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INTRODUCTION

Studies focused on constructing high�power (at
least 0.5 W) injection laser diodes (LDs) are now
underway [1–4]. The record radiation power of LDs is
20–22 W from a single crystal. However, these record
values were determined in very brief measurements.
High power values are obtained using QW laser diodes
with an expanded asymmetric waveguide and a strip
contact. While strip contacts with widths of 3–10 µm
are used in low�power lasers, high�power lasers with
high pump currents require that we extend the contact
width to 100–200 µm.

Using a strip contact with a width of 100–200 µm
(which is needed to increase the LD’s radiation
power) results in independent generation channels
and possibly several lateral modes in each channel [5].
This is due primarily to the spatial burning of carriers
and nonlinear refraction in the active LD layer. The
inhomogeneities of optical density and the amplifica�
tion of the active laser medium caused by the spatial
burning of nonequilibrium carriers produce self�
focusing radiation filaments. Nonphased radiation
channels emerge in LDs with wide contacts due to the
lateral inhomogeneity of the structure and because the
length of induced radiation coherence in semiconduc�
tor lasers is short (1–3 cm). The number of generation
channels depends directly on the length of nonequilib�
rium carrier diffusion in the active LD layer. The LD
degradation caused by an increase in the number of
defects along dislocations in a strained semiconductor
structure changes the length of diffusion and thus
alters the profile and number of generation channels
[5]. The frequency spectrum of LD radiation is filled
with a greater number of overlapping lines. If an LD

has a complex wide frequency spectrum at the initial
stage of operation, the service life of this LD will surely
be shorter than that of an LD with clearly defined
spectral lines.

Experimental data and a technique for calculating
the near field are presented below. The influence of
degradation on the spectra, polarization, and near�
field distribution of high�power LDs is also discussed.

EXPERIMENTAL RESULTS

In this work, we used a high�power (0.5–1 W) LD based
on an Al0.27Ga0.73As/In0.26Ga0.74As0.47P0.53/In0.14Ga0.86As
heterostructure with an In0.14Ga0.86As quantum well
(12 nm), a fine mesostructure with an active region
width of 100 µm, and an expanded 1000�µm�long
waveguide (2�µm�thick) [1]. The threshold LD cur�
rent was Ith = 400 mA.

Laser degradation increased the number of genera�
tion channels and the inhomogeneity of radiation
along the lateral YZ plane. This is seen clearly in
Fig. 1, which shows the radiation pattern (RP) of an
LD detected on a plane screen with a fluorescent mate�
rial. The LD had accumulated (a) 30 or (b) 100 service
hours.

The radiation spectra were measured in isolated
RP spots of an LD at different pump currents for two
radiation polarizations: one in the central and one in
the side spot. Analysis of the spectra in the central RP
spot at different pump currents (Fig. 2a) showed that
(i) a dominant generation channel at the zero trans�
verse mode (965.1 nm) with self�modulation at a fre�
quency of about 110 GHz (central group of equidis�
tant lines), (ii) a channel with lower brightness at
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963.8 nm with self�modulation at 10 GHz (left group
of lines), and (iii) a dim channel close to the lasing
threshold (965.9 nm) were present in the LD radia�
tion. At higher currents (650 and 900 mA), a beats
regime and then chaos are observed in the spectra. The
last two diagrams in Fig. 2a (1150 and 1350 mA) show
that generation reverts to the beats regime, and the
fourth and the fifth channels of CW generation at the
zero mode (967.1 and 963.8 nm) are visible.

Spectral dependences of radiation with orthogonal
polarization (with respect to the plane of LD layers)
are shown in Figs. 2a and 2b (heavy curves). They
roughly follow the transformation of spectra of TE
modes, but are less intense than the lines with lateral
polarization.

The first side RP spot is represented by the spectra
of odd modes in generation channels. These spectra
are shown in Fig. 2b. It can be seen that the radiation
of lateral modes on an order different (odd) from the
one in the central lobe was concentrated in the lateral
RP lobe. This is apparent from the considerable differ�
ence between the frequencies of the primary radiation
lines. However, the nature of the dynamics and switch�
ing of modes remained roughly the same as in the cen�
tral lobe. In general, analysis of spectra and polariza�
tion in RP lobes provides valuable data on the laser’s
quality, its degree of degradation, and the dynamic
processes within the laser.

The effect of self�modulation is generally attrib�
uted to defects in the waveguide layer and the LD with
QWs behaving as saturable absorbers that promote
periodic (or irregular, in the chaotic regime) changes
in the Q factor of the laser cavity under the influence
of radiation. The difference between the frequencies of
self�modulation peaks is determined by the absorber
relaxation time (10–11–10–10 s) [6].

Analysis of the first lateral mode contributing to the
first lateral RP lobe suggests that this mode also
emerges in the generation channels and is involved in
the dynamics of LD radiation. This mode exhibits the
same patterns that are typical of the zero mode, but the
spectrum is shifted toward longer wavelengths.

