Static model of DH laser
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Absteact: A method of complex analysis of the double-heterostructure stripe-geometry laser, based on a new
static model, is presented. The optical field distribution in the active region of the laser is descrived by the
wave equation. The interaction between the optical field and free-charge carriers is expressed by the set of
rate cquations describing alse the carrier-concentration proffie. Owing to the interaction, it is necessary to
solve these equations by a self-consistent procedure. The results of the analysis are light-current character-
istics, current dependences of a modal gain, spectra and a near-field pattern. These characteristics are demon-

strated in an sxample.

1 Introduction

The main characteristics describing the behaviour of the laser
diode are an optical-field distribution and a free carrier-
concentration profile in the active region of the laser. Deter-
mination of these functions is the basic step of a laser struc-
ture analysis; this. knowledge enables us to determine impori-
ant characteristics of the laser, e.g. light-current characteristics
[1, 2], spectra [3] and near- and far-field patterns [4] .

The methods of determination and types of laser models
have developed in parallel with progress in laser diodes. Atten-
tion has been especially directed to the evaluation of field
distribution [4, 5]. In the case of stripe-geometry lasers, the
main problem is to express and solve the lateral field prob-
lem. In lasers with a stripe contact, the optical field is deter-
mined by the local gain that is proportional to the carrier
concentration. From the other side, the carrier-concentration
profile depends on stimulated recombination on the optical
field, so that the problem is self-consistent [1, 2, 6] and a
proper iterative procedure must be applied. First, carrier-
concentration profile is determined from the continuity
equation, This profile defines the local gain distribution
entering the wave equation. Secondly, the optical problem
is solved and a new carrier-concentration profile determined
from the modified continuity equation. This procedure is
repeated until the threshold condition is satisfied by the
proper choice of a mode amplitude.

A new method of finding optical field distribution and
carrierconcentration profile is presented in this work. Mode
amplitudes cannot be determined directly from the wave
* equation, because of no suitable source function, These
amplitudes are determined separately from the above men-
tioned work, by the solution of the set of rate equations
applied to the steady-state condition of the system. The main
advantage of this approach is the possibility of treating a set of
longitudinal modes belonging to each oscillating lateral mode
and of determining, in this way, together with other laser
parameters, a spectrum of the emitted radiation.

The solution is applied to the conventional (Ga, Al)As/
GaAs DH laser with a stripe contact and lightcurrent charac.
teristics; current dependence of a modal gain, spectra and a
near-field pattern are presented as results of the analysis.

2 Description of analysis

The semiconductor injection laser is a system consisting, from
our view, of two parts: the optical field that can be represented
by the set of photons in individual modes and the excited
semiconductor that can be represented by the set of free-
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charge carriers injected into the active region. These two sub-
systems mutually interact. The schematic of the laser struc-
ture and the co-ordinate system is illustrated in F ig. 1.

The following simplifying assumptions are necessary for
the solution: all functions are assumed to be independent
of co-ordinate z and symmetrical about the centre of the
active fegion, The work of the laser ig in the fundamental
transverse mode, because lasers have thin active layers, also
making possible the use of the carrier-concentration profile
as a function of one co-ordinate ¥ only, The solution of the
wave equation is made for TE modes only, because the light
of lasers is 2lmost fully polarised. The current-density distri-
bution in the lateral direction is used according to Reference
7 and is independent of lateral carrier diffusion.

The optical-field distributien E,(x, y, z, ) =E,(x,
p)e H8-41 45 3 solution of the wave equation
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where § = 8. — jf, is the complex propagation constant, cw the
angular frequency, k = 2n/Ax the wave number, A the wave-
length and n{x, ¥} = n.{x, y} + jn,(x, ¥} the refractive index.
We have no suitable source function for the evaluation of
mode amplitudes, so that the wave equation enables us to
determine only the normalised field distribution. In our
analysis, this distribution is insufficient. It is suitable to
use for the above purpose and for the purpose of description
of the interaction between the set of rate equations of both
systems. These equations must express the spatial variation of
analysed functions [8]:
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where & and 5y are the photon flux and the photon density
of the fjith mode, respectively; Gy and 7,y are the modal gain
and the photon lifetime, respectively; Cyy is the spontaneous
emission into the ifth modes; N(») is the camierconcen-
tration profile; § and d are half the stripe width and the
active-layer thickness, respectively; gy is the local gain; J(¥)
is the current density and e, D and 7, the electron charge, the
free-carrier diffugion constant and lifetime, respectively; ¢ is
the velocity of light in vacuum; § and j are subscripts indi-
cating longitudinal and lateral modes, respectively. Work
of the laser is supposed to be on the fundamental transversal
mode, so that we need not indicate it by a special subscript.
The first rate equation, egn. 2, is the modifled continuity
equation. The number of eqns, 3 is equal to the number of
excited modes. Both the photon flux ®y4 and the photon
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density Sy, are proportional to the second power of the mode
amplitude, as described below. Egns. 2 and 3 thus determine
relations between the carrier concentration profile and mode
amplitudes.

