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Transient processes of semiconductor laser were simulated. These processes are best described by the variations of injected
electron density and emitted photon density. Rate equations were chosen to describe the transient processes. Using the described
model of transient processes, the unknown parameters of DFB (distributed feedback) semiconductor laser were defined from
the experimental characteristics: the coefficient of optical amplification «, the factor of spontaneous emission (3, the electron
and photon lifetime, and the form of injection current pulse. The parameter estimation technique, which allows to define laser
parameter values simply, quickly, and fairly precisely, was suggested.

Transient processes were simulated for several DFB lasers and the coincidence of calculation results with experimental ones
for all lasers was sufficient. The usable physical model was improved. Transient processes of lasers were simulated again and
more precise results were obtained. The mismatch of analysed laser parameters with experimental ones did not exceed the limit

of 10%.
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1. Introduction

DFB semiconductor lasers are typical devices for in-
formation transmission in optical communication sys-
tems using direct modulation. These DFB lasers have
stable frequency output, up to Gb/s modulation rate,
and uninterrupted operation time up to 10® hours. Very
strong attention to the design of these lasers and devel-
opment of the production technologies is given. How-
ever, the communication system with the high-speed di-
rect modulation is limited by transient processes due to
interplay between the optical field and the carrier den-
sity. Thus, simulation of transient processes in DFB
semiconductor lasers plays very important role. Tran-
sient processes usually are described by equations of
electron and photon density changes (by rate equations)
[1,2].

Photon and electron density distributions were simu-
lated using results of experiment and rate equations by
changing values of laser parameters, such as lifetime of
photons, coefficient of optical amplification, nonlinear
amplification factor, spontaneous radiation and optical
restriction factor, etc. The results of simulation were
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compared with experimental ones and the matching ac-
curacy was calculated.

2. Theoretical models

In this work four physical models were used. At first,
a simplified physical model based on rate equations for
carrier and photon densities was used for computer sim-
ulation [1]. However, though some of physical fac-
tors were not included in this model, the accuracy of
modelling results for some DFB lasers was sufficiently
good. In the later models, the rate equations were sup-
plemented with additional physical parameters.

For the second physical model the nonlinear amplifi-
cation factor € was included in the rate equations. Opti-
cal amplification coefficient « [cm3 /s] was assumed to
be equal to the product of the optical differential ampli-
fication g [cm?] and the group velocity Vg (v = V@) in
the earlier model of simplified rate equations [1]. Also,
the optical amplification depends on photon density:

g(va)ZQO(l_‘SP):g(N_Not)(1_€P)7 (1)

ISSN 1648-8504



398 T. Vasiliauskas et al. / Lithuanian J. Phys. 47, 397402 (2007)

where N is the density of electrons, P is the density
of photons, Ny is the density of electrons needed for
reaching Fermi quasi level, and ¢ is the nonlinear am-
plification factor.

Then the term of number of photons generated by
spontaneous emission in the rate equations was supple-
mented with factor (1 — P).

In the third model, the term N /7 in the rate equation
[1] is changed to N~.(N), because 7. = 1/75, where
~e(IN) is the rate of electron recombination [2]:

Ye(N) = A+ BN + CN?, )

where the first term A of equation describes non-
radiative recombination, B is the coefficient of radi-
ant interband recombination, and C' is the coefficient
of Auger recombination. The carrier lifetime 75 can be
described by these parameters in such a way:

7(N) = (A+ BN + CN*)"1, 3)

and can be used in the rate equations (4).
In the fourth model, we used such rate equation for
electron density [2]:

dN J
— =" _N(A+ BN + CN?
di ed ( * * )

—a(N —Ny)(1—-eP)P, )

where J is the density of injection current, e is the elec-
tron charge, d is the width of semiconductor laser active
region, t is the time. The first term of the rate equation
(4) describes the number of injected carriers that pass
the unit volume per unit time interval, the second one
describes the spontaneous emission, and the third term
defines the number of photons generated by stimulated
emission per unit time interval. An analogous equation
was used for photon density:

dpP P
3 = PN =No)(1—eP)P——+ I'8BN?, (5)
Tp

where 7, is the lifetime of photons, /3 is the spontaneous
emission factor, I is the optical confinement factor. The
first term of the rate equation (5) is the number of pho-
tons generated by stimulated emission per unit time in-
terval, the second term is the number of photons emitted
from resonator (output of the laser). The third term of
Eq. (5) shows the spontaneous emission contribution to
generated mode.

