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MODELING MODAL TRANSIENT BEHAVIOR OF
GaAs LASER DIODES WITH TEMPERATURE
DEPENDENT RATE EQUATIONS AND
COMPARISON TO EXPERIMENTAL DATA

CHAPTER 1
INTRODUCTION

Recent advances in GaAlAs laser diodes have led to the development of
low cost, long-lived, high power devices which have found application as
transmitters in various communication systems.! One problem with the use of
gain-guided laser diodes in communication systems, however, arises because
significant power sharing between the axial lasing modes can occur over a
period of order 100 ns when the lasers are pulsed. These modal "instabilities"
(known as mode partition noise) can cause distortions in an optical
communication system if the receiver samples only part of a dispersed optical
beam. The power in the different axial modes will shift with time during the
pulse, and so will the received signal if only selective modes are sampled.

This problem was investigated by first taking experimental data on
several types of laser diode structures to quantify the magnitude of the modal
instabilities. The modes are dispersed with an echelle grating and examined
individually with an avalanche photodiode (APD) under various modulation
conditions. The data was then compared to predictions of the modal
instabilities made by solving temperature-dependent rate equations. The
thermal impedance of the laser diodes and the temperature changes in the

active area during a current pulse were modeled with a finite element code. A
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detailed analysis of the laser was done 2-dimensionally, with a 3-dimensional
analysis performed to determine the thermal impedance of the heat sink. The
thermal properties were then entered into a program which numerically
solves the rate equations of the diodes so that the power from the individual

modes of the diode are determined as a function of time into the current pulse.

Broad-stripe, narrow-stripe and 10-stripe laser diodes were examined in
this thesis. The broad-stripe and 10-stripe laser diodes are high power lasers,
producing 200 to 600 mW of power. The 10-stripe laser diode array, consisting
of 10 narrow stripe lasers spaced close together on the same chip, is an attempt
to retain the high power of the broad stripe laser while rcducing filamenting,
a condition where lasing does not occur evenly throughout the gain area but
tends to concentrate in certain areas called filaments. The narrow-stripe
lasers are lower power but were also examined in this report, mainly as a
comparison to the other structures and to help better understand laser diode

behavior in general.

This report is organized with the experimental data described first.
Then details are given on the finite element thermal modeling. The rate
equation model is then described, and the lasers are modeled with the rate
equation model first without and then with thermal effects. Finally a
comparison is made of the experimental and calculated results, and suggestions
are made for optimum laser designs that will minimize the modal instabilities

of the laser diodes during modulation.




CHAPTER 2
EXPERIMENTAL MEASUREMENTS CHARACTERIZING THE
PULSE RESPONSE OF LASER DIODES

2.1 Determination of the pulse response of the modes of the laser
diodes with an APD

The pulse response of several laser diodes were examined with an APD.
Figure 2.1 shows the experimental set-up used. The laser diode output is
focused onto a slit at the spectrometer entrance. The incident beam then
illuminates an echelle grating. The grating separates the laser modes which
can be either imaged with a CCD camera or projected onto a scanning APD.
The APD output is amplified and then sent to a Boxcar integrator which

averages the data over a desired time period.

|
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FIGURE 2.1 Experimental setup used to measurc laser diode pulse response.




Several types of lasers were examined in this report. Table 2.1 lists the
various lasers along with their pertinent characteristics.
TABLE 2.1

Lasers Tested Experimentally

Designation Structure Type Width Length Threshold
um pm mA
SOW-5-300 SQW narrow stripe 5 300 75
SQW-60-300 SQwW broad stripe 60 300 97
SQW-5-600 SQW narrow stripe 5 600 130
SQW-60-600 SQW broad stripe 60 600 102
MQW-4-250 MQW narrow stripe 4 250 50
MQW-100-250 MOQW 10-stripe 100 250 221

The first four lasers in Table 2.1 are AlGaAs graded-index
separate-confinement heterostructure (GRINSCH) single-quantum-well (SQW)
lasers mounted p-side-down from McDonnell Douglas Electronics Systems
Company.z'3 These lasers are gain-guided in the lateral dimension. The
10-stripe  multi-quantum-well (MQW) laser is from Spectra Diode Labs (SDL)
and has 4 uym stripes on 10 pm centers. The narrow stripe MQW laser is also
from SDL and has a 4 pm wide stripe. Figures 2.2 and 2.3 show the 10-stripe
laser diode array and the broad stripe laser diode structures. The wavelengths
are all near 820 nm.

