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Abstract.  This paper presents a 2D model of a high-power semicon-
ductor laser, which takes into account carrier transport across the 
layers of its heterostructure and longitudinal spatial hole burning 
(LSHB), an effect related to the nonuniform gain distribution along 
the cavity axis. We show that the use of the 2D model which takes 
into account carrier transport across the layers of the heterostruc-
ture allows an appreciable contribution of LSHB to saturation of 
light – current characteristics to be demonstrated. The LSHB effect, 
causing a decrease in the output optical power of semiconductor 
lasers, is shown to be stronger at high drive currents and low output 
mirror reflectivities. In the case of high drive currents, the LSHB-
induced drop in power is related to the faster growth of internal 
optical and recombination losses because of the nonuniform current 
density distribution along the cavity axis, such that the highest cur-
rent density can be almost twice the lowest one. LSHB is shown to 
increase the power stored in a Fabry – Perot cavity, which is an 
additional mechanism reducing the output optical power.

Keywords: model of a semiconductor laser, rate equations, carrier 
transport, longitudinal hole burning, laser diode, high-power semi-
conductor lasers, drift-diffusion transport.

1. Introduction

Advanced semiconductor laser power supplies allow one to 
obtain current pulses hundreds of amperes in amplitude and a 
few to hundreds of nanoseconds in duration [1 – 3]. The oper-
ation of high-power semiconductor lasers at such drive cur-
rents is accompanied by insignificant heating of the active 
region, which allows for a substantial increase in peak power 
relative to that in continuous mode [4, 5]. At the same time, 
light – current ( L – I ) characteristics of lasers begin to saturate 
at rather low drive currents [6, 7]. To understand the cause of 
optical power saturation, experimental and theoretical stud-
ies examined a number of mechanisms operative above the 
lasing threshold: growth of internal optical loss [8], nonlinear 
gain saturation and growth of threshold concentration [9], 
two-photon absorption [10], and spatial hole burning along 

the cavity axis [11, 12]. Direct experimental observation of 
how these mechanisms operate during lasing is a rather com-
plex technical issue [8, 9, 13]. In view of this, construction of 
models that describe the operation of semiconductor lasers 
and take into account these mechanisms will allow one to 
optimise laser heterostructure parameters and raise the out-
put optical power.

In the last decade, a number of studies have been aimed at 
constructing such models, including the simplest 1D analyti-
cal models relying on the diffusion mechanism of carrier 
transport in the waveguide layer, which has made it possible 
to assess the effect of drive current on the internal optical loss 
above the lasing threshold [14]. Taking into account 1D car-
rier transport in terms of continuity equations and Poisson’s 
equation helped to more accurately describe carrier accumu-
lation effects [2], and supplementing the transport model with 
an equation characterising carrier heating in an electric field 
provided a more detailed insight into the accumulation effects 
in the presence of a drift current component, which is impor-
tant in examining the behaviour of semiconductor lasers in 
strong electric fields, where the drift velocity is saturated [15].

The next step was models that take into account the laser 
mode field distribution along the cavity axis. The simplest of 
them neglect specific features of carrier transport and allow 
one to determine only a part of the contribution related to the 
nonuniform gain, carrier concentration, and photon density 
distributions along the cavity. For example, as shown in an 
analytical model described previously [16, 17], reflectivity 
asymmetry and the cavity length have a significant effect on 
the effective lasing threshold and, as a consequence, reduce 
laser efficiency. (The effective threshold can be evaluated 
through the carrier distribution in the active region along the 
cavity length and determines the contribution of the nonuni-
formity related to spatial hole burning along the cavity.) 
More complete models that take into account mechanisms of 
carrier accumulation in layers of a heterostructure, carrier 
leakage as a result of transport, the laser mode distribution 
along the cavity, and two-photon absorption were considered 
in Refs [18 – 20], where numerical simulation was performed 
for identical structures, with various commercial software 
packages used completely or partially. Results obtained for 
pulsed pumping demonstrate that a considerable contribu-
tion to output optical power saturation is made by the loss 
due to free charge carriers. To reach agreement with experi-
mental data, it was necessary to take into account leakage and 
longitudinal spatial hole burning (LSHB) [19, 20] or satura-
tion and LSHB [18].