3. Used experimental results

Experimental results of DFB semiconductor lasers
were used for computer simulation. Not all laser pa-
rameters needed for simulation were known and some
parameters were estimated from experimental results.
Product of photon and electron lifetimes, threshold cur-
rent, and current at the 5 mW average optical power
were known. Extinction ratio (ratio of the of optical
power level “1” to the level “0") was equal to 8.5 dB:

P
10 1g — =8.5. 6
&5, (6)

Injection current values at levels “0” and “1” were found
from optical power dependence on injected current by
using condition (6) for optical power 5 mW. The active
region width was estimated from the TEM image. We
also had a possibility to calculate the injection current
density from current measurements.

Experimentally obtained parameters of semiconduc-
tor DFB laser and those used for calculations were:

e product of lifetimes, 7,7, (different for each laser, see
Table 1);

e threshold current, Iy, (different for each laser, see
Table 1);

e mean current (current when average optical power
is equal to 5 mW), I, (different for each laser, see
Table 1);

e optical powers P; = 8.59 mW, Py = 1.41 mW (the
same for all lasers);

e injection currents I; (level “1”) and Iy (level “0”)
found from optical power dependence on injected
current (see Fig. 1);

e dimensions of the active region of the DFB laser,
L =300 pm (channel length), w = 1.5 pm (width),
d = 0.1 um (thickness), S = L - w = 4.5-1076 cm?
(area) (the same for all lasers);

e injection current density (calculated by using active
region dimensions, see Table 1);

e experimental pulse characteristics: optical power
and chirp (different for each laser).

4. Simulation results

Computer simulation was based on fourth-order
Runge—Kutta method for the system of differential
equations. The values of photon and electron densities
for different time moments were found from initial val-
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Table 1. Experimental results used in simulation.

No. DFBlaser 77 [s?]  In[mA]l I [mA]l  Ju[A/em?]  Ji[A/em®]  Jo [A/em?]
1 06j5 1.91.1072° 12.31 33.09 2736 10711 4066
2 H3k7 1.63-1072° 11.56 33.07 2569 10756 3958
3 G3k4 1.64-10~2° 11.89 32.94 2642 10638 3982
4 I5k7 1.65-10~2° 11.15 34.26 2478 11300 3927
5 U2i3 2.26-1072° 8.19 30.10 1820 10184 3282
6 R4j5 1.72-1072° 11.29 32.33 2509 10542 3827
7 E3k4 1.68-10~2° 11.36 34.38 2524 11313 3967
8 F2k7 1.69-1072° 11.03 35.17 2451 11667 3964
9 G111 1.60-10~2° 11.74 32.80 2609 10649 3929

10 P5i3 2.12:1072° 8.72 30.65 1938 10309 3311
11 T2s2 2.06-10~2° 8.85 31.46 1967 10767 3449
12 S2i3 2.37.1072° 8.09 28.94 1798 9758 3104
13 R2r3 1.72-1072° 11.44 35.80 2542 11842 4069
14 T2i3 2.25-10~20 8.02 31.63 1782 10796 3262
15 Qltl 1.62-1072° 11.12 36.82 2471 12282 4082
16 01kl 1.63-1072° 10.50 35.32 2333 11809 3871
17 02s2 1.99.10~2° 8.74 32.34 1942 10951 3389
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Fig. 1. Optical power dependence on injection current.

ues of densities, by setting other parameters and choos-
ing time step and number of calculations loops.

