility in the
waveguide design due to the waveguiding properties of the AL
itself, also makes for a relatively low threshold carrier density.
This makes it possible to use short-cavity laser design which is
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useful for efficient high pulsed power, quasi-Continuous wave
operation (though not for true continuous wave (CW) opera-
tion, since short cavities are prone to substantial self-heating).

Recent experimental results confirm the advantages of this
structure in minimising the internal loss effect and achiev-
ing high pulsed powers at the long wavelength (∼1.5 µm)
[5, 6].

Here, we note that the same design strategy may also offer
some advantages for high power lasers operating at evens
shorter, visible (for example, red), wavelengths, though the
rationale for these advantages is different from that studied
previously for infrared lasers. Some of the considerations we
employed for those lasers (single broad transverse mode in
an asymmetric LOC structure) are readily portable to the red
laser case. There is however one extra effect that needs to be
considered, namely the leakage current from the AL to the
p-cladding and the associated reduction in the injection effi-
ciency, which was neglected in our previous work but is more
of a danger in red lasers than in infrared ones due to lower
potential barriers involved. A number of design solutions have
been investigated since the 1990s for overcoming this limita-
tion, almost exclusively using QW lasers (typically 1–3 wells).
Firstly, it has been shown that the correct design of the red
laser waveguide was very important, which includes optim-
ising the waveguide thickness to avoid mode penetration into
the lossy GaAs substrate [7], and also designing the thickness
of the p-cladding layer large enough [8]. In addition, the use
of multiquantum barriers (MQBs) at the interface between the
OCL and the p-cladding was used to effectively increase the
OCL/p-cladding energy barrier for electrons both at room tem-
perature and elevated temperatures (see e.g. [9] and references
therein).

Below, we shall show that the strongly asymmetric wave-
guide laser design with a bulk AL located very close to the
p-cladding may be a viable alternative to those designs, while
also offering a number of additional advantages.

2. Laser structure

The refractive index profile of the structure considered is
shown schematically in figure 1. It represents a visible-
emitting Ga0.5In0.5P/(AlxGa1−x)0.5In0.5P (lattice matched to
GaAs) laser with a bulk AL, with the same composition as in,
for example, [10], but with a fully disordered (random) struc-
ture so designed to emit at λ≈ 650–660 nm (figure 1) at room
temperature [11], depending on the threshold carrier density
value. The relation between the material composition and the
refractive index is determined from [12]. As in our previous
work, and unlike the previously published work on red lasers
with bulk ALs such as, e.g. [10], the waveguide used is a LOC
strongly asymmetric one, with the refractive index step at the
interface between the OCL and the n-cladding substantially
smaller than that at the OCL/p-cladding interface. The bulk
(GaInP) AL is positioned at a very short distance (≈50 nm)
from the p-cladding.

The profile of the fundamental (TE0) transverse mode
intensity is also shown in figure 1. For the structure shown

Figure 1. Schematic of the refractive index profile of the laser
structure and the waveguide mode intensity distribution for the
wavelength of 650 nm (solid), 660 nm (dashed). The inset shows a
typical 3D structure possible, with the n-side comprising the
n-cladding and the n-OCL and the p-side, the p-cladding and the
p-OCL. Active stripe width w = 100 µm.

Figure 2. Confinement factors of the optical modes as function of
the active layer thickness for the structure of figure 1: solid line:
λ = 650 nm; dashed line—λ = 660 nm.

(with the AL thickness da = 600 Å), the second (TE1) mode
can, strictly speaking, be also supported but its confinement
factor is so small (figure 2) that it is certain to pose no threat
to single transverse mode laser operation. As in the previous
work [1, 2], the dependence of the fundamental mode confine-
ment factor Γa on the AL thickness da (figure 2) in a broad
range of da values is superlinear, showing that the AL itself
contributes to the waveguiding properties of the structure and
to some extent shapes the mode. Note that penetration of the
light intensity into the highly doped p-cladding layer is very
small in our asymmetric waveguide structure, which is known
to be necessary in order to reduce absorption in the p-cladding
layer [7] and in the p-GaAs contact layer [8] in red-emitting
lasers.
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3. Analysis of laser efficiency

As is well known, highly efficient operation of a semicon-
ductor laser requires, firstly, low parasitic losses (both built-in
and injection-dependent) and, secondly, high injection effi-
ciency (which in turn requires low electron current leakage
into the p-cladding). As discussed in the Introduction, it has
been already shown that the first of these effects is effectively
suppressed (at any wavelength) in the double-asymmetric
structure of the type shown here, with both bulk and QW AL
[1–6, 13–16]. Therefore we shall concentrate on the second of
the two considerations, the current leakage, which is known to
be a significant threat in visible-range emitting lasers (see e.g.
[8, 17, 18]).