In this work, we model L – I characteristics of high-power 
semiconductor lasers in pulsed mode using a numerical 
steady-state 2D model that takes into account carrier trans-
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port in the heterostructure and effects related to the nonuni-
form photon distribution along the cavity axis, namely, the 
nonuniform carrier concentration, drive current density, opti-
cal loss, and carrier leakage distributions along the cavity 
axis. The L – I characteristics calculated for laser diodes in the 
2D model are compared to results obtained in a 1D model in 
order to demonstrate the key features and applicability condi-
tions of the models under consideration.

2. Description of the model

To calculate light – current and current – voltage ( I – V ) char-
acteristics of laser diodes, we constructed a steady-state model 
in which the band diagram and photon concentration are suc-
cessively calculated at a given voltage, which in turn deter-
mines currents flowing through the instrument. The first part 
of the model is a drift-diffusion model of carrier transport in 
a semiconductor, which comprises continuity equations for 
electron and hole current densities ( jn and jp, respectively) 
and Poisson’s equations. Carrier transport is calculated only 
in the vertical direction x (i.e. in the growth direction of the 
epitaxial structure), in the steady-state approximation. As a 
result, we obtain a 1D steady-state model represented by the 
following equations:
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where n and p are free electron and hole concentrations, 
respectively; y is the electrostatic potential; N d

+  and N a
-  are 

the concentrations of ionised donor and acceptor impurities, 
respectively; R is the recombination rate; q is the elementary 
charge; e is dielectric permittivity; e0 is the electric constant; 
mn and mp are electron and hole mobilities, respectively; and 
Dn and Dp are the electron and hole diffusion coefficients, 
which were calculated through carrier mobilities using 
Einstein’s relations.

The recombination rate R was found as

,R R R R RSRH rad Aug st= + + + 	 (4)

where Rrad, RSRH, and RAug are the radiative, Shockley – 
Read – Hall, and Auger recombination rates, respectively, 
and the stimulated recombination rate Rst is given by

.R D
MG Sst gu w

= 	 (5)

Here, G is the material gain [see Eqn (6)]; S is photon concen-
tration [see (8) and (9)]; ug is the group velocity of photons in 
the cavity; M is the laser mode profile [see (7)]; and w is the 
frequency of light.

To describe lasing, the drift-diffusion system was modi-
fied as follows: In the 1D case, lasing is described by a lumped 
equation, as in an earlier study [17], so the solution can be 
described by a single quantity – photon concentration in the 
waveguide, S – and the functions y(x), n(x) and p(x). In the 
2D case, all the above parameters are functions of the longi-
tudinal coordinate y (along the cavity axis). Neighbouring 
points along the y axis are then only connected through pho-
ton concentration, and longitudinal carrier transport is left 
out of consideration. Such a simplification is not critical 
because, with the problem formulation we use, transport 
along the y axis is in most cases negligible. The shape of the 
optical mode across the layers of the heterostructure was cal-
culated using the wave equation.

The material gain G was calculated using the relation
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where the gain coefficient G0 and transparency concentration 
ntr are characteristics of the active region. Gain model param-
eters were found by fitting experimental material gain data 
for an InGaAs quantum well with l = 1060 nm.

In rate equations, the modal gain g is usually represented 
as the product of the material gain G, dependent on the free 
electron and hole concentration in the active region, and the 
optical confinement factor G , which quantifies the overlap of 
the laser mode with the active region. In calculating vertical 
transport, this approximation is replaced by the relation

dg D MG x1
Xa

= y ,	 (7)

where M is the laser mode profile;  Xa  is the thickness of the 
active region of the laser; and D is a characteristic thickness 
given by

1.dD M x1
Xa

=y

Thus, this relation takes into account the nonuniform elec-
tron and hole distributions in the active region, which can be 
essential in the case of structures with multiple quantum wells 
or a bulk active region.

The rate equations in the 2D model include the functions 
S+( y) and S–( y): concentrations of photons moving in the 
forward and backward directions along the y axis of the cav-
ity. Here S represents the integrated photon concentration 
(along the x axis) in each of the m segments and is thus mea-
sured in inverse square centimetres.
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where aFCA is the free-carrier internal optical loss; L is the 
cavity length; and bsp is the spontaneous emission factor, i.e. 
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the fraction of spontaneous emission in the laser mode. To 
solve the problem, the cavity is divided into m segments and 
S+ and S– are set at their boundaries. As a result, the system 
of differential equations describing transport in the 2D model 
includes equations of the form (1) – (3) for each segment, with 
a total of 3m equations.