Figure 2.4 shows the output waveforms for twelve dominant modes of
the SQW-60-300 laser modulated at 1054100 mA with an 80 ns pulse with a 50%
duty cycle. At this modulation depth the laser produces 80 mW of light. For the
broad stripe lasers another cylindrical lens was used to focus the broad stripe
onto the detector.

Two types of phenomena cause modal instabilities in pulsed laser diodes:
mode buildup transients and thermal transients. Mode buildup transients

occur over a relatively short period of time (10-60 ns) that depends on the
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laser length. When the laser is first pulsed from threshold, many axial modes
are excited because there are only slight differences ir the gain factor for the
different modes and the photon population in each of the modes (which drives
the stimulated emission rate) is due initially to spontaneous emission.” But
after a while, the slight differences in the gain factor cause greater and
greater differences in photon populations between the modes because a larger
photon population will cause a larger stimulated emission rate for that
particular mode. In other words, feedback gradually induces most of the
power to concentrate in a few central modes even when there are only slight
differences in their gain factors. This process takes approximately 10-60 ns
depending on the photon lifetime in the cavity (which is related to the laser
length). Thermal transients have much longer time constants (several
hundred nanoseconds) and so the modal instabilities caused from these can last
several microseconds. It should be noted that the severity of both the mode
buildup transients and the thermal transients is directly related to the
modulation depth of the pulse. Figure 2.4 shows that for the SQW-60-300 laser,
large mode buildup-time transients occur over the first 10-20 ns into the pulse
and then the pulse stabilizes out to a fairly flat waveform. Figure 2.5 shows a
laser pulse with approximately the same modulation currents as for Figure 2.4
extended out to 1000 ns. As can be seen, the modes maintain fairly flat
waveforms out to 100C ns, indicating negligible thermal transients. A rough
picture of the gain spectrum for the SQW-60-300 laser can be derived by taking
the amplitude of each of the modes in Figure 2.5 at a specific point in time
during the pulse and plotling these points against the frequency spacing
between the modes. (For this laser the modes arc spaced approximately 0.3 nm
apart in wavelength.) It can be seen from Figure 2.5 that the gain spectrum

for the SQW-60-300 laser for these particular opcrating conditions is not a
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smooth l.orenzian shaped curve but has a few ripples. This is probably due to
competition between modes causing some of the modes to dominate over others.
The modes of the 80 ns pulses do not correspond to the modes of the 1000 ns and
1600 ns pulses for the same lasers in Figures 2.4 through 2.11. This is because
for the longer pulses the temperature in the active region at the start of the
pulse will be different from that for the 80 ns pulse because for the longer
pulse the temperature has more time to drop between pulses.

Figures 2.6 and 2.7 show the output waveforms for the t>n dominant
modes of the SQW-60-600 laser modulated at a 50% duty cycle irom near
threshold to 100 mA above threshold (and producing 65 mW of light).

Figure 2.6 shows the waveforms up to 80 ns and Figure 2.7 up to 1000 ns. For
this long 600 pum length laser, it is scen that the mode buildup-time transients
last over 60 ns, but then the modes stabilize and remain fairly flat up to

1000 ns.

Mocal instabilities for the SQW-5-300 are shown in Figures 2.8 and 2.9
for 80ns and 1000 ns. This nairrow stripc laser was modulated at 76+52 mA at a
50% duty cycle, producing 42 mW of light. At this modulation depth, this laser
demonstrates both mode buildup transients and thermally-induced transients.
The mode buildup-time transients are more severe and last 10-20 ns, whereas
the thermally-induced transients cause gradual changes in th¢ mode powers
which last over 1000 ns. Figure 2.8 shows that the shorter wavelength modes
(beginning ~t the vopper left) lose power during the pulse and the longer
wavelength modes gain power during the pulse. From this figure the peak of
the gain curve is seen to shift through the modes as time progresses and the
laser hecats up due to the increased current.

The ten-stripe laser (MQW-100-250) output can be scparated into several

modes for each of the ten stripes. Figurc 2.10 shows six dominant modes shown

9
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with the output from all the stripes combined for each mode. The pulse length
is 100 ns with a 50% duty cycle. The modulation is 200 + 130 mA, with a peak
optical power of 90 mW.

The narrow-stripe MQW laser (MQW-4-250) modal transients are shown
over a periods of 80 ns and 1.6 us in Figures 2.11 and 2.12. The modulation
current at a 50% duty cycle is 60+32 mA for a peak output power of 20 mW. The
thermal transients for this laser are particularly severe causing modes to
completely appear and disappear over a period of a few hundred nanoseconds.

