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Optimisation of cavity parameters for lasers
based on AlGalnAsP/InP solid solutions (A = 1470 nm)
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Abstract. We have studied the effect of laser cavity parameters
on the light—current characteristics of lasers based on the
AlGalnAs/GalnAsP/InP solid solution system that emit in the
spectral range 1400—1600 nm. It has been shown that optimisation
of cavity parameters (chip length and front facet reflectivity) allows
one to improve heat removal from the laser, without changing other
laser characteristics. An increase in the maximum output optical
power of the laser by 0.5 W has been demonstrated due to cavity
design optimisation.
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1. Introduction

High-power semiconductor lasers operating in the range
1400-1600 nm are of considerable interest for practical appli-
cation. The low loss in optical fibres at a wavelength of
1550 nm and the fact that laser light in this spectral range is
comparatively safe to the human eye make such devices indis-
pensable in resolving a variety of issues. Lasers based on the
AlGalnAs/GalnAsP/InP solid solution system have already
demonstrated the possibility of operation with considerable
output power [1-8].

Nevertheless, the development of laser nanoheterostruc-
tures and lasers based on this material system that emit in the
above spectral range is a challenging problem because a num-
ber of effects, such as Auger recombination and carrier escape
from the active region, reduce the laser efficiency by virtue of
specific features of the solid solution system and should be
taken into account in designing instruments.

In this paper, we examine the effect of cavity parameters
on the power performance of semiconductor lasers based on
the AlGalnAs/GalnAsP/InP solid solution system. Our main
purpose here is to optimise the cavity parameters for raising
the maximum laser output power.
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2. Experimental samples

For our studies, we fabricated a separate-confinement double
laser heterostructure with a quantum-confined active region
comprising three 50-A-thick InGaAs quantum wells (QWs)
and a narrow AlGalnAs waveguide. The parameters of the
structure are indicated in Table 1. The composition of the
active region was chosen so as to reach a large optical confine-
ment factor in the active region, thereby reducing the thresh-
old carrier concentration and, as a consequence, suppressing
Auger recombination in the QWs. The QW thickness was
such that a single quantisation level was present in the con-
duction band.

Table 1. Parameters of the laser heterostructure.

Thick- Absorption Dopant type

Layer ness/um Material edge wave-  and concentra-
H length/um  tion/cm™

Substrate 350 InP - n, 3x 108

Buffer 0.15 InP - n, 3x 1018

Waveguide 0.57 AlGalnAs 1.1

Quantum well  0.005 InGaAs 1.47

Barrier 0.01 AlGalnAs 1.1

Quantum well 0.005 InGaAs 1.47 Undoped

Barrier 0.01 AlGalnAs 1.1

Quantum well  0.005 InGaAs 1.47

Waveguide 0.28 AlGalnAs 1.1

p-Emitter 1.1 InP - p. 4x 107

Contact 0.23 GalnAsP  1.45 p, 6x10'8

The emitters and waveguide were made from AlGalnAs
because this material allows thermal carrier escape from the
active region to the waveguide to be suppressed. This is due to
the fact that a typical magnitude of electron confinement in a
QW (AE,) that ensures lasing in the spectral range 1300
1800 nm in AlGalnAs/InP-based heterostructures is approxi-
mately twice that in the InGaAsP/InP system [9, 10]. The
waveguide thickness and geometry chosen ensured funda-
mental transverse mode lasing.

Semiconductor lasers were fabricated using a standard
shallow mesa etching process, with a stripe contact width of
100 um. The active-element design chosen minimised the ther-
mal resistance of the lasers. The lasers were investigated using
relatively low pump current amplitudes (under 10 A), at
which carrier spreading had no effect on their characteristics.
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The lasers differed in cavity length and end facet reflec-
tivities.

