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Abstract.  The power characteristics of lasers with a quantum-well 
(QW) waveguide are calculated based on a complex model taking 
into account the diffusion and drift of charge carriers, capture of 
electrons and holes at the QW levels, spatial distribution of radiation 
in the cavity, intraband absorption, and heating of the active region. 
Structures with doped blocking barrier layers are proposed, which 
allow one to decrease leakage currents to a few percent. The calcu-
lated average output power of a laser based on the GaInAs/GaAs 
QW heterostructure (aperture 100 mm) with a QW waveguide and 
a GaAsP doped blocking layer in a pulsed regime was 29 W at 80-A 
current pulses with a duration of 5 ms.

Keywords: power characteristics, QW waveguide, potential barri-
ers, diffusion-drift model, intraband absorption, leakage currents, 
active region heating.

1. Introduction

The use of a wide dielectric waveguide in high-power semi-
conductor lasers makes it possible to decrease the load on the 
mirrors and reduce optical losses [1, 2]. Waveguides in quan-
tum-well (QW) lasers are formed using the difference in the 
refractive indices of the QW material and the surrounding 
semiconductor. These lasers are developed based, for example, 
on InGaAs/InP [3], GaAsSb/GaAs [4], and InGaAs/GaAs [5] 
systems. In contrast to ultrawide waveguides, the problem 
of mode selection in QW waveguides is less pronounced 
because the optical confinement factor for the zero mode 
localised near the QW is larger than for modes localised 
between the doped regions (Fig. 1). The main advantage of 
weak waveguides is a narrower (15 – 20°) directional pat-
tern [3, 5].

One of the factors limiting the output power of lasers with 
QW waveguides are high leakage currents due to the absence 

of wide-gap emitters [6]. An effective method to restrict the 
current and control nonuniform excitation of laser hetero-
structures is the use of doped wide-gap layers [7 – 9]. For these 
purposes, it would be preferable to use an undoped hetero-
structure, which forms a barrier mainly in the conduction 
band and does not increase internal losses, as it takes place in 
the case of doping. However, studies [10, 11] revealed a low 
efficiency of an Al0.42Ga0.38In0.2As layer, which forms a 
78-meV barrier for electrons.

In the present work, we propose structures with a QW 
waveguide with additional doped wide-gap barrier layers 
blocking leakage of charge carriers and model the power 
characteristics of these lasers. The problem of using wide-gap 
layers with a lower refractive index is that they cause an anti-
waveguide effect and may lead to disappearance of the weak 
waveguide.

2. Theoretical model of the laser

The power characteristics were calculated based on a two-
dimensional spatial model of the laser. We analysed the distri-
bution of charge carriers, the laser mode intensities, and the 
temperatures along the cavity axis ( x axis) and along the nor-
mal to the plane of the layers ( z axis, Fig. 1).

The band diagrams and electrophysical characteristics 
were calculated based on the distributed diffusion-drift model 
[6], in which the spontaneous recombination rates and the 
gain coefficients were calculated within the direct-transition 
model taking into account the spectral broadening effect. The 
free-carrier absorption coefficient was assumed to be propor-
tional to the concentration of electrons and holes with allow-
ance for the radiation intensity distribution in the waveguide. 
The radiation power distribution along the cavity was found 
from the Bouguer equation for the forward and backward 
waves taking into account the reflectances from the cavity 
faces. The functional dependences of the gain and free-carrier 
absorption coefficients on the local photon density and tem-
perature were found using a biquadratic interpolation by nine 
values of these parameters calculated based on the diffusion-
drift model for different temperatures and internal-loss coef-
ficients at a given pump current density.

The change in the active layer temperature T – T0 after 
switching on the pump current pulse with duration t was 
found using the Green function formalism as

( , ) ( ) ( , )dT t x T G w t xc heat
t

0
0

t t t- = -y

	 ( ) ( , )dG j t xs
t 2

0
t t t+ -y .	 (1)
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Here, Gc(t) and Gs(t) are the Green functions for heat sources 
in the central part of the heterostructure and outside it (for 
Joule heating);

wheat(t, x) = j(t, x)U(t, x) 

	 – ugr[g(t, x) – rint(t, x)]S(t, x)hw(t)	 (2)

is the power of heat sources in the central part of the hetero-
structure per unit area; j(t, x) and U(t, x) are the current den-
sity and voltage at the central part of the structure; g(t, x) is 
the mode gain; rint(t, x) is the internal loss coefficient; hw(t) is 
the laser mode photon energy; S(t, x) is the two-dimensional 
photon density; and ugr is the group velocity of light in the 
waveguide.

The Green functions Gc(t) and Gs(t) for the temperatures 
of the active layers were found from the numerical solution of 
the one-dimensional (along the z axis) thermal conductivity 
equation taking into account the corresponding localisation 
of heat sources for the structure including all the epitaxial lay-
ers, substrate, solder, and heat sink. Heat transfer along the 
cavity ( x axes) was not taken into account. This approach is 
based on the fact that the effective distance at which heat is 
transferred from a point source in GaAs during the pulse 
duration t = 5 ms is ~ 2ct  = 22 mm ( c is the thermal diffusiv-
ity). This distance is many times larger than the active region 
thickness, but is much shorter than the substrate and heat 
sink thicknesses and the cavity length.