Temperature changes in the active region causes the oositions of the
modes to shift as well as the relative intensity of the modes to shift. These two
phenomena are respectively known as mode chirping and mode hopping. In
the case of mode chirping, the actual wavelength of the individual modes
shifts. In the case of mode hopping, the gain curve shifts causing the relative
intensity of the modes to change. The emission wavelength for a typical
GaAlAs laser will shift an average of 3 A/2C.4.6 This is parly due to mode
hopping and partly due to mode chirping. Mode hopping is the dominant
effect, however mode chirping was measured to be 0.6 A/°C by Thompson®
and 0.93 A/C by Dagenais, et al.,” for AlGaAs lasers. In our lab we measured
2.5 A/C and 0.6 A/C for the total modal shift and for mode chirping for the
SQW-60-300 laser. For the lasers with large thermally-induced transients,
mode chirping can be severe enough to cause the mode to move across the
detector area during the pulse duration. For the experimental data in this
report, the corresponding detector diameter in wavelength units was 0.4 A
and was dependent on the size of the detector. The modes had roughly a
Gaussian shape with a FWHM of ~1 A. If the thermal shift is greater than
~0.5 ©C then the detector will shift through the longitudinal mode during the

pulse, and therefore the data will not accurately measure the degree of mode
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hopping. For the MQW-4-250 and the SQW-5-300 lasers at the long pulse
lengths this is the case. However, the data for the shorter 80 ns excitation
pulses are still representative of the degree of mode hopping.

One way to measure the severity of the modal transients in a 10-stripe
laser is 10 measure the average standard deviation of the ten intensity
waveforms for each of the dominant modes from a square wave when the laser
is electrically driven by a square current pulse above the bias current. This
was done for the 10-stripe laser at a constant modulation depth of 130 mA by
varying the bias current around the threshold value of 200 mA. Figure 2.13
shows the results plotted. At a bias of 190 mA, slightly below threshold, there
is a standard deviation of 0.10 whereas at 210 mA, slightly above threshold,
there is a standard deviation of 0.17. These are large differences in the
severity of the modal transients. These kind of fluctuations are also apparent
when the modulation depth is changed. In general, the modal transients are

less severe with lower modulation depth.
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FIGURE 2.13 Average standard deviation from a square wave intensity

AVERAGE STANDARD DEVIATION FROM SQUARE WAVE

profile versus the bias current for a 10-stripe laser diode array

(modulation depth = 130 mA).

These results can be qualitatively explained by assuming that the
position of the gain curve with respect to the mode positions during the pulse
plays a rcle in determining the severity of the transients. In one case the
gain curve is centered over one mode, and in another case it is centered
between two modes. In the second case the two modes may compete more
strongly for power resulting in a longer transient. Gray and Roy® have
examined mode stability in AlGaAs laser diodes. They have observed these
lasers to operate in different regimes of single-mode behavior(with most of
the power concentrated in one mode), bistability (where two modes are lasing
but only one at a time) and multimode behavior (with both modes oscillating

simultaneously) depending on small changes in operating current and
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temperature. They utilize a multidimensional laser model with Langevin noise

sources and asymmetric nonlinear gain to model this behavior.

2.2 General discussion of experimental results obtained wusing

the APD

Our experimental data show that two types of modal transients,

mode-buildup transients and thermal transients, occur as a result of current
injection in a diode laser. The mode-buildup transients occur over a relatively
short period of time (10-60 ns) that is dependent on the laser length. They last
10-30 ns for 300 um length lasers and 20-60 ns for 600 um length lasers.
Thermal transients are distinguishable from mode buildup transients by much
longer time constants (on the order of several hundred nanoseconds) and so
the modal instabilities caused from these can last scveral microseconds.

As we have seen, the broad-siripe GRINSCH SQW laser diodes have
negligible thermal transients for a modulation depth of 100 mA. The MQW
narrow stripe laser had the largest thermal transients. The narrow-stripe SQW
laser also had large thermal transients. It was found for our test setup that
mode chirping can cause the mode to move out of the detector area during the
pulse duration for lasers with thermal transients greater than 0.5 ©C. For these
lasers, an accurate measure of the mode hopping phenomena can only be
made either for short pulse durations or at low levels of modulation.