3. Analysis of laser operation modes at different
cavity parameters

Lasers based on the AllnGaAs/GalnAsP/InP solid solution
system, which emit in the spectral range 1400-1600 nm, are
known to have higher internal optical losses in comparison
with AllnGaAs/GaAs shorter wavelength lasers. The internal
optical loss and the internal quantum efficiency of stimulated
emission at the lasing threshold were determined using stan-
dard light-current (L—7) measurements on lasers differing in
cavity length, with naturally cleaved end facets as mirrors,
and were found to be 5.7 cm™! and 93 %, respectively. In addi-
tion, we determined the threshold current density as a func-
tion of total optical loss for the same samples.

To maintain high external differential quantum efficiency
of a laser at a high level of internal optical losses, one should
increase the useful loss, e.g. by reducing the length of the laser
chip. This technological solution is, however, nonoptimal
because it leads to an increase in current density in the sam-
ple, impairs heat dissipation and lowers the thermal stability
of the laser threshold current. Moreover, increasing the total
loss in the laser leads to an increase in threshold carrier con-
centration and, hence, in Auger recombination rate in the
active region.

Another possible way of increasing the useful loss in the
cavity is by using a highly antireflective output mirror. As
shown earlier [11], reducing the reflectivity of both facets of a
pulsed laser to 5% allows the linearity of its LI characteris-
tic to be improved.

With the advent of the possibility of utilising high-quality
AIN coatings that ensure very low reflectivity (down to 0.2 %)
[12], the laser cavity length can be increased without reducing
the external optical loss and, hence, the external differential
quantum efficiency.

In the simplest case, the cavity parameters of a laser emit-
ting in the spectral range 1400—1600 nm and having a highly
antireflective output mirror can be optimised as follows. As
shown by L—I measurements on samples differing in length
and having naturally cleaved end facets as mirrors, the high-
est maximum output power and, accordingly, the lowest satu-
ration of the L—1 characteristic are offered by the lasers with
a cavity length of 2 and 2.5 mm. The lasers with a longer cav-
ity have a lower external quantum yield of stimulated emis-
sion, and the lasers with a shorter cavity show strong satura-
tion of their L—1 characteristic, due to the high carrier con-
centration in their active region and, hence, to fast Auger
recombination. When a low-reflectivity end facet is used, it is
reasonable to increase the cavity length in order to maintain
the same external optical loss as in the lasers 2—2.5 mm long.
This will allow the threshold carrier concentration not to be
increased and the external differential quantum efficiency not
to be reduced.

The external optical loss a,, can be evaluated by the well-
known formula

D N
Om = 2Lln<R1R2>’ (1)

where L is the length of the laser cavity, and R; and R, are the
front (output) and rear facet reflectivities, respectively.
According to (1), the average external optical loss in the lasers
with a cavity length from 2 to 2.5 mm and naturally cleaved

end facets as mirrors is 5.5 cm™!. This value will be thought of
as optimal for the heterostructure under consideration, with
its inherent internal optical loss, Auger recombination and
carrier delocalisation from the active region.

Figure 1 shows the external optical loss as a function of
front facet reflectivity at different laser cavity lengths. The use
of a low-reflectivity output facet allows the laser cavity length
to be increased without increasing the external optical loss.
An antireflective coating with reflectivity under 0.5% allows
the laser cavity length to be increased to 5 mm, which will
ensure a twofold increase in chip cooling efficiency.

External optical loss/cm !

0 1 2 3 4 5
Front facet reflectivity (%)

Figure 1. External optical loss as a function of front facet reflectivity
for lasers with a cavity length of (1) 2.5,(2) 3,(3) 3.5,(4)4,(5)4.5and
(6) 5 mm. The dashed line represents the experimentally determined
optimal external optical loss (5.5 cm™); 1 = 1.47 um.

Unfortunately, because of the nonuniform photon density
and carrier concentration distributions along the cavity axis
in the case of the low reflectivity of the laser output facet, the
carrier concentration profile is severely distorted. Near the
high-reflectivity facet, the carrier concentration increases,
accelerating the Auger recombination process and leading to
carrier escape from the active region, especially at elevated
laser temperatures.