The values of S–|y = 0 and S+|y = L corresponding to the 
cavity boundaries and found by solving the system of equa-
tions can be used to calculate the output optical power for 
both mirrors of the laser:

(1 ) ,P hc R DwSAR g y1 0l u= - ;- = 	 (10)

(1 ) .P hc R DwSHR g y L2 l u= - ;+ = 	 (11)

Here RAR and RHR are the reflectivities of the mirrors; hc/l is 
the photon energy (where h is the Planck constant; c is the 
speed of light; and l is the laser wavelength); and w is the 
width of the stripe contact.

In this study, to analyse operation conditions of semicon-
ductor lasers at high drive currents, we examined an asym-
metric heterostructure with a low internal optical loss at the 
lasing threshold, such as are widely used in the fabrication 
of  semiconductor lasers. The heterostructure consisted of 
2-mm-thick AlxGa1 – xAs-based (x = 30 %) heavily doped 
N  and P emitters, a 1.7-mm-thick undoped AlxGa1 – xAs 
(x =  10 %) waveguide, and a 9-nm-thick quantum-confined 
InGaAs active region emitting at 1060 nm and sandwiched 
between 10-nm-thick GaAs spacers. The active region was 
located closer to the P emitter, so that the distance to the 
Р+ layer was 0.65 mm. The parameters characterising carrier 
transport and generation – recombination processes in the 
heterostructure and the design of the laser diodes analysed in 
the 2D model under consideration are given below:

To calculate distributions along the y axis, the cavity 
was divided into 30 segments (m = 30). Thus, the 2D model 
under consideration is represented by a set of 3m equations 
coupled by boundary conditions. In each segment, we solve 
the transport equations (1) – (3), which allow us to find car-
rier distributions in the layers of the heterostructure at vari-
ous drive currents, and the rate equations (6) and (7) for pho-
tons, which determine the stimulated recombination rate Rst, 
appearing in the total recombination rate R in the transport 
equations.

As shown above, the proposed 2D model uses the steady-
state approximation, which can be thought to be valid if 
lasers are pumped by pulses of about 100 ns duration, con-
siderably exceeding the characteristic time of transient pro-
cesses in semiconductor lasers. On the other hand, such a 
pulse duration is insufficient for thermal heating of a laser 
diode, so it can be neglected despite the rather high drive 
current density.

3. Simulation results

Figure 1 shows L – I characteristics calculated in the 2D model 
for lasers at different reflectivities of their output mirror 
(RAR = 0.1 %, 1 %, and 5 %). Also shown for comparison are 
L – I characteristics calculated in the 1D model, which takes 
into account only carrier transport along the x axis and, as a 
consequence, the growth of the internal optical loss and para-
sitic recombination. It is seen from Fig.  1 that taking into 
account longitudinal hole burning has a significant effect on 
calculation results. This primarily manifests itself in that, in 
the 1D model, the increase in output coupling losses as a 
result of a decrease in RAR leads to an increase in peak power 
over the entire range of drive currents under consideration. 
At the same time, calculations in the 2D model show that 
there is an optimal output mirror reflectivity RAR that allows 
the maximum peak emission power at a given drive current to 
be reached and that the case of the minimum reflectivity 
RAR = 0.1 % considered by us is characterised by sharp satu-
ration of the L – I characteristic even in its initial portion and 
by the minimum output optical power (Fig. 1).
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Figure 1.  Light – current curves of laser diodes with output mirror re-
flectivities RAR = 0.1 %, 1 %, and 5 %, calculated using the 2D (solid 
lines) and 1D (dashed lines) models.
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Consider the interrelationship between generation – recom-
bination processes in the 2D model. As described above, in 
the proposed 2D model the cavity is represented as a sequence 
of m segments along the y axis, the same voltage is applied to 
each segment, and transport along the x axis and carrier dis-
tributions in the layers of the heterostructure are calculated 
separately for each segment using the system of transport 
equations (1) – (3). It is seen in this case that the key processes 
which determine the carrier concentration in the active region 
in the ith segment along the y axis of the cavity at a given 
operating voltage are spontaneous and nonradiative recombi-
nation, as well as stimulated recombination, whose rate is 
related by the rate equations (8) and (9) to the optical gain (a 
function of carrier concentration in the active region), losses, 
and stimulated photon concentration. Neighbouring seg-
ments are, in turn, linked through photon concentrations on 
their boundaries, and the difference between the photon con-
centration at the output of the ith segment and that at its 
input is determined by the material gain. It is then clear that it 
is the optical gain and the optical output coupling losses 
which are responsible for the nonuniform photon distribution 
in the cavity, which in turn leads to nonuniform recombina-
tion rate and, as a consequence, nonuniform carrier concen-
tration distributions in the layers of the heterostructure, and 
also to nonuniform current density distributions in all m seg-
ments along the y axis. In other words, even if the same bias 
voltage is applied to each segment, there are nonuniform cur-
rent and concentration distributions along the cavity axis as a 
result of the optical gain and the nonlinear coupling between 
it and the carrier concentration in the active region.