For numerical calculations, we used the band structure 
parameters and the charge carrier mobilities with allowance 
for their temperature dependences from [12, 13]. The absorp-

tion cross sections for electrons and holes (5 ´ 10–18 and 
10–17  cm2, respectively) were extrapolated form the experi-
mental data [14, 15]. The gain and spontaneous emission 
spectra were found within a model with the wave vector selec-
tion rule [16]. The refractive index was determined by the 
experimental data of [17] taking into account the contribution 
from free charge carriers [3] and interband transitions [18].

To test the physical model and the material parameters, 
we calculated the structure described in [5]. Good agreement 
with experimental data was obtained for the directional pat-
tern, threshold current, output power, and internal loss coef-
ficient. The calculated leakages were 30 % – 40 % depending 
on the pump current, which also correlates with the internal 
quantum yield of stimulated emission estimated in the work 
(70 %).

3. Laser structure design

The first studied structure, as well as all the other structures, 
consisted of waveguiding layers, formed by six undoped 
In0.32Ga0.68As QWs 6 nm wide, and GaAs cladding layers 
5.6 mm thick doped with p- and n-type impurities with a con-
centration of 2 ́  1017 cm–3 (Figs 1 and 2a). The concentration 
of the n-type dopant in the substrate was 1018 cm–3. A p+-
GaAs layer with a dopant concentration of 1019 cm–3 was 
positioned between the p-type cladding layer and a metal con-
tact. As a barrier layer blocking the electron leakage in the 
second structure (Figs 1 and 2b), we additionally used a 
20-nm-thick GaAs layer with an acceptor concentration of 
2 ´ 1019 cm–3. To increase the potential barrier in the third 
structure (Figs 1 and 2c), the central part of the doped block-
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Figure 1.  Distributions of mode intensities of laser structures (bottom) with corresponding refractive index profiles (top).
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Figure 2.  Band diagrams of the central part of laser structures with (a) QW waveguide, (b) doped blocking layer, and (c) doped blocking hetero-
layer at a current of 125 A and a temperature of 350 K; Fn and Fp are the quasi-Fermi levels for electrons and holes.
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ing layer 10 nm thick was made of GaAs0.9P0.1, which has a 
wider band gap (Table 1). The reflectances of the mirrors 
were taken to be 95 % and 5 %; the laser chip length and width 
were 4 mm and 100 mm, respectively. The calculated laser 
wavelength was 1.05 mm.

4. Calculation results

For lasers with QW waveguides, it is very important to cor-
rectly calculate the refractive index. In the present work, the 
refractive index was calculated based on the Adachi model 
[17] modified for quantum-confinement layers. The near-edge 
absorption contribution was taken into account using the 
Kramers – Kronig relation. The calculations show that, tak-
ing into account the quantum-confinement nature of absorp-
tion in a QW, the refractive index in it is lower than in a bulk 
semiconductor, which is explained by a lower density of states 
in QW layers and by a shift of the states to higher energies.

The optical confinement factor in the analysed structures 
(Figs 2a – 2c) was, respectively, 0.0018, 0.0015, and 0.0013 per 
QW. It should be noted that an important feature in a weak 
waveguide is the dependence of the refractive index on the 
concentration of electrons and holes in the structure. A higher 
doping of the substrate and the p+-GaAs contact layer leads 
to additional optical confinement. For example, without tak-
ing this effect into account, the optical confinement factor in 
the first structure is 0.0016.

As is seen from the energy band diagrams in Fig. 2, the 
potential barrier near a QW lowers the quasi-Fermi levels for 
electrons Fn and decreases the leakage currents. The barrier 
height can be controlled either by changing the doping level 
or by adding a layer of a wide-gap material. The potential 
barriers for the second and third structures at a temperature 
of 350 K were 150 (Fig. 2b) and 230 meV (Fig. 2c). In both 
cases, one observes a weakening of the waveguide (due to 
doping and the presence of a wide-gap material with a lower 
refractive index). Numerical calculation showed that, in the 
case of using a GaAs1 – xPx barrier, the optimum phosphorus 
concentration is 10 %.

The laser characteristics were calculated for pumping by 
rectangular current pulses with a duration of 5 ms. Due to dif-
ferent reflectances of the mirrors, the radiation power distri-
bution along the cavity is strongly inhomogeneous, which 
affects the longitudinal dependences of the internal loss coef-
ficient and temperature (Fig. 3). Due to heating of the laser 
diode during the pulse action, the radiation power decreases 
and the internal loss coefficient increases. The dependences 
shown in Fig. 4 are averaged over the pulse duration.