The severity of both the mode-buildup transients and thermal
transients is directly related to the modulation depth of the pulse. 1t was also
found that the severity of the modal transients is dependent on the bias

current during modulation.
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2.3 Determination of the relaxation oscillation frequencies of the
laser diodes with a streak camera
The relaxation oscillation frequencies of the laser diodes as a function
of modulation current were determined with a streak camera. The relaxation
oscillations in the laser are due to the time delay involved in the cyclical
process of building up a population inversion and the subsequent stimulated
emission that increases the photon number and reduces the carrier population
to below the inversion level. The relaxation oscillation frequency also
determines the ultimate modulation frequency at which a semiconductor laser
can be modulated.

Figure 2.14 shows the experimental configuration used.

Laser
Current
Supply
I lens
Blas Laser Dlode mirror
= | AP\
E -,[.- TEC 15 %C
Pulee
— Itompovnuul
Generstor Controller
Delayed
Trigger
Line Trigger
Line
Master
Pulse removable lens
Gensrator mirror
Trigger ﬁ |7 4
U ,mH'O’

streak
camers

[e=d

image
Proceesor

FIGURE 2.14 Streak camera experimental configuration.

With this setup, the laser is square pulse modulated at different depths

and its output focused onto the slit of the streak camera. The pulse period was
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20 ns with a duty cycle of 0.002%. The pulse generator had a rise time of
150 ps. In a streak camera, photons enter through a slit and are focused onto a
photocathode. The photocathode converts the light to electrons which are
accelerated down a vacuum tube, optionally amplified with a microchannel
plate, and then deflected across a phosphor screen. The phosphor screen is
read out with a CCD camera. The streak camera has the =dvantage that it can
observe the relaxation oscillations of the laser diodes with picosecond
resolution. It can also perform both single-pulse and multi-pulse
measurements. It does have the disadvantage, though. that unless the
photocathode obtains fairly large amounts of light the streak image can be
noisy.

Figures 2.15 and 2.16 show the streak camera plots for the SQW-5-300
laser and the SQW-60-300 laser taken at modulation depths of 80+143 mA and
0+254 mA, respectively. As can be seen, the narrow stripe laser gives very
clear oscillations, whereas the broad stripe laser's oscillations are hard to see
and quickly become chaotic. The broad area laser's tendancy to oscillate with
uncontrolled filamentation probably contributes to this. The f{ilamentation is
due to various kinds of nonuniformity, particularly nonuniformities in the
epitaxial laycrs.9 This type of behavior has been studied by Yu, et al, in the
context of broad area operating laser arrays.!0 Data was taken for all four of
the MacDac lasers for a certain range of current around threshold. The

(I-Tth)

oscillation frequency versus ( Iih )5 is plotted in Figure 2.17. As predicted

by lheory.”'lz']3 a straight line relationship is expected, in agreement with
our experimental results. The SQW-5-600, SQW-5-600, and SQW-60-600 lasers

were pulsed from threshold and the SQW-60-300 laser was pulsed from zero.

to
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These data can be compared to the results obtained from the rate equation

modeling in Chapter 4.




CHAPTER 3

THERMAL MODELING WITH NASTRAN FINITE ELEMENT CODE

3.1 Setting up the NASTRAN finite element code

The NASTRAN finite element code!4 is a software program for modeling
temperature transients in different materials due to localized heat sources. It
was adapted to simulate temperature transients within the active area of
semiconductor lasers. In this model, the diode is divided into a grid of cells.
The conductivity, density and heat capacity of the material within each cell
are specified as well as any heat generated from photon absorption,
non-radiative recombination, or ohmic heating. The model uses the thermal
conductivities, the thermal diffusivities and the assumption that heat can flow
out only through a constant temperature heat sink to determine the thermal
distribution in the laser during modulation or in  steady-state operation.!5.16

Both 2-dimensional and 3-dimensional modeling of the laser diode and
heat sink were used. The laser itself can be accuratcly modeled
two-dimensionally because edge effects are assumed not to be important.
Three-dimensional effects of thermal dissipation in the heat sink become a
factor as the heat sink thickness is increased beyond about 100 pm.
Three-dimensional modeling is very computationally intensive so it was used
only to determine the thermal impedance of the heat sink. A thickness for the
two-dimensional heat sink was chosen by trial and error uaiil the temperature
rise in the heat sink matched the value determined three-dimensionally. The
transient analysis was done 2-dimensionally.

Three cases were simulated in this paper, the 60 pm wide broad-stripe

laser (SQW-60-300), the 5 um wide narrow-stripe laser (SQW-5-300), and the
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10-stripe laser diode array (MQW-100-250). All lasers were mounted
junction-side-down.