Consider in greater detail the mechanisms in question and 
their effect on the saturation of L – I characteristics. In what 
follows, we analyse dependences and distributions obtained 
for the highest drive current, 150 A. First, we determine the 
optical confinement factor of the laser mode in the ith seg-
ment as the ratio of the number of photons in it to the total 
number of photons in the cavity:

,

S
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i
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0
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=
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/
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where Si is the number of photons in this segment. The iG  
distributions along the y axis in Fig. 2 illustrate how the 
reflectivity asymmetry of the cavity mirrors influences the 
nonuniformity of the photon distribution along the cavity. As 
would be expected, iG  is smallest near the back mirror of the 
cavity ( y = L = 0.30 cm), where the reflectivity of the mirror 
is highest ( RHR = 99 %). Of all the possibilities considered, the 
smallest optical confinement factor at the back mirror, iG  = 
0.006, corresponds to the lowest back mirror reflectivity: 
RAR = 0.1 %. Moreover, the ratio of the iG  at the output mir-
ror ( y = 0) to the iG  at the back mirror rises from 2.3 to 15 as 
RAR decreases from 5 % to 0.1 %.

Another consequence of the decrease in RAR is a consider-
able growth of carrier concentration in the active region near 
the back mirror of the cavity (Fig. 3). At the same time, the 
carrier concentration at the output mirror ( y = 0) is the lowest 
and varies insignificantly.

The photon and charge carrier distributions in the active 
region along the cavity axis have a significant effect on the 
current density distribution. It is seen in Fig. 4 that, in the 

case of the lowest reflectivity RAR = 0.1 %, even the highest 
observed carrier concentration in the active region near the 
back mirror fails to ensure the highest current density in this 
region of the cavity. As mentioned above, current density 
depends on all the recombination processes that occur in the 
segment under consideration. In the case of the lowest reflec-
tivity RAR = 0.1 %, photon concentration near the back mir-
ror is lower than that at other (higher) RAR values, which 
leads to the lowest stimulated recombination rate. The oppo-
site situation occurs at the highest RAR (5 %): spontaneous 
recombination rates are low and the main process is stimu-
lated recombination. As a result, the current density in the 
region of the cavity under consideration varies little. The 
highest current density near the back mirror occurs at the 
intermediate reflectivity RAR = 1 %, which is due to the suffi-
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Figure 2.  Optical confinement factor ( iG ) distributions along the cavity 
axis at output mirror reflectivities RAR = 0.1 %, 1 %, and 5 % and a drive 
current of 150 A.
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Figure 3.  Hole concentration distributions along the cavity axis at out-
put mirror reflectivities RAR = 0.1 %, 1 %, and 5 % and a drive current of 
150 A.
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ciently large contribution of both spontaneous and stimu-
lated recombination. A characteristic feature of the obtained 
current density distributions along the cavity axis is the rather 
sharp transition from the high current density region to the 
low current density region in the case of the low output mirror 
reflectivities (0.1 % and 1 %) (Fig. 4), which reproduces key 
features of the carrier concentration distributions in the active 
region (Fig. 3). Moreover, in lasers differing in RAR, the cur-
rent density near the output mirror, where a defining contri-
bution is made by the stimulated recombination rate, is deter-
mined by photon concentration [Eqn (8), Figs 1, 4].