The set of equations, eqns. 1, 2 and 3, must be solved by
an iterative procedure, schematically shown in Fig. 2. The
carrier-concentration profile is obtained by solving the con-
tinuity equation. This function determines the local gain
distribution. Using the profile of the local gain, we perform
the sojution of the wave equation. Mode amplitudes and the
carrier-concentration distribution are determined by the con-
sequent solution of the rate equations, together with the
wave equation. The solution is repeated until sufficient con.
formity between distributions of the optical field determined
in two subsequent steps occurs. This conformity is checked
by values of mode amplitudes.

3 Solution of equations

The wave equation, egn. 1, can be solved by dividing the
function £,(x, ¥} into two factors:

Ey(x,3) = E,u(x)$() @
The solution is performed after Reference 5 and we obtain
two equations for the functions ¥(x) and $(»). The one for
the x.problem is the well known equation describing the fieid
distribution in a sandwiched dielectric waveguide consisting
of three layers. The equation for the lateral problem has the
form

d*;(y) + [+ 205, Tk ()] $03) = )

where » is a separation constant and [, is the filling factor.
The imaginary part of the refractive index can be expressed

ol
nay) = 82 - DD ®

where 2, b are functions of the photon energy.
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Fig. 1 Schematic of analyzed laser strticture

The function ¢y (¥} for the fth lateral mode is expressed
in the form of the set
-1

#() = :I)::: o H(pIS) e~ 12 18 o

We assume that the function ¢{)) does not depend on the
wavelength, so that it is the same for all modes with the same
lateral subscript f. Similarly, the function ${x) does riot de-
pend on both subscripts i and j. H, are normalised Hermite
polynomials of order . Coefficients a,; are co-ordinates of
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eigenvectors and separation constants #® are eigenvalues of
the characteristic matrix of the wave equation, eqn. 5, ob-
tained using the orthonormgi system of the Gauss-Hermite—,
functions Hy(y/S)e"V*W¥BY g5 a basis. The solution is.
similar to the method used in the work of Buus [6].

Propagating constants for vy, lateral modes are obtained
using constants v;:

B = k'nip — o} (8)

where 1., is the effective refractive index that is evaluated
in the solution of the transversal problem,

Mode wavelengths are determined using resonant condition
for the real part of the propagating constant §,.:

B = by = = =01, e ©)

where L is the length of the laser and { is an integer represen-
ting the number of longitudinal modes. This integer is the
iongitudinal mode subscript. The function §.()\) can be ob-
tained by solution of the wave equation for several wave-
lengths, and the resultant dependence is approximated by a"'\
continuous function. -

The modal gain of the §th mode Gy is determined by the
imaginary part of the propagating constant:

Gy = =250 = —28; (10)
The photon flux $y; is proportional to the power carried by
the mode:

i1
Py = ‘—h—"; Y Re(Ey i3 ) = Oylts(¥)* 1Egul* (11)

The photon density Sy is given by energy of the optical field
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Fig. 2  Diagram of calculation procedure
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in the laser active region
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= Kﬁ lEo‘jlz (12)

# is the reduced Planck’s constant, H the magnetic-field
intensity, E,y the mode amplitude, ¢ and # the permittivity
and the permeability of the active region, respectively, ¥ =
24LS is the active-region volume. The values Ky and Oy
depend on the optical field distribution, the propagating
constant and the shape and material constants-of the active
region. The photon lifetime can be expressed in the form {2]

1 [ 1 1
_— = ap+—In—
Toif n,,(xu)( L Ru)

where o, represents optical losses in the active region and Ry
is the mirror reflection for the §th mode,

Egn. 2 is the modified continvity equation and is solved
by a similar method as for the wave equation. Function
N(»)has the form of the set

gHaq(y/S)e 18

(13)

Imax

Ny = 3 (19
quo

that simplifies the solution of the wave equation [6]. Eqn.
2 is transformed using set 14, into a system of linear algebraic
equations for constants o,

Eqns. 2 and 3 are solved by the iterative procedure, to-
gether with the wave equation (see Fig. 2). Using the carrier-
concentration profile determined in the preceding step, mode
amplitudes are evaluated from eqn. 3 in the form

Cy f2a N(x)dy
¢ 1
2T.S [H—gr(hu) G” - ;;] K‘j

These amplitudes are used in the evaluation of a new carrier-
concentration profile from eqn. 2, in the following step.

|Eg, yl* = — (15)

4 Output end input values

The presented mathematical model provides basic character-
istics of the laser. The optical field distribution determines
the near-field pattern. Mode wavelengths are defined by the
resonant condition, eqn. 8. Mode optical power can be calcu-
lated from relation [2]

1 1
Py = —huwySy— tpyV (16)
Toly

2
where ppy; is a differential quantum efficiency of the ith
mode. This value can be expressed similarly as in Reference
10:

Gy —ay

Mg Gu for Gu k4 d;

an

Koy =
0 for G,—j < df

Hine is an internal quantum efficiency. The total output is
a sum of relations 16 over all modes, and its dependence on
the pumping current is the light-current characteristic.