Figure 3.1 shows the 2-dimensional grid used in the simulation for the
10-stripe laser array. The heat sink is only partially shown because of its size.
The grid was built with variable size cells to reduce the total number of cells
and therefore the computational time required to run the simulation. The
first 55 horizontal cells are each 1 pm thick. The remaining cells gradually
increase in size. The active area of the laser and the layers with large heat
fluxes were given smaller grid sizes so the temperature transients could be
more accurately modeled in those regions. Only half of the laser was modeled
because of symmetry about the vertical axis. The loss of heat into the air was
assumed to be negligible. The ambient temperature was fixed at the bottom of
the heat sink where heat was allowed to flow out passively. Figure 3.2 shows a
full view of the 3-dimensional model used. The 3-dimensional model used
larger cell sizes than the 2-dimensional model.

Figure 2.3 shows the composition and layer thicknesses for the 10-stripe
laser diode (MQW-100-250). The metallization!?, diode!8.19.20.21  and heat
sink22 compositions and thicknesses were obtained from several sources.
Typically, the active area for a MQW laser consists of four 0.013 pm thick layers
of Gag94Al ggAs separated by three .004 um thick layers of GagAl 2As18. In this
work the active arca was modeled as a single layer 0.06 um thick with the
average composition of Gag9)Al p9As. The ten stripes were defined by proton
implantation. The heat capacity and conductivity of GaAs were used for the
proton-implanted pGaAs (p+GaAs) current-isolating layer.  The heat capacities
of Ga gAl 4As and Ga.9iAl g9As werc not available and were approximated by
doing a linear fit of data between the heat capacity values of GaAs and

Ga 5Al sAs. The 2-dimensional heat sink thickness used was 300 um, which
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approximately matched the thermal impedance of the 3-dimensional heat sink.
The width of the heat sink was 600 um. The temperature of the heat sink on
the bottom row of cells was fixed at 20°C.

Figure 2.2 shows the composition and layer thicknesses for the
broad-stripe laser diode (SQW-60-300). The narrow stripe SQW-5-300 laser diode
has the same structure but with a S pm stripe width instead of a 60 um stripe
width.  The stripes are designated by a SiO; layer. The thermodynamic
properties of the materials present in the lasers are given in Table 3.1.

TABLE 3.1

Thermodynamic Properties

Material Molecular| Density | Conductivity Heat Heat Thermal
Weight Capacity } Capacity }Diffusivity
g/gmole | g/cm3 | W/um-©0C) cal/  |3°Cum3)| cm2/sec

(°C*mole
Ni 58.71 8.9023 [0.91E-423 |6.2223 [395.E-14 .
In 114.82  17.3023 ]0.8186-423 }6.4323 |171.E-14 -
Au 196.97 |18.8823 |3.186-423  [6.0723 | 243.E-14 .-
Cr 52.00 7.2023 [0.939g-423 |5.5623 |[322.E-14 -
Sn 118.69 6.5423 10.617E-424 |6.4523 149.E-14 -
Cu 63.54 89223 |4.01E-422 5.8423 343.E-14 -
Ti 47.90 4.523  10.219e-423 |5.9823 |235.E-14 -
Ge 72.59 5.3523 {0.602E-423 }5.5823 172.E-14 -
Pt 195.09 21.4523 10.716E-423 |6.1823 284.E-14 -
w 183.85 119.3523 |11.73g-423  [58023 |255.E-14 -
GaAs 144.64 53125 |0.45g-426 11.0523 | 170.E-14 |g.2727
Ga 5Al 5sAs - - 0.12E-426 - 235.E-14 10.05128
Ga gAl 4As - - 0.12E-426 - 222.E-14 -
Ga 4Al gAs - - 0.12E-426 - 248.E-14 .
Ga_7Al 3As - - 0.13E-426 - 209.E-14 -
Ga gsAl 15As - - 0.16E-426 - 190.E-14 -
Ga 9]Al p9As - - 0.21E-426 - 182.E-14 -
Ga 69.72 5.90423 - 6.20523 |220.E-14 -
Al 26.98 2.70223 | 2.186-424 | 58223 |244.E-14 -
As 74.922 157224 10.502E-423 |[5.8823 |188.E-14 -
Si02 60.08 2.3223 10.01E-422 }10.824 [174.E-14 -




3.2 Determination of heat sources within the diode

Heat is generated in the laser diode from ohmic heating at the
p-contact, non-radiative recombination in the active layer, photon absorption
in the active layer, and photon absorption in the substrate and p-cap
layer.22.29,30,6,12