Characteristic dependences of the degree of linear
polarization of radiation in RP spots were obtained
experimentally (Fig. 3).

The degree of polarization was reduced when the
pump current was raised. The same effect was
observed as the laser accumulated service hours. It is
arguable that the deterioration of the degree of polar�
ization is a phenomenon that accompanies LD degra�
dation. Long�term changes in LDs that are reflected in
the spectra and in the degree of polarization of radia�
tion under one and the same pump current turn out to
be similar to those observed in short�term measure�
ments, but with different currents.

REASONS FOR CHANGES 
IN POLARIZATION

The deterioration of polarization could be due to
an increased contribution from light holes to the
allowed laser transition. It is known that the subband
of light holes in a strained structure (QW) is detached
from the subband of heavy holes [7] and is not involved
in the generation of induced radiation. The hole
degeneracy in the center of the Brillouin zone is lifted,
and the band of light holes moves down. The bandgap
width in a strained structure is increased. These fea�
tures of a strained structure stem from the lattice
parameter in an In0.14Ga0.86As QW being reduced dur�
ing epitaxial growth on gallium arsenide. This effect is
similar to that of external pressure being applied to a
semiconductor in one direction, and it considerably
alters the valence band structure. It is improbable that
light holes participate in radiative transitions.

Since optical transitions in a QW with the partici�
pation of heavy holes are allowed only for a single light

polarization in which vector  of the electric field of
radiation lies within the QW plane, the polarization
should theoretically be around 100%. However, the
presence of heteroboundaries and a reduction of sym�
metry of atomic bonding at the boundaries due to
morphological features of the process of epitaxial
growth result in the mixing of the states of heavy and
light holes. In addition, the deviation of the QW
potential profile from a rectangular form reduces the
polarization by 2–5%. This effect gets stronger with
time, since dislocations and defects that relieve the
strain in the QW and affect its structure emerge during
operation. A reduction in the degree of anisotropy
enhances the contribution from light holes (TM polar�
ization), and their levels approach those of heavy
holes. The degree of linear polarization is reduced to
0.7–0.8, and the radiation bands are shifted toward
longer wavelengths [5]. An increase in the number of
defects in the structure leads to a reduction in the
length of diffusion and to multichannel generation,
establishing the conditions for rapid deterioration.
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(b)

Fig. 1. LD directivity diagram detected on a screen plane
with a fluorescent material. The LD had accumulated
(a) 30 and (b) 100 service hours.
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Fig. 2. Laser emission spectra in the (a) central and (b) first lateral lobes (spots) of the radiation pattern at different pump currents
for two types of linear polarization. The LD had accumulated 100 service hours.
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QUANTUM EXPLANATION OF THE REASONS 
FOR POLARIZATION CHANGES

The interaction between optical radiation and
charge carriers in semiconductors in the dipole approx�
imation is characterized by the matrix element [7]

(1)

where  is the vector potential of the electro�

magnetic wave,  is a unit vector parallel to ,  is the

electron quasi�momentum operator,  and  are
the electron wave vectors in the conduction band and

in the valence band, and  is the photon wave

vector.

If vectors  and  are orthogonal, the matrix ele�
ment of interaction equals zero. The matrix element is
often calculated for the degenerate extremum in the
upper valence bands of semiconductors with a
sphalerite structure (InAs and GaAs). The wave func�
tions of these valence bands are p�functions. The
spin–orbit interaction that leads to splitting of the
lower subband must also be taken into account. The

linear  term equals zero in sphalerite crystals. All

directions of vector  are equally probable in this case,
and radiation emitted during interband transitions is
nonpolarized. Indeed, spontaneous emissions of laser
diodes do not contain polarized components. However,
the induced emission that emerges in the active region
has a high degree of polarization, due to the selective
properties of the waveguide for TE polarization.

Different conditions are established in QW struc�

tures with strong anisotropy. Terms linear in  can be
present in crystals that do not observe inversion sym�
metry [8]. This effect is also visible in QWs. The direc�
tions of wave vectors of carriers are not equally proba�
ble, and the subband structure is altered. The active
layer in QW structures is highly strained: it is grown on
a GaAs substrate, which induces strain in the material.
This strain is relieved gradually during laser operation
through the emergence of defects and dislocations.

SELF�CONSISTENT DYNAMIC MODEL 
OF A HIGH�POWER LASER DIODE

A mathematical model that characterizes the for�
mation of generation channels in high�power LDs is
presented below. The modeling of such lasers is
reduced to solving a self�consistent problem that
implies solving two kinetic equations simultaneously
for the densities of nonequilibrium carriers and pho�
tons in the active laser region together with the wave

⋅ = ϕ − ⋅⎡ ⎤∫ ⎣ ⎦
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equation for several transverse modes and channels in
the laser cavity. This model is specific in that it neces�
sarily takes into account the presence of several non�
coherent generation channels that radiate at different
frequencies not related to each other in phase.