To determine the carrier concentration distribution along
the cavity axis, we took advantage of the rate equations used
previously for AlGaAs/GaAs/InGaAs lasers [11]. In this
study, the model was modified to adjust it to AlGalnAs/
GalnAsP/InP lasers. To take into account Auger recombina-
tion, the term R (n?Y)? was included in the carrier balance
equation:

dn J
HT(Z) = eZW — B(n?)?
- B () 1 5] - Ran™)', 2)

where n2W is the three-dimensional carrier concentration in
the quantum wells (the carrier concentration is thought to be
the same in the three QWs); z is a coordinate along the longi-
tudinal cavity axis; ¢ is time; 7 is the fraction of charge carriers
that reach the active region; J is the pump current density; e is
the electron charge; d 2% is the total thickness of the QWs in
the active region; B is the radiative recombination coefficient;



Optimisation of cavity parameters for lasers based on AlGalnAsP/InP

881

R, is the Auger recombination coefficient; ¢ is the speed of
light in vacuum; ¢ is the relative dielectric permittivity of the
waveguide in the laser; g(z) is the coordinate-dependent
modal gain coefficient; I"is the optical confinement factor for
radiation in the active region; and S*(z) and S~(z) are the
photon densities in the counterpropagating flows. The total
photon density at any point in the cavity is the sum of these
two densities.

The dependence of the modal gain on the carrier concen-
tration in the active region was taken into account as previ-
ously [11] and was corrected using experimental data on the
threshold current density as a function of laser cavity length.

The radiative recombination coefficient B,p for the QWs
in the heterostructure under consideration was evaluated
as [13]

2

- ®

_4 _n
B = 3mave kT

where E is the band gap energy corrected for size quantisa-
tion; a = e*/(fic) is the fine-structure constant; / is the Planck
constant; kg is the Boltzmann constant; 7 is the temperature
in the active region; m, is the conduction band electron mass;
myy, 1s the heavy hole mass in the valence band;

_ h(i_i)Eg(Eg"‘A) )
me ) E;+ 2A/3

is the Kane parameter, determined using a formula from
Ref. [13]; A is the spin—orbit splitting energy; and E, is the
band gap energy of the QWs.

The Auger recombination process was examined in a 3D
layer approximation. The dominant mechanism in Ga,In;_.As
solid solutions is Auger recombination involving the
spin—orbit split-off valence band (CHHS process) [14].
According to Gel'mont et al. [15], the Auger recombination
coefficient for the CHHS process is given by

_ 18me*mh’(E, + A)’

R 1), ()
A e mummioE,;
where
ﬂ — 2’”50 Eg -A Egz . (6)
mp T (Eg+ A)(3E, — 24A)°

mgg 1s the hole effective mass in the spin—orbit split-off band;
and the function 1(B) is represented in Fig. 2.
Forf = 10, (5) transforms into the asymptotic expression

216V 2 PR e m(Ey + A)? (,8)
= X 5 )

Rp =
szmhhméoEg \/B

Calculation of temperature-dependent R, with consider-
ation for the temperature variation of parameters of the
InGaAs quantum well material indicates that the Auger
recombination coefficient of this solid solution is a weak
function of temperature, so its temperature variation can be
left out of account.

The main purpose of the calculation was to optimise the
laser cavity design with consideration for the nonuniform car-
rier concentration distribution. To avoid the necessity of tak-
ing into account the effect of temperature on laser processes,
and in order not to include the heat equation in the starting
system, the calculation was performed for pump currents no

(N
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Figure 2. [(f) curve for calculation of the Auger recombination coeffi-
cient for the process involving the spin—orbit split-off band.

higher than three times the threshold value. At such pump
currents, the L—1 characteristic of lasers having both of their
end facets naturally cleaved did not deviate from linearity.
The Auger recombination and radiative recombination coef-
ficients, as well as carrier escape from the active region, can
then be considered temperature-independent.