The equations in Table 3.2, derived in a paper by Kobayashi and

Furukawa30, are used to calculate the heat input to the various layers of the

diode.
TABLE 3.2
Equations for Calculating Heat Input in the Laser Diode
below threshold above threshold (I>Ith) Layer
(kﬁ)
Vjl(1-nspon) (VjI-ViIin)(mi-nexv+Vjlthnspon(1-f)
+Vjl nspon(1-f) +Vjltn(1-nspon)+(V;l-Vjlip)(1-nspon)n’ active layer
+(Vil-Vilin)(1-NM'Mspon
Vl IT]SDon f/2 vlIIhT]snon(f/2)+(lLl'vlllh)n'T]spon(f/z) GaAs substrate
Vilngpon /2 Vilthnspon(f/2)+(Vil-Vilth)n'nspon(f/2) | p-GaAs cap layer
2R 12R each layer except
active layer

In these equations, Vj is the junction voltage, Tj is the internal
efficiency of lasing, R;g is the series resistance of each layer, Mgpon is the
internal quantum efficiency of the spontaneous emission, N' = 1- N, Ly is the
threshold current, Tex; is the external differential quantum efficiency of
lasing, I is the current, and f is the fraction of spontancous emission radiated
from the active layer and absorbed by the GaAs substrate and p-GaAs cap layer.
The value f is approximately equal to 1 - (1-(n1/ng)2)-3 , where ny and ny are

the refractive indices of the active layer and the cladding rcspcctivcly.22

30




For Mj=1 (M'=0) and Nspon=1. assuming ohmic heating 10 occur primarily

at the p-contact metallization laycrzz. the equations reduce to those shown in

Table 3.3.
TABLE 3.3

Simplified Equations for Calculating Heat Input in the Laser Diode

at threshold (I=liy) above threshold (I>Ith) Layer
Vilim (1-H (Vil-Vilin)()-nex)+ Vilin (1-f) active layer
Vi Ith /2 Vilih(£/2) GaAs substrate
Vi Ly /2 Vilyh(£/2) p-GaAs cap layer
Iih2Rg 2R p-contact layer

The operating parameters for the diodes are given in Table 3.4. The
operating parameters for the MQW lasers were obtained from their data sheets.

The operating parameters for GRINSCH SQW lasers were obtained from

D.K. Wagner, et. al.2 and data sheets. Vp1 is the diode voltage at threshold, and
Vyp2 is the diode voltage at the operating current above threshold. The
narrow-stripe laser has a higher ohmic resistance because of the smaller

contact area.
TABLE 3.4

Operating Parameters for Laser Diodes

Parameter SQW-60-300 | MQW-100-250 | SQW-5-300
Laser type broad-stripe 10-stripe 1-stripe
Optical power (mW) 80 200 100 200 46
Vi (V) 1.51 1.51 1.51 1.51 1.51
Vp1 (V) 1.54 1.54 1.76 1.76 -
Vp2 (V) 1.63 | 1.78 | 1.81 1.9 -

Ith (mA) 100 100 200 200 75
I (mA) 200 340 340 475 128
R (Q2) .6 .6 .85 .85 6
f .65 .65 .65 .65 .65
Text .473 .473 .49 .49 .62
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When the operating parameters of Table 3.4 are substituted into the
equations of Table 3.3, the generated heat in the specified layers of the laser
can be found. These values are listed in Table 3.5. The listed values for total
heat generated represent the total power into the laser minus the optical
power output. For a 10-stripe laser, each stripe will receive only one tenth of
these power levels. The broad-stripe lasers are more efficient than the
10-stripe array bccause current spreading is not as significant for them. It
occurs only at the two outer edges of the broad active area as opposed to on
either side of each stripe for the 10-stripe laser.

TABLE 3.5

Heat Generated in the Laser Diode (in Watts)

Parameter SQW-60-300 MQW-100-250 lSQW-S-SOO
Laser type broad-stripe 10-stripe 1-stripe
Optical power (mW) 80 200 100 200 46
at threshold:
active layer 0.0529]10.0529 1 0.106 | 0.106 0.040
GaAs substrate 0.049 { 0.049 | 0.098 | 0.098 0.037

-GaAs cap layer 0.049 | 0.049 | 0.098 | 0.098 0.037

-contact layer 0.006 | 0.006 | 0.034 | 0.034 0.034
above threshold:
active layer 0.132 | 0.244 | 0.214 | 0.317 0.070
GaAs substrate 0.049 { 0.049 | 0.098 | 0.098 0.037

-GaAs cap layer 0.049 | 0.049 | 0.098 | 0.098 0.037

-contact layer 0.024 { 0.069 | 0.098 | 0.192 0.098
Total heat generated
at threshold: 0.157 1 0.157 | 0.336 | 0.336 0.147
above threshold: 0.255 1 0.411 | 0.508 | 0.706 0.241

For the MQW-100-250 and SQW-5-300 lasers the current in the active
layer spreads out laterally, increasing the effective stripe width.