The current-density distribution was used according to
Reference 7. The dependence of the local gain on photon
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energy and the carrier concentration has the form of eqn. 6,
with @, & being functions of photon energy. Using the approxi-
mation of the gain spectra published in Reference 11, we
obtain

i

a
b

324 x 10713 (e — 1.385) 117
1.2 % 10%(e — 1.38)1*

where e is the photon energy.

Refractive indexes m, and nj, are functions of photon
energy; these functions were obtained according to References
12 and 13.

(18)
(19)

1 Numerical procadure, discussion

The set of equations, egns. 12, 2 and 3, was solved by the
numerical iterative procedure according to Fig. 2. The prob-
lem is to evaluate mode amplitudes from relation 15. For
currents above threshold, the modal gain is greater than
1)ty in the first step of the procedure, and consequently
the mode amplitude is negative. This possibility must be
eliminated by lowering the modal gain, using the proper choice
of mode amplitudes as the first step.

It is necessary to compromise between accuracy and used
machine time in the choice of the characteristic matrix order
Omee 20d the number of terms in set 14, @uay . Omee =8 and
Gmax = 1 were chosen. The constant § determining the accu-
racy of the procedure was chosen for each mode as 6 =
10°% |Eoyl®.

The amplitudes of higher lateral modes decrease rapidly
with the growth of the order, so that it is enough to confine
the solution to the three lateral modes (=0, 1, 2). It is
sufficient to use only 15 longitudinal modes. Thus we have 45
equations 3.

The procedure has been applied to the (GaAl)As/GaAs
laser with parameters: length L = 228 um, active-layer thick-
ness d=025um, internal optical losses a,=5000m™!,
internal quantum efficiency . = 0.7, carrier lifetime 7, =
3ns, diffusion length Lg,=3.5um, resistances and thick-
nesses of the contact and confining layers are gy, = 0.002 Om,
po=0.018m,t;, =3pmand t, = 2um,

The light-current characteristics and current dependences
of modal gains of the three jowest lateral modes for lasers

current |, mA

Fig. 3 Dependence of emitted power and modal geins of first three
lrteral modes on pumping current

P = curves for emitted power
S=6um ———— S=9%um
L =218 pm, d=0.25 gm, ap'= S000 m™"
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with contact widths 25 = 12 and 18 um are shown in Fig, 3.
The gain is normalised to the threshold value. The optical
power does not include the power of thespontaneous emission.
The optical power increases rapidly in the vicinity of the
threshold. Owing to the interaction between the optical field
and the freecarrier system, the modal gain is saturated;
the fundamental mode approaches asymptotically the value
&+ 1/L(In 1/Ry), whereas the gain of higher modes is only
partly saturated,

In the vicinity of the current where the propagation con-
dition of the first lateral modes is satisfied, the procedure
described ceases to converge. The solutions of individual
steps have an oscillating character, The validity of the model
is thus limited to the current interval, up to this point. This
critical point is the so-called 'kink’ and it defines the critical
current I and the critical power Py,

2+ =
1% mA

150

intensity IE!I, relat. urits
T

-20 -0 0 10 20
position y, um

Fig. 4 Near-field pattern as function of crirent

S§=9um, L =228 um
d = 0.25 pm, ap= 5000m™"

-3

carrier concentration N, m

1
-20 -0 ¢ [ 20
positiony, pm

Fig. 5 Carrier-concentration profile as function of current
§=9um,L =228um,d = 0.25 ym

The near-field patterns and the carrier-concentration
profiles are plotted in Figs. 4 and 5. The dependence of full
width at half power (FWHPF) of the near-field on the curment
is shown in Fig. 6. The curves for the stimulated emission
start at the threshold of the stimulated emission, where the
modal gain equals the optical losses ap. Below the threshold,
the FWHP is determined by the carrier-concentration profile.
The near-field is given in the vicinity of the threshold by
superposition of the spontaneous and stimulated emissions.
An assessed approximation of FWHP in this region (the modet
does not include spontaneous emission power) is plotted by
thinner curves.
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The calculated spectrum is in Fig. 7. It can be seen from the
detail, that, for currents near I, the power of the first lateral
modes increases,

The variations of threshold-current density Ju, and thres-
hoid current I, with contact width and optical losses a; are
plotted in Fig. 8. The increase of threshold-current density is
the result of the current spreading in the contact and con-
fining layers.