The above data make it possible to analyse the material 
and modal internal optical loss distributions along the cavity 
axis (Fig. 5). In the model under consideration, the material 
internal optical loss in the ith segment is completely deter-
mined by free-carrier absorption (ai = aFCA i ). In each seg-
ment, aFCA i is determined by the overlap integral between the 
local carrier concentration distributions in the layers of the 
heterostructure, which depend on the doping level or flowing 
current, and the field distribution of the laser mode M formed 
by the transverse waveguide of the heterostructure. It is quite 
natural that the largest optical loss corresponds to the region 
near the back mirror (Fig. 5a) because it is this region which 
has the highest carrier concentration in the active region 
(Fig. 3) and the highest local current density (Fig. 4) (in the 
case RAR = 0.1 %, the highest current density is shifted to the 
central region of the cavity, but it is only slightly higher than 
the current density near the back mirror). It is important to 
note here that the large optical loss is due to not only the loss 
in the active region but the loss in the waveguide layers 
because of the free-carrier accumulation as a result of the 
flowing current and carrier delocalisation from the active 
region. Near the output mirror, the material internal optical 
loss varies rather little with RAR (3.6 – 4.4 cm–1) and has the 
lowest value at RAR = 0.1 %, suggesting that a defining contri-
bution is made by the waveguiding loss, related to carrier 
transport (Fig.  5a).

To evaluate the contribution of the modal loss to the 
emitted power, we represent the modal internal optical loss 
aFCA, mod as

,, ,mod modFCA FCA i
i

m

0

a a=
=

/ 	 (13a)

,, modFCA FCAi i ia a G= 	 (13b)

where aFCA, mod i is the modal optical loss in the ith segment. 
The calculated aFCA, mod i distributions along the cavity axis 
are presented in Fig. 5b. It is seen that the large material opti-
cal loss at the back mirror (Fig. 5a) is compensated for by the 
small number of photons, as evidenced by the small optical 
confinement factor iG  in this part of the cavity (Fig. 2), which 
eventually determines the low level of modal internal optical 
losses. It is worth noting that, in the general case, a decrease 
in output mirror reflectivity can lead to the formation of 
rather complex aFCA, mod i distributions along the cavity, with 
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Figure 4.  Current density distributions along the cavity axis at output 
mirror reflectivities RAR = 0.1 %, 1 %, and 5 % and a drive current of 
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local minima and maxima in the interior of the cavity (Fig. 5b, 
RAR = 0.1 % and 1 %). The calculated modal internal optical 
loss aFCA, mod is 8.84 cm–1 at RAR = 0.1 %, 5.06 cm–1 at RAR = 
1 %, and 4.77 cm–1 at RAR = 5 % (Fig. 5b).

Another important characteristic determining laser effi-
ciency is the internal quantum yield of stimulated recombina-
tion. For the structure under study, it can be defined as the 
ratio of the stimulated recombination current to the total 
drive current. In our case, carrier leakage to the wide band 
gap emitters can be neglected, and the decrease in the internal 
quantum yield at high currents is due to the rise in the rates of 
spontaneous and nonradiative recombination in the active 
region and waveguide, which determine the loss current den-
sity Jloss in the cavity region chosen. Jloss distributions along 
the cavity axis are shown in Fig. 6. As expected, the high-
est Jloss corresponds in all cases to the cavity region near the 
back mirror, where the carrier concentration is highest in 
both the active region (Fig. 3) and waveguide. Moreover, the 
high carrier concentration in the active region and waveguide 
in the case of the lowest output mirror reflectivity (RAR = 
0.1 %) leads to a sharp drop in internal quantum yield, down 
to 54 % (Table 1). This can be thought of as a factor determin-
ing the decrease in total radiant efficiency at high drive cur-
rents and the lowest RAR and treated as an indirect effect of 
LSHB on the radiant efficiency at high drive currents. The 
calculated loss current Iloss is 68.7 (RAR = 0.1 %), 15.5 (1 %), 
and 10.6 A (5%).

In conclusion, let us compare the characteristics of semi-
conductor lasers obtained by calculations in the 1D and 2D 
models at the highest current (150 A) (Table 1). In the general 
case, the output optical power can be determined using the 
relation [21]

( ) ( ) ,P I q
h I Iin d
n h h= 	 (14)

where hv/q is the photon energy; hin(I ) = (I – Iloss)/I is the 
internal quantum efficiency; and hd = am/(am + ain) is the 
slope efficiency (where am = (1/2L)ln[1/(RAR RHR)] ) is the out-

put coupling loss). Calculation in the 1D model suggests that 
the rise in internal optical loss at high drive currents can be 
compensated for and the output peak power can be raised by 
increasing the output coupling loss am due to low output mir-
ror reflectivity (in our case, RAR = 0.1 %). This calculation 
result in the 1D model is due to the use of the approximation 
in which the material gain and current density do not vary 
along the cavity axis. Comparison with the calculation results 
in the 2D model shows that this simplification is only justified 
at sufficiently high output mirror reflectivities (in our case, at 
RAR > 5 %  and a cavity length L = 3 mm), when nonuniformi-
ties of the photon and carrier concentration distributions 
along the cavity axis are insignificant and the differential gain 
is high. In the opposite case, the use of the 1D model leads to 
a considerable overestimation of the output optical power as 
the output mirror reflectivity decreases (i.e. at RAR < 5 % and 
L = 3 mm).