At an injection current of about 10 A, the leakage currents 
in the structure without barrier layers are about 35 %, which 
corresponds to the internal quantum yield of stimulated emis-
sion close to the yield measured for a structure with a similar 
design (70 %) [5] (Fig. 4). The introduction of a blocking layer 
leads to a considerable decrease in electron leakage currents, 

Table  1.  Parameters of a laser structure with a doped heterobarrier.

Layer number Layer type Layer thickness/nm Doping Layer material

1 Contact 150 1019 GaAs, p-type

2 Waveguide 5630 2 ´ 1017 GaAs, p-type

3 Barrier 5 2 ´ 1019 GaAs, p-type

4 Barrier 10 2 ´ 1019 GaAs0.9P0.1, p-type

5 Barrier 5 2 ´ 1019 GaAs, p-type

6 Spacer 50 – GaAs, undoped

7 QW 6 – In0.32Ga0,68As, undoped

8 Spacer 30 – GaAs, undoped

. . . pairs of layers 7 and 8 (QW + spacer)

18 Spacer 20 – GaAs, undoped

19 Waveguide 5650 2 ´ 1017 GaAs, n-type

20 Substrate 150000 1018 GaAs, n-type
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Figure 3.  Space – time dependences of (a) laser power P, (b) free-carrier absorption coefficient afca, and (c) active region temperature T for a struc-
ture with doped blocking heterolayers at a current of 90 A. Curves ( 1, 2 . . . , 6 ) correspond to time instants of 0, 1, . . . , 5 ms.
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namely, from 69 % at a current of 80 A for ordinary QW 
lasers to 5 % for lasers with a doped blocking heterolayer. In 
this case, due to doping of the blocking layer, the free-carrier 
absorption coefficient increases approximately by 1 cm–1, but 
still remains rather low. A decrease in the leakage currents 
allows an increase in the maximum laser power. At a current 
of 80 A, the calculated average power of a laser with a doped 
blocking heterolayer increases by a factor of 2.5 and may 
reach 29 W. This is comparable with the characteristics of 
high-power leaky-mode lasers [19]. The calculations were per-
formed for the optimum cavity length L = 4 mm, at which the 
internal losses at the maximum power are close to the external 
cavity losses (3.8 cm–1). The doping level of the cladding lay-
ers (2 ´ 1017 cm–3) is also optimal for obtaining the maximum 
power. An increase in doping leads to an increase in the inter-
nal losses, while the ohmic resistance and the active region 
heating increase with deceasing doping.

The existence of potential barriers almost does not affect 
the temperature of the active region of the structure shown in 
Fig. 2c. A decrease in heating of the structure due to the 
extraction of a higher radiation power [formula (2)] competes 
with an increase in the voltage at the structure (see Fig. 2) 
caused by an increase in the effective ohmic resistance with 
decreasing electron leakage currents. The calculated maxi-
mum voltage difference was 0.3 V at a current of 125 A. The 
series resistance of the structure layers was 0.026 – 0.029 W 
(Fig. 4a).

As is seen from Fig. 4d, the calculated fraction of hole 
leakage currents at a current of 80 A is 6 %. To efficiently 
block the hole transport, it is necessary to form barriers in the 

valence band similar to the barriers in the conduction band. 
To prevent deterioration of the waveguiding properties, one 
could decrease barriers in the conduction band, but this is 
unreasonable because the electron leakage currents are domi-
nant. Calculations showed that the existence of a 72-meV bar-
rier in the valence band (doping with donors with a concen-
tration of 2 ´ 1018 cm–3) almost does not decrease the hole 
leakage.

It should be noted that the introduction of blocking layer 
leads to a nonuniform distribution of electrons in waveguid-
ing layers before and after the QW. Therefore, due to the 
dependence of the refractive index on the charge carrier con-
centration, which is more pronounced for electrons than for 
holes, the waveguide symmetry is disturbed (see Fig. 1), the 
mode begins to localise mainly on the p-emitter side, and the 
directional pattern width increases with increasing pump cur-
rent. At the same time, estimates show that the directional 
pattern width at half power in the plane perpendicular to the 
p – n junction remains small (does not exceed 10°).

Thus, in the present work we have developed a numerical 
model of a semiconductor injection laser, which additionally 
takes into account the free-carrier absorption, heating of the 
structure, spatial distribution of laser radiation in the cavity, 
and the effect of size quantisation on the refractive index of 
QW layers. Laser structures with a QW waveguide are anal-
ysed based on the developed model. It is shown that the intro-
duction of a doped blocking layer (in particular, a hetero-
layer) makes it possible to form an efficient potential barrier 
for minority charge carriers, decrease leakage currents, and 
increase the laser power. According to calculations, the aver-
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age power of a laser (with an aperture of 100 mm) based on a 
GaInAs/GaAs QW heterostructure with a QW waveguide 
and a GaAsP blocking layer may reach 29 W at a current of 
80 A and a pump pulse duration of 5 ms. The directional pat-
tern width in the plane perpendicular to the p – n junction is 
estimated to be no larger than 10°.
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