In the computer simulation the following unknown
parameters were selected: the optical confinement fac-
tor I', the reflection coefficients from mirrors at the
ends, Ry and Ry [3], the lifetime of photons 7, the
coefficient of optical amplification «, the spontaneous
emission factor (3, the density of electrons needed for
reaching Fermi quasi-level Ny, the nonlinear amplifi-
cation factor ¢, and the coefficients of recombination
A, B,and C.

The investigation of laser parameters interplay was
done. On the grounds of obtained simulation results,
the following technique for estimation of semiconduc-
tor laser parameters was suggested:

e the frequency of relaxation oscillation is defined by
changing the coefficient of optical amplification «;

e the calculated optical power values are made close to
experimental ones by changing optical confinement
factor I';

e by changing the nonlinear amplification factor ¢ and
spontaneous emission factor 3, the relaxation oscil-
lation amplitudes can be corrected; additionally, the
shape of oscillations also can be corrected by chang-
ing the injection current front duration;

e the recombination coefficient A and the density of
electrons needed for reaching Fermi quasi-level Ny
is changed to optimize the static characteristics of
semiconductor laser;

e the recombination coefficients B and C are chosen at
last. These coefficients have insignificant influence
on laser dynamics, they only change a little the shape
of oscillations.

Calculations for model verification were done, in-
vestigation of watt—ampere characteristic being one of
them (see Fig. 2). The threshold current was found as
well. Obtained results were also compared to those of
other authors [4].

The output optical power of semiconductor laser was
calculated by using such equations [4]:

he? 1
P= Ld
17 Mg 2L B RyRy
(1 - Ry)Ry”

X , (D
1/2 1/2 1/2 ~51/2
(R + Ry*)(1 — R)*RY?)
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Fig. 2. Watt—ampere characteristics of 1.3 pm laser diode near the
threshold of injection current for different spontaneous emission

factors f3.
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where R; and R are the reflection coefficients of end
mirrors, h is the Planck’s constant, ¢ is speed of light,
A is wavelength of radiated light, 1 is group refraction
index, L is length of laser active region, d is thickness
of active region, w is the active region width, and nyp,
is density of photons.

The best results were obtained based on the fourth
physical model, Eqgs. (4) and (5). The best match of
experiment and simulation results for all investigated
lasers with different characteristics was obtained. The
mismatch of analysed laser parameters does not exceed
the limit of 10%.

The most precise match of laser characteristics was
obtained for the laser O6j5 with chirp and density of
electrons shown in Fig. 3 (the chirp is proportional to
the carrier density [5]) and optical power pulse charac-
teristic shown in Fig. 4.

Selected values for matching of unknown parame-
ters were: I' = 0.55, R = 0.04, Ry = 0.664, Tp =
1.5-10712 s, o= 16.8-1077 cm3/s, B = 11074, Noy =
2431017 cm™3,£=9.5-10"18 , Tin = 54-10™ 12, 732
50-107125, A =2.5-10% cm/s, B = 9.1-10712 cm3/s,
C =3.80-1072 cm® /s.

The values of parameters for other lasers and com-
parison of simulation and experiment results are pre-
sented in Tables 1 and 2. In order to evaluate the ac-
curacy of simulation results, the parameters like fre-
quency (v) of relaxation oscillations, time of oscillation

Af[GHz] Density [10"%em’®]
L ' 1323
8 3.2
6T 13.21
AT ' 3.20
ol 1318
Py \ 13.17
-6 I Laser?ﬁ‘l \\j‘ \l.'{ ] z:j
0.0 0.2 0.4 0.6 08

Time [ns]

Fig. 3. Simulated electron density (/V) and experimental chirp (A f)
pulse characteristics.
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Fig. 4. Experimental and simulated pulse characteristics of optical
power P.

decrement (1), “1” and “2” levels proportion (1), and
the proportion of amplitude of first peak and level “1”
(a) were compared (see Table 3). The averaged value
of mismatch (M) between the simulation and experi-
mental results for these parameters was calculated (see
Fig. 5).