The magnitude of the current leakage is determined by the
quasi Fermi level separation in the AL, and hence sharply
increases with the AL carrier density. Hence we start with
calculating the threshold value of the carrier density in the
AL as function of the AL thickness for the structure of
figure 1. Since the AL is a bulk material, we use a simple
linear dependence of the peak gain on the carrier density:
g(N) = σg(N − N tr), where the gain cross-section σg and
the transparency carrier density, as functions of temperat-
ure T, were evaluated from microscopic calculations fol-
lowing [19, 20] (using a sech lineshape function). The res-
ults were approximated well by a linear dependence with
σg ≈ 2.52× 10−16 cm2, N tr ≈ 2.0× 1018 cm−3 at T = 300 K
and σg ≈ 2.20 × 10−16 cm2, N tr ≈ 2.5 × 1018 cm−3 at
T = 350 K. Then the threshold carrier density, as usual, is

Nth = Ntr +
α

Γaσg
(1)

where Γa is the AL confinement factor and, as usual, the total
cavity loss α includes both the internal and outcoupling loss:
α= αin +αout. Figure 3 shows the calculated threshold car-
rier density values for the two temperatures as functions of
da. It is seen that for da values in excess of da ≈ 600 Å, the
threshold carrier density depends only weakly on da and is
only slightly above the transparency value for the correspond-
ing temperatures.

The threshold carrier density and the temperature determ-
ine the minority carrier (electron) density at the edge of the
p-cladding, which directly scales the leakage current:

N(p)
e = N(p)

c exp

(

−
δE(p)

Fe

kBT

)

. (2)

Here N(p)
c is the effective density of states of electrons in

the p-cladding material,
δE(p)

Fe = E(p)
c −EFe > 0 is the difference between the energy

E(p)
c of the lowest subband of the conduction band of the
p-cladding material and the absolute position of the electron
quasi Fermi level [8, 17, 18]. The numerator of the ratio in the
exponential is positive at all realistic parameter values and is
determined from the conditions of continuity of both electron
and hole quasi Fermi levels across the structure [8, 17, 18]

δE(p)
Fe = E(p)

g −∆E(a)
F − δE(p)

Fh (3)

Figure 3. Threshold carrier densities in the structure of figure 1 for
different values of the total cavity loss and temperature.

where ∆E(a)
F is the electron and hole quasi Fermi level

separation in the AL (calculated taking into account the AL
bandgap shrinkage with carrier density and temperature), E(p)

g

is the bandgap of the p-cladding (temperature dependent,
with the room-temperature value taken from [8]), and δE(p)

Fh =

E(p)
Fh −E(p)

v ≈ kBT ln
N(p)
v

N(p)
A

> 0 is the difference between the

absolute position of the hole quasi Fermi level and the top
of the valence band of the p-cladding material. It is determ-
ined by the density of the (ionised) acceptors (and hence the
hole density) in the p-cladding N(p)

A and the effective dens-

ity of states of holes in the p-cladding material N(p)
v . The

expression (3) assumes that spatially inhomogeneous accumu-
lation of nonequilibrium carriers in the p-side of the OCL (p-
OCL) is negligible, unlike the case of leakage current in struc-
tures with a large p-OCL thickness considered in [21]. This
is ensured in our design by the very thin p-OCL (just 50 nm
thick).

Figure 4 shows the calculated values of ∆E(a)
F and the res-

ulting values ofN(p)
e as functions of the AL carrier density. It is

clear that, even at an elevated temperature value, the minority
(electron) density at the edge of the p-cladding remains very
low if the AL carrier density is less than about 6× 1018 cm−3.

Moving on to evaluating the leakage effect as such, we note
that, strictly speaking, the total leakage current density is the
sum of diffusion and drift components [8, 17, 18]; however, in
the case of AlGaInP lasers the leakage is known to be domin-
ated by the drift leakage current, which is the electron current
in the p-cladding [18]:

jL = j(p)e = eµ(p)
e N(p)

e F, (4)

where e is the electron charge, µ(p)
e is the minority electron

mobility in the material of the p-cladding, F is the electric field
in the p-cladding, and N(p)

e is given by equations (2) and (3).
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Figure 4. The electron and hole quasi Fermi level separation and
the corresponding density of electrons thermally excited in the
p-cladding for the designs of figures 1, 2 and different temperature
values as function of active layer carrier density.