Determination of the actual current distribution in the diode's active area was
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accomplished by powering the laser below the threshold current and imaging
the laser facet onto a CCD camera.22 The CCD camera is interfaced with an
image processor which can plot the intensity distribution of the spontaneous
emission. The assumption was made that the output intensity distribution is
proportional to the current distribution. For the MQW-100-250 array, with cell
widths of 1 pum the fraction of power per cell was measured to be 0, 0.03, 0.10,
0.17, 0.20, 0.20, 0.17, 0.10, 0.03, 0 across the ten active layer cells for a current
10 mA below threshold. This profile was also used as an approximation for the
substrate and cap layers For the broad-stripe laser, because the stripe is wide
and the central r 4 of the stripe was the area of interest, no current
spreading was 1.cd in the simulation. For the SQW-5-300 narrow-stripe laser a
Gaussian Jistribution was seen with a full width half maximum (FWHM) of

20 pun at a current 13% of threshold. This FWHM decreased as the current
increased, with a FWHM of 15um for a current 31% of threshold, a FWHM of 10
pm for a current 44% of threshold, a FWHM of 7 um for a current 67% of
threshold, and a FWHM of 5.5um for a current 91% of threshold. The current
distribution above threshold cannot be accurately measured by imaging
because the lasing regions will show disproportionately more intensity than
the non-lasing regions because the lasing light is directional. For this work,
the value of 5 um for the FWHM was used to model the SQW-5-300 narrow-stripe

laser.
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3.3 Steady-state results
Table 3.6 shows the change in temperature of the active area in the
center of the stripe from the heat sink temperature of 20 °C for the three laser

diodes for various current levels run at steady-state.

TABLE 3.6

Change in Temperature of Active Area during Steady-State Operation

Laser Optical Power (mW) | Temperature Rise, oC
SQwW-60-300 80 4.78

200 7.60
MQW-100-250 200 10.7
SQW-5-300 46 10.24

3.4 Transient results and discussion

Table 3.7 lists the temperature change of the active area in the center
of the stripe for the three lasers during modulation with 80 ns and 1600 ns
pulses. For the 80 ns pulse, a 50% duty cycle was used. For the 1600 ns pulse,
the laser was set initially at the threshold current level until the temperature
reached steady state and then the modulating current was applied. This
approximates a 50% duty cycle pulse since in 1600 ns the temperature in the
active region will have a long enough time to settle back to the threshold
temperature after the modulated pulse ends. The transient simulations were
run with varying step sizes. The first section was run with a step size of 9 us to

bring the diode near steady state. After that, a step size of 1 ns was used.
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TABLE 3.7

Thermal Transients in Active Area of Pulsed Laser Diodes

Laser Peak Power, mW Temperature Rise, C Temperature Rise, C
(80 ns pulse) (1600 ns pulse)
SQW-60-300 80 .092 .58
200 .219 -
MQW-100-250 200 0.35 -
100 0.18 -
SQW-5-300 46 0.396 2.12

The SQW-60-300 broad-stripe laser has smaller transients than the

MQW-100-250 tien-stripe array because it has minimal current spreading. It

also has a larger total active area (60 um versus 40 um for the 10-stripe laser),

and has a longer length of 300 pm versus ~250 um for the 10-stripe laser.

Figure 3.3 plots the temperature in the active area of the laser during

modulation for the SQW-60-300 laser for a peak optical power of 80 mW and

80 ns pulses.
of 80 mW for a 1600 ns pulse.