5. Conclusions

In this work the transient characteristics of semicon-
ductor lasers were investigated; by using computer sim-
ulation, the unknown laser parameters that were not
measured in experiment were obtained. On the grounds
of these simulation results the parameter estimation
technique was suggested. The rate equations used for
computer simulation were improved (comparing with
earlier simulation [1]) by including the nonlinear ampli-
fication factor ¢, the optical confinement factor I', and



T. Vasiliauskas et al. / Lithuanian J. Phys. 47, 397402 (2007) 401

8 73|
|
8.79)
|
8.80|
9.09|
9.03
8.41 |
I
3.54|

7.43|

6 69|
|
6.79)
|
6.57|
1
7.06|
7.00|

5.88

M, [%]
5.60

5.02

12.00

10.00

9.53\
9.66|
9.19|

8.00

7.99
8.41 |
5.42|

7.73|

7.81]
8.37|

7.47\

6.00

My, [%]

5.93
5.43

6.01

4.00

4.90
5.03

3.80

2.00 +

0.00 T T T T T T

L A > Q0 0 B Q
N oA o a8 gy NSAA
FE S I
Fig. 5. Averaged value of mismatch of simulated laser parameters for different lasers: M is for electron density characteristic, M, is for
optical power characteristic.

T T T T T T T T T 1

Qe a0 9
N ch\ «qfo P Oq’e

H D N N
(¢ Q’Jf‘@’\d{\d\*

Table 2. Fourth model: computer simulation results.

No. DFB T Ri R T a B Not € T T2 A B C
laser [ps] [cmg/s] [ecm ™3] [ps] [ps] [cm/s] [cm3/s] [cmﬁ/s]
1 06j5 055 004 0664 1.5 1681077 1.107* 243.10'" 9.5.107*® 54 50 2.5.10° 9.1-107'* 3.80-107%°
2 H3k7 049 0.08 0.80 2.0 2421077 1.107® 27.0-10*" 11-107'®* 56 53 2.8.10° 8.4-107'? 3.25.10~%°
3 G3k4 049 008 0.80 2.0 2361077 1.1072 27.0-10*" 11-107** 56 53 2.8.10° 8.4-107'? 3.25.107%°
4 J5k7 033 0.08 0.80 3.0 2961077 1-10® 26.0-10'" 15107 50 50 3.6-10® 4.7.107'? 2.44.107%°
5 U2i3 037 008 080 2.0 2161077 1.107* 14.0-10'" 17-107'®* 66 66 4.1-10° 5.5-107'? 4.00-10~%°
6 R45 067 008 080 1.8 21.0.1077 1.107% 25.0-10'" 16:107*® 55 50 4.8-10° 9.6-107'* 3.00-107%°
7 E3k4 032 0.08 080 34 29.0-1077 1-10® 27.0-10'" 19-107* 75 60 5.0-10® 6.0-107'? 2.00-10~%°
8 F2k7 043 0.08 0.80 25 2401077 11073 29.0-10'" 16-107'®* 50 40 4.0-10® 5.0-107'? 1.00-10~%°
9 GIlI 042 008 0.80 3.0 2601077 1.1072 28.0-10'" 14-107** 60 40 2.0-10® 3.0-107'? 4.00-10~%°
10 P53 061 0.08 080 2.0 20.0-1077 1.1072 23.0-10'" 15-107* 60 50 3.0-10% 2.0-107'2 4.00-10~%°
11 T2s2 057 008 080 1.5 17.0-1077 11073 19.0-10*" 14-107'®* 50 50 2.0-10® 3.0-107'? 4.00-10~%°
12 S2i3 038 0.08 080 19 2201077 11072 17.0-10*" 18-107* 60 55 4.0-10® 7.0-107'2? 3.00-10~%°
13 R2r3 066 0.08 080 2.1 19.0-1077 1.1072 24.0-10'" 11-107* 50 50 4.0-10® 5.0-107'2 4.00-10~%°
14 T23 041 0.08 080 2.0 29.0-10°7 11072 15.0-10*" 17-107'®* 65 45 4.9-10° 1.0-107'? 4.50-10~%°
15 Qltl 031 0.08 0.80 23 29.0-1077 11072 25.0-10" 19-107** 50 40 2.0-10® 3.0-107'? 4.00-10~%°
16 Olkl 048 0.08 0.80 25 26.0-1077 1.1072 29.0-10'" 17-10** 50 45 4.0-10% 2.0-107'? 2.00-10~%°
17 0252 035 0.08 080 1.9 2801077 11073 28.0-10*" 19-107'®* 50 45 2.0-10®° 4.0-107'? 2.00-10~%°
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Table 3. Mismatch (%) of simulation data and experimental results.