This gives the electron to hole drift current density ratio in
the p-cladding as

∆=
j(p)e

j(p)h

=
eµ(p)

e N(p)
e

σ
(p)
h

=
µ
(p)
e

µ
(p)
h

N(p)
e

N(p)
A

. (5)

Here, σ(p)
h ≈ eµ(p)

h N(p)
A is the conductivity due to majority

holes, µ(p)
h being the hole mobility and N(p)

A , again, the density
of (ionised) acceptors that determines the hole density in the
p-cladding.

In the literature, the ratio∆ is sometimes interpreted as the
ratio of the leakage current density jL = j(p)e to the total cur-
rent density j [8, 18], which is correct provided that ∆ ≪ 1
(which is usually the case in situations of practical interest).
More generally, since j= j(p)e + j(p)h ,

jL
j
=

∆

1+∆
. (6)

This allows the injection efficiency of the laser to be evalu-
ated (neglecting carrier recombination in the OCL) in the form

ηi ≈ 1−
jL
j
=

1
1+∆

. (7)

Figure 5 shows the calculated values of the leakage cur-
rent as a fraction of the total current (in other words, the
ratio j(p)e /j) and the corresponding injection efficiency ηi for
the structure of figure 1 and two different temperature values,
as function of the AL carrier density. The values of µ(p)

e =

160 cm2 (Vs)−1, µ
(p)
h = 7 cm2 (Vs)−1 are taken from [8] and

it is assumed that the dominant scattering mechanism is the
same for electrons and holes so the temperature dependence
of the ratio µ(p)

h /µ
(p)
e within the relatively modest temperature

variation range considered here (300–350 K) can be neglected.

Figure 5. The leakage current as a fraction of the total current for
the structure of figure 1 and two different temperature values as
function of active layer carrier density.

As can be expected, temperature increase leads to a sub-
stantial increase in the leakage current and corresponding effi-
ciency degradation.

Figure 6 shows the same two quantities as figure 5 but as
functions of the AL thickness da with the threshold carrier
density calculated from da using equation (1). At room tem-
perature (figure 6(a)), noticeable degradation of efficiency by
leakage is only seen for relatively high output losses (short
cavity or low output reflectance); at elevated temperatures
(figure 6(b)), the leakage becomes a concern even for mod-
est output losses, particularly for thin active regions; however,
for da in excess of about 600 Å (the value used in figure 1) the
effect is rather small.

As regards the current dependence of efficiency, one notes
that above threshold, the injection efficiency value given by
equation (7) does not depend explicitly on current, only on
the temperature. The internal losses αin, and hence the out-
put efficiency ηout = αout/(αin +αout) = αout/α, of the laser
design considered are also virtually independent on current,
since the free carrier absorption by carriers accumulated in
the OCL is negligible as discussed in the Introduction. Hence
the calculated light-current curve of the laser in the quasi-
CW regime (when self-heating can be neglected) is, in the
first approximation, just the textbook straight line with a con-
stant gradient given by the slope efficiency η = ηinηout: Pout ≈

(ℏω/e)ηiηout(i− ith). More accurately, some increase in leak-
age, and hence some saturation of the output curve, can be
expected due to non-pinning of the carrier density at the
threshold value because of gain compression and, for a suffi-
ciently low output facet reflectance values, also because of lon-
gitudinal spatial hole burning. However, these effects will be
significant only at rather high currents. Under true CW opera-
tion, as with almost all semiconductor lasers, the output curve
saturation can be expected to be mainly due to self-heating,
since ηi decreases substantially with temperature (figure 5).