The L1 characteristic was calculated for lasers differing
in cavity parameters. The rear facet reflectivity was taken to
be 95% in all cases. The front facet reflectivity for a cavity of
particular length was determined using Fig. 1. The calculation
results are presented in Fig. 3.

It is seen in Fig. 3a that, at low pump currents, all of the
LTI curves are almost parallel, as would be expected in the
case of roughly equal external optical losses. With increasing
pump current, however, the curves diverge: at low front facet
reflectivity (Ry < 1%) [curves (5), (6)], the L—1I characteristic
of the laser saturates, even though the model does not take
into account the increase in the temperature of the active
region or in the internal optical loss with pump current. At
the same time, the L—1 characteristics of the lasers with R, >
1% [curves (1)—(3)] show no significant saturation.

It follows from the present results that, as the nonunifor-
mity of the carrier concentration distribution along the cavity
axis increases, the Auger recombination process in the region
of the maximum concentration is so active that even a slight
change in carrier concentration with increasing pump current
leads to a considerable increase in Auger recombination rate
and, as a consequence, to saturation of the L—7 characteristic.

Figure 3b shows the output optical power as a function of
pump current density. The pump current density determines
the temperature of the active region, the Auger recombina-
tion coefficient and carrier escape. It is for this reason that we
endeavour to obtain high output optical power at low current
density by increasing the cavity length. It is, however, seen
from Fig. 3b that a proportional increase in cavity length and
decrease in front facet reflectivity do not lead to a propor-
tional increase in output optical power at a given current den-
sity. By contrast, because of the saturation, a decrease in front
facet reflectivity and increase in cavity length lead to a pro-
gressively smaller increase in power.

Thus, the nonuniform carrier concentration distribution
in the cavity of a semiconductor laser reduces the positive
effect of an increase in cavity length and decrease in front
facet reflectivity.
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Figure 3. Calculated output power as a function of (a) pump current
and (b) pump current density for lasers with the following cavity param-
eters: (/) L=2.5mm, Ry =5%; (2)3mm, 3.5%; (3) 3.5 mm, 2%; (4)
4mm, 1%; (5) 4.5 mm, 0.75%; (6) 5 mm, 0.5%; A = 1.47 um.

4. Experimental study of the laser
with the optimal cavity design

Analysis of Fig. 3 led us to choose the following cavity param-
eters: L =4 mm and R; = 1% [curves (4)]. According to cal-
culations, the length of such a cavity provides certain advan-
tages in terms of heat dissipation, without saturation of its
L—1 characteristic.

For comparison, we fabricated lasers with L = 2620 pum,
R, =5%and R, =95% and ones with L = 3900 um, R; = 1%
and R, = 95%. Their power characteristics were measured in
continuous mode. Figure 4 shows their experimentally deter-
mined L—1 curves. It is seen that, by optimising cavity param-
eters (a longer cavity length and lower front facet reflectivity),
we were able to raise the maximum output optical power by
0.5 W due to better thermal conditions of laser operation.

5. Conclusions

It has been shown that optimisation of cavity parameters
makes it possible to increase the pump current of a semicon-
ductor laser emitting in the spectral range 1400—1600 nm,
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Figure 4. Experimentally determined light—current curves of cw lasers
with the following cavity parameters: (/) L = 3900 um, R; = 1%, R, =
95%; (2) 2620 um, 5%, 95%;A = 1.47 pm.

without changing other laser characteristics. This allows one
to raise the maximum output optical power of the laser, with
no saturation of its light—current characteristic.

The possible increase in chip length and decrease in front
facet reflectivity are limited by the formation of a nonuniform
carrier distribution in the active region of the laser, which
increases the Auger recombination rate, promotes carrier
escape from the active region and leads to additional satura-
tion of the L—1I characteristic. For lasers based on the hetero-
structure studied, the optimal front facet reflectivity is near
1% at a cavity length of ~4 mm. This optimisation of the cav-
ity parameters allowed the maximum output optical power of
the laser operating in continuous mode to be increased by
0.5W.
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