No. DFB Mismatch of simulation parameters [%]

laser Vs Up Ts T, ls lp as ap M M,

1 065 233 202 860 743 133 485 339 090 391 3.80
2 H3k7 135 744 972 990 961 733 1.74 729 560 7.99
3 G3k4 149 538 984 822 936 408 6.04 192 6.69 490
4 J5k7 214 998 997 825 837 450 6.67 098 6.79 593
5 U2i3 090 481 975 984 962 394 6.02 312 657 543
6 R4j5 932 656 984 921 640 620 935 208 873 6.01
7 E3k4 551 496 987 9.76 9.85 219 993 319 879 5.03
8 F2k7 998 971 990 465 934 992 597 935 8.80 841
9 Gl 343 801 978 997 159 896 872 6.74 588 842
10 P53 659 989 997 968 989 457 993 698 9.09 7.78
11 T2s2 982 933 943 971 289 983 6.11 926 7.06 9.53
12 S2i3 807 797 951 975 9.09 892 943 928 9.03 898
13 R2r3 996 991 6.64 874 179 359 962 899 7.00 7.81
14 T2i3 9.65 982 860 9.09 963 6.67 577 430 841 747
15 QItl 955 993 974 987 495 986 993 899 854 9.66
16 Olkl 846 983 9.12 978 980 436 234 952 743 8.37
17 02s2 388 981 971 831 440 954 210 9.09 502 9.19

changing the carrier lifetime 7, by the way of (3), which
describes nonradiative recombination, radiative inter-
band recombination, and Auger recombination. Tran-
sient processes were simulated for large number of sim-
ilar DFB lasers. The best results were obtained by us-
ing the fourth physical model. The mismatch between
the simulation and experimental results for all analysed
laser parameters in this case did not exceed the limit of
10%.
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Santrauka

Istirtos puslaidininkiniy PGR (paskirstytojo griZtamojo rysio)
lazeriy charakteristikos, iSmatuoti tam tikri lazerio parametrai, o
kompiuterinio modeliavimo budu surasti neZinomi parametrai, ku-
riy nebuvo galima iSmatuoti eksperimento metu. IStirtos puslai-
dininkinio lazerio parametry tarpusavio priklausomybés, remiantis
gautais rezultatais, parengta jo parametry nustatymo metodika.

Patikslintos kompiuteriniam modeliavimui vartojamos spartos

lygtys, iskaitant narius, kurie nebuvo vartojami ankstesniuose skai-
¢iavimuose [1]. Ivertinti modeliavimo ir eksperimentiniy rezultaty
nesutapimo skirtumai. Geriausias rezultaty sutapimas visiems to
paties tipo tirtiems puslaidininkiniams lazeriams, nors ir turintiems
Siek tiek skirtingas charakteristikas, gautas naudojantis pasitlytu
ketvirtuoju modeliu (lygtys (4) ir (5)). Siuo atveju rezultaty nesuta-
pimas nevirsijo 10%.