To provide the most detailed insight into all loss mecha-
nisms, the output optical power can be estimated using rela-
tion (14) and parameters calculated in the 2D model (Table 1). 
However, here we cannot use the classic relation for calculat-
ing the output coupling loss am, which was derived for con-
stant gain and current density along the cavity. Because of 
this, we consider an effective output coupling loss am eff  as the 
ratio of the concentration of photons leaving the cavity 
through the front mirror, S–|y = 0(1 – RAR), to the total inte-
grated photon concentration in the cavity:

( )
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0
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=

=

- =

/
	 (15)

The am eff values thus obtained are lower than the am calcu-
lated in the 1D model. The influence of longitudinal hole 
burning can be clearly illustrated by comparing the photon 
distributions along the cavity axis in the 1D and 2D models 
(Fig. 7a). Thus, this effect contributes to not only various 
direct losses but also photon accumulation in the cavity. This 
can be regarded as an additional mechanism of indirect losses, 
which can be expressed through the effective output coupling 
loss am eff. The power P obtained in the 2D model (Fig. 1) and 
the values calculated using (14) and the effective output cou-
pling loss (15) are in reasonable agreement (Fig. 7b).
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Figure 6.  Recombination loss current density distributions along the 
cavity axis at output mirror reflectivities RAR = 0.1 %, 1 %, and 5 % and 
a drive current of 150 A.

Table  1.  Simulation and calculation results for laser parameters in the 
1D and 2D models.

Parameter Model RAR = 0.1 % RAR = 1 % RAR = 5 %

Iloss/A
1D 
2D

12.7 
68.7

11.7 
15.5

11.3 
10.6

aFCA/cm–1 1D 
2D (aFCA, mod)

5.35 
8.84

5.08 
5.06

4.9 
4.77

am/cm–1 1D 
2D (am eff)

11.53 
9.69

7.68 
5.25

5.0 
4.37

hd
1D 
2D* (14)

0.68 
0.52

0.6 
0.50

0.51 
0.48

hin
1D 
2D* (14)

0.91 
0.54

0.92 
0.9

0.92 
0.93

P/W
1D 
2D**

2D* (14)

109 
48.8 
49.7

97 
77.9 
80.1

80.9 
74.7 
78

Note: *, calculation; **, numerical simulation.
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4. Conclusions

The present calculation results demonstrate that LSHB is the 
main cause of the reduced output optical power in high-power 
semiconductor lasers with severe cavity mirror reflectivity 
asymmetry and high output mirror transmission, which can 
show up as both an increase in recombination loss and leak-
age currents and a more pronounced growth of internal opti-
cal loss. This means that, to maximise the peak power at a 
given drive current, one should optimise laser diode parame-
ters (cavity length, reflectivity of the mirrors, optical confine-
ment factor in the active region, and others) in a model that 
takes into account LSHB. The contribution of LSHB to opti-
cal power saturation can only be adequately assessed in a 2D 
model that takes into account carrier transport and carrier 
accumulation in the layers of the heterostructure, as illus-
trated in Fig. 1 and analysed in Section 3. Taking into account 
carrier transport across the layers of the heterostructure dem-

onstrates that LSHB makes an appreciable contribution to 
saturation of light – current characteristics.

The application area of the proposed model is not limited 
to the heterostructure considered in this study. In particular, 
the described 2D model can be used in calculations for lasers 
based on other materials (e.g. on InGaAsP/In) and for struc-
tures with an active region based on a bulk layer or a few 
quantum wells. Further development of the proposed model 
may include the use of a model for the spectral dependence of 
gain based on quantum-mechanical calculations of energy 
levels in a well (kp approximation), with examples in Refs 
[22 – 24]. The use of such a model of gain will enable calcula-
tions with no reference to experimental data for already exist-
ing structures.
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Figure 7.  (a) Photon concentration distributions in the cavity obtained 
in the 1D and 2D models and (b) output optical power distributions 
calculated in the 2D model (black squares and lines) and using relation 
(14) and the values of am eff, aFCA, mod and hin obtained in the 2D model 
(red circles and lines) at different reflectivities RAR.
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