All calculations so far have been performed for a
(fully random) Ga0.5In0.5P AL. To get a better idea of
possible applications, it is interesting to evaluate the possible

4
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Figure 6. The ratio of the leakage to total current and the injection
efficiency as functions of the active layer thickness for different
values of the total cavity loss and the temperature 300 K (a) and
350 K (b).

wavelength range that could be covered by lasers of this
design by varying the AL composition. In principle, this can
be achieved in two different ways. Firstly, it is possible to
vary the fractions of Ga and In in the composition of the
Ga0.5+δIn0.5−δP AL, which results in tensile or compressive
strain in the material depending on the sign of δ [11]. This is
a very useful instrument in designing a QW AL, but for our
bulk, relatively thick, AL design this can potentially result in
defects. Therefore, we have considered an alternative route,
by introducing some aluminium in the material, described
by the formula (AlxGa1−x)0.5In0.5P. This way, the structure is
kept lattice-matched throughout, avoiding the risk of defects.
We have repeated the calculations described above for lasers
with different AL compositions, ensuring different wavelength
operation. In order to ensure that no significant carrier leak-
age occurs into the OCL, the composition of the OCL and the
n-cladding was varied alongside that of the AL, to maintain the
constant barrier height for electrons. The material parameters
for different Al compositions were taken from [11, 12, 21].

The calculated efficiency values are shown in figure 7. For
all compositions, the efficiency increases with increased active

Figure 7. The injection efficiency as function of the active layer
thickness at room temperature (300 K) for different material
compositions. The total cavity loss is fixed at 20 cm−1.

value thickness (and hence decreased threshold carrier density
N th) and saturates for large values of da when N th approaches
the transparency value N tr—the absolute limit to which it can
be reduced, determining a hard limit of the efficiency. Obvi-
ously, the efficiency decreases with the increased aluminium
content and thus decreased operating wavelength, due to the
lowered energy barrier between the AL and the p-cladding. It
can be seen from the figure that, while for small values of the
Al content parameter x, this efficiency decrease is quite gentle,
it becomes relatively steep for x in excess of 0.2 (x = 0.3, not
shown in the figure, results already in unpractically low values
of ηi). Still, the current design should allow the wavelength
range of about 620–660 nm to be covered. While we have
not performed calculations for strained materials, using strain
weak enough to not introduce defectsmay be expected to allow
some additional broadening of this range.

We believe that the current structure is promising because it
brings together several features successfully used previously,
but in different designs. The first of these is the bulk AL, with a
thickness of >∼400 Å, as in [10]. Note that the analysis in [10]
concentrated exclusively on the threshold current; here, it has
been shown that the injection efficiency can also be optimised
by the appropriate design of a bulk AL—indeed, as discussed
above, the bulk AL allows for a high confinement factor, lead-
ing to a relatively low threshold carrier density, which in turn
results in a relatively low value of the quasi Fermi level separ-
ation and hence leakage current, leading to a high injection
efficiency. This advantage, on its own, is not unique to the
proposed design: injection efficiencies approaching one can
also be achieved by QW lasers (see e.g. [7]) if a sufficiently
high confinement factor and hence a relatively low threshold
carrier density/quasi Fermi level separation is achieved. With
the simple QW (1–3 wells) design, this would necessitate a
narrow symmetric waveguide as in [7], figure 1 top). Such a
narrow symmetric waveguide, however, necessarily results in
a substantial overlap with the highly doped p-cladding (and in

5
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the case of a thin p-cladding, also with the GaAs contact layer),
leading to substantial optical losses [7, 8]. Besides, a narrow
waveguide tends to allow only limited beam quality. The cur-
rent design, on the other hand, utilises a broadened wave-
guide but with the additional benefits given by the strongwave-
guide asymmetry and the relatively thick AL. Those include,
firstly, the low optical loss (despite the thin p-cladding, which
is very beneficial in red emitting lasers [8]), secondly, strongly
suppressed inhomogeneous carrier accumulation in the OCL
(which would have been detrimental to injection efficiency
[22, 23]) as already discussed in the Introduction, and, thirdly,
a single, broad mode leading to low beam divergence/high
brightness.

As regards the comparison of the current design with those
QW (or bulk) lasers that employ MQB structures, both have
been predicted to all but eliminate current leakage at room
temperature and strongly suppress it at elevated temperat-
ures, and both are, in principle, compatible with low optical
losses. The potential advantage of the current design is that
it is simple, robust, and avoids the use of multiple heteroint-
erfaces which could lead to additional surface recombination
(hence reduced injection efficiency) and electrical resistance
(hence reduced wall-plug efficiency). In principle, the current
structure can also be combined with a MQB.

Finally, it is worth noting that, although the primary pur-
pose of this paper is analysing the specific design for visible-
emitting lasers, the generalised analysis of leakage current and
its effect on efficiency (equations (6) and (7)) is relatively gen-
eric and holds whenever the leakage current in a semicon-
ductor laser is mainly drift in nature.

Data availability statement
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upon reasonable request from the authors.
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