The equation for lateral modes for a known func�
tion of the profile of effective dielecteic permittivity

 of the waveguide takes the form [9]

(2)

where y is the lateral coordinate,  are the
complex frequencies of radiation modes, c is the speed
of light in vacuum,  are the effective refraction
indices (eigen values, EVs), and  are the profiles
of intensity (eigen functions, or EFs) of the transverse
modes. Longitudinal propagation constant β is set in
the single�mode approximation with respect to the
longitudinal mode relying on the central wavelength of
the laser spectrum (λ = 965 nm) and the effective
refraction index for the zero transverse mode of the
laser waveguide (neff = 3.538).

The interaction between laser radiation and non�
equilibrium carriers, the density of which affects the
value of effective dielecteic permittivity  [10], was
taken into account in the self�consistent LD model. In
addition to Eq. (2), the self�consistent LD model
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Fig. 3. Dependence of the degree of radiation polarization
on the pump current in a high�power LD in the central and
the lateral RP lobes. The LD had accumulated 100 service
hours.
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incorporates the following system of differential
kinetic equations:

(3)

(4)

where  is the density of nonequilibrium carriers
in the active layer,  is the density of pump cur�
rent,  is the average density of photons in mode
no. j, D is the coefficient of ambipolar diffusion of
injected carriers,  is the mode amplifi�
cation, η is the spontaneous emission factor,  τsp is the
spontaneous carrier recombination time, τph is the
lifetime of photons in a cold cavity, e is the electron
charge, d is the active layer (QW) thickness,  =

 is the material amplification,  is the
differential amplification factor, Ntr is the transpar�
ency density, Γ = 0.012 is the QW optical confinement
factor, n* is the average effective refraction index, and

 is the average carrier density.

The length of ambipolar diffusion 
was used as the key parameter that is altered in the pro�
cess of LD degradation.

Equations (3) were written for all lateral modes and
all generation channels. We limited ourselves to lower�
order modes ( ) and 3–4 channels. The total
number of considered modes was either 18 or 24.

The calculation model was constructed with a
forced subdivision of radiation into channels, since it
was not possible to achieve ideal LD layer quality.
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Owing to the local instability of the system, this leads
to the inevitable decay of radiation into channels with
frequencies covering the amplification line. Since the
channels were not phased with each other due to the
short length of radiation coherence, Eq. (1) does not
yield adequate calculation results over the entire
region of generation (axis y).

If the effective refraction index method [9] is
applied to multilayer waveguides, the relation between
effective dielecteic permittivity  of the waveguide
and density  of injected carriers can be presented
in the form

(5)
where ε0, A, B, and F are constants associated with the
geometry and materials of layers.

The self�consistent problem was solved using differ�
ential methods with the help of the MatLab program.
To speed up the calculations, the approximate threshold
values of pump current density Jth, average density of
nonequilibrium carriers Nth in the QW, and photon den�
sity Sth were determined in advance. These values were
used as the initial conditions in Eqs. (3) and (4).

CALCULATION RESULTS

Our experiment showed that three peaks (at wave�
lengths of 962.3, 964.1, and 965.3 nm) were present in
the frequency spectrum at the initial stage of operation
of the investigated device. After 100 h of operation, the
spectrum grew wider, and two peaks at 961.8 and
962.7 nm emerged at the position of the peak at
962.3 nm. This suggests that two processes developed
as the device degraded: the emergence of a new gener�
ation channel and the dynamics of modes in channels.

The results from calculations performed using the
above technique demonstrate the possibility of all
three regimes of LD generation emerging: stationary,
self�modulation periodic, and chaotic. Figures 4a and
4b show the calculated distribution of intensity of sta�
tionary laser radiation in the near field of an LD mirror
in lateral direction Y for a 30% overlap between the
regions of generation channel calculations and a two�
fold excess over the lasing threshold (I = 2Ith). Three
generation channels are visible in Fig. 4a. They pro�
vide an almost uniform cover for the entire mirror.
Calculations were performed for Ldiff = 15 µm. Figure
4b presents the results from calculating the near field
of four�channel laser generation with a shorter carrier
diffusion length (Ldiff = 3 µm).

CONCLUSIONS

We have demonstrated the relation between the
slow degradation of high�power semiconductor injec�
tion lasers with quantum wells and their spectra, radi�
ation pattern, and radiation polarization.
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Fig. 4. Calculated intensity profiles of the near field of a
high�power LD with (a) three�channel and (b) four�chan�
nel generation. Pump current I = 2Ith, diffusion length
Ldiff = (a) 15 µm or (b) 3 µm. The overlap between the
regions of channel calculations is 30%.
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Measuring the spectra and the degree of linear
polarization as a function of pump currents at the ini�
tial stage of operation of high�power LDs allows us to
estimate and predict the service life of lasers. It would
be worthwhile to develop methods for rapid diagnos�
tics of quality of high�power LDs based on the com�
parison of spectra and the degree of linear polarization
of radiation of these devices.
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