The critical current Jfy, is greater for the lasers with narrower
stripes, as illustrated in Fig. 9, where the critical power Py is
also plotted. If optical losses are increased, the threshold
current increases, together with current [y so that the ratio
I/l does not change its value; only the critical power Py
decreases, as illustrated in Fig. 10,

100
current I, mA
Fig. 6 Dependence of FWHP of near-field patiern on pumping current
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Fig. 7 Spectra of laser with current as pammeter

In the detail for 173 mA, longitudinal modes bel to the funda-
mental latéral mode are plotted by continuous lines and the cnes
belonging to the first lateral mode ars plotted by discontinuout lines
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The analysis presented does not consider other possible
influences on the behaviour: of the laser like the effects of
temperature and built-in oxide stress etc. The temperature
profile across the active region raises the refractive index, and
in this way tapers the created wavegunide, so that the thres-
hold current decreases [16]. On the other hand, the tempera-
ture profile influences the stimulated recombination efficiency
and the majority of other laser parameters. Nevertheless,
consideration of the temperature effect is very difficult and
requires using a selfconsistent procedure.

The results of the analysis can be compared with experi-
mentally obtained data. The dependence of fundamental
mode gain, from Fig. 3, is very similar to that obtained by
Hakki and Paoli [14]. The spatial hole burning, as in Fig. 5,
has been observed, for example, in recent work {17] on
InGaAsP/InP lasers. The best way of comparison of near-
field patterns is due to FWHP. Fig. 11 illustrates the theoretical
dependence of FWHP on nermalised pumping current I{f,,
and measured FWHP. An experiment was made on conven-
tional GaAlAs/GaAs lasers prepared by LPE. Laser para-
meters are given in the caption of Fig. 11. The Figure shows
a good accuracy of the analysis. The calculated spectrum
corresponds to the experimentally obtained spectra [3] in
the vicinity of the threshold. The spectra above the threshold
have a single-mode character that occurs only seldomly in this
type of leser (especially lasers with a broader stripe). This fact
is probably caused by local gain approximation, eqns. 6, 18

o~ 10§
E
o
* <
":.26 £
X.: .}
—_ -
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Z o ¢
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£ 3
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3 £
= em——] 50
2-

stripe widlth 25, pm

Fig. 8 Dependence of rhreshold current density end threshold current
on stripe width 285 ard optical losses

————a7=8000m "' or=5000m™" — — op=2000m""
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4 0
E
A o 3
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$a- §
5
o
3 ]
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4] 1 1 1 1
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Fig- 8 Ratio /Iy as function of stripe width

L =218 pm, d = 0.25 pm, ap= 5000 m"*
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and 19, which does not consider the effects of temperature,
spectral hole burning etc. The threshold-current densities given
in Fig. 8 correspond with those given, for example, in Refer-
ence 18. Similarly, the critical power P, from Fig. 9 can be
qualitatively compared with data given in Reference 19.

[ Conclusions

The method of laser diode analysis is described in the paper,
providing, as can be seen, a realistic description of the laser,
The analysis is based on the solution of the set of rate
equations in connection with the wave equation. The rate
equations enable us to calculate mode amplitudes deter-
mining the emitted power and thus to calculate the spectrum
of emitted radiation.

Nearly all laser characteristics are obtained from the caleu-
lation. They are light-current characteristics and their para-
meters: threshold currents, critical currents and powers;
near-field patterns, carrierconcentration distributions and
spectra. Dependences of the modal gain on the pumping
current are determined, together with light-current character-
istics. These dependences were for the fundamental lateral
mode described, for example, by Biard et al. [10] and by
Hakki and Pacli [14]. For higher lateral modes, similar depen-
dences have been calculated in recent work [15]. Modal
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-
-~ —
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o I I L i )
0 2 4 6 8 0
optical losses oc, x 10°, or'!

critical power £ ,mW
=

o
S

Fig. 10 Dependence of critical power Py on opiicel losses and stripe
width
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20t
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0 3 10 15 20
normalised current 171,
Fig. 11 Comparison of calculpted FWHP and megsured data for

GoAlds/Gads laser

a Spontaneous b Stimulated

S§=$um,d=0.2um, 1o = 2um, ay= 5000m"", iy = 3um
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gains of these modes are saturated only partly above thres-
hold, and kink occurs when the modal gain of the first lateral
mode approaches the threshold value. This method enables
one, prior to the above-mentioned works (1, 2, 6], to calcu-
late the spectrum of emitted radiation. This has not been done
in any published work, but in Reference 3, mode wavelengths
have been evaluated.

This method is not confined only to lasers with stripe
contact. If the different mechanism of light guiding is expressed
in the wave equation, it can be applied to more complicated
structures, such as buried-heterostructure lasers or CSP lasers.
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