Tkese temperature

and compared to experimental data by using the relationship that the emission

transients can be translated

into modal

Figure 3.4 shows the SQW-60-300 laser with a peak optical power

transients

wavelength for a typical GaAlAs laser will shift an average of ~3 A/C.4

Table 3-8 shows the thermal time constants of the transients fitted o the

equation

AT() = (k1(1-eC-UTDy4k2(1-e(-1/T2)y)

(3.1)

where AT(t) is the temperature rise, t is the time in ns, and k1 and k2 are

steady state temperature values associated with the time constants T1 and T2.
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TABLE 3-8

Thermal Time Constants Fitted to Transient Data from the Finite Element Code

Analysis
Transient Output k1l T1 k2 T2
Laser Time, ns | Power, mW (C) {(ns) (C) (ns)
SQW-60-300 80 80 0.0281 4.5 0.091 70
1600 80 0.295 400 0.41 1500
SQW-5-300 80 46 0.16 7 0.45 110
FWHM=5 1600 46 0.8 220 2.1 1600

3.5 Effect of varying cell sizes

The cell size was varied for the lasers to determine its effect on the
simulations. In one case, cell widths of 1 um were used with cell thicknesses of
0.5 um in the confinement area. In the other case cell widths of 0.1 um were
used with cell thicknesses of 0.05 um in the confinement area. Small changes
in the thermal transients on the order of a few percent occurred, indicating

that accurate simulations can be made with the larger cell sizes.
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CHAPTER 4
TEMPERATURE-DEPENDENT RATE EQUATIONS MODEL

4.1 Introduction

Rate equations model the modal output power characteristics of laser
diodes. The characteristics and dimensions of the laser are entered into the
program along with the driving current, and the equations are solved
numerically to predict the power in each of the laser modes as a function of
time. The rate equations model is used to obtain information on relaxation
oscillation frequency, modal power distribution, total output power, and the
settling times of the modal power fluctuations due to mode-buildup time
transients and thermal-induced transients.

Temperature-independent rate equations have been described by many
workers in the field including Marcuse and Lee3l, Yariv32, Adams and
Osinski33, and Agrawal and Dutta34. Byme and Keating have developed
temperature-dependent rate equations by adding temperature dependence to
the threshold current density and to the peak of the modal gain curve
distribution, however, they only investigated dc behavior.35  This report uses
the equations developed by Byme and Keating and extends their work by

examining transient behavior.
4.2 Description of Rate Equations

The electron and photon transient behavior in laser diodes can be

described by the following rate equations,
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: /2

dn n n

dne j ne A

dt " ed 1. N 2/2’1 A Dy(ne-ng)sy (4.1)
=-n

1
H = Dy ne -Es\, + MTA Dy(ne- ,I\lo)Su (4.2)

The variables in these equations are defined as follows:

e

Te

n+1

S>

o

Tp

= injected electron density in the conduction band, pm-3

= time coordinate, s

= current density, A/cm?2

= electron charge (1.6 x 10-19 C)

= thickness of active laser region, um

= carrier lifetime, s

= carrier lifetime due to radiative recombination processes

= number of modes with gain

= stimulated emission factor, pm3/s

= line shape factor

= carrier density for transparency, pm-3

= photon density of vth laser mode, pm-3

= ratio of active layer volume to optical mode volume (mode
confinement factor)

= fraction of spontaneous emission coupled into the lasing
mode (assumed to be frequency independent)
(spontaneous emission factor )

= photon lifetime, s

= gain saturation term
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The photon lifetime, tp, is related to the group refractive index of the

laser medium, ng, and the effective cavity loss coefficient, a, by the relation
Tp = ng/(c 0.) . (43)

The photon lifetime represents the average time the photon spends in
the cavity. It takes into account cavity losses due to absorption of photons in
the cavity and mirror losses. The effective cavity loss coefficient, a, is related
to the cavity length and reflectivity of the mirrors, R, by

1.1
a=oj+ Ing. (4.4)

where R = YR1*R2 and R1 and R2 are the intensity reflectivity coefficients

(reflectances) for the front and back facets. The reflectance, R1, is

approximately 0.32 for an uncoated facet.2 The intrinsic loss coefficient is aj.

The gain compression term, M, is defined as

1
M= n/2 (4.5)

1 + ZES\)

v=-n/2

where € is the gain compression factor. The main effect of the gain
compression term is to dampen the relaxation oscillations of the laser. The
gain compression term (sometimes referred to as gain saturation factor) is a
phenomenological term which takes into account various nonlinearities
occurring in the laser medium and spectral hole burning.36.37 It has also

been used to represent the effect of lateral carrier diffusion in narrow width
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lasers.38.39  The transient response is not very sensitive to the exact value of

the gain saturation factor (other than damping the relaxation oscillations).

Values for € could not be derived accurately from the experimental data in this

report, though, in Chapter 5, approximate values for € are found which

moderately dampen the relaxation oscillations for the various lasers.

Equation (4.1) can be normalized by multiplying through each side by
tpA as shown in equation (4.6). Equation (4.2) is normalized by 1T¢A as shown

in equation (4.7). The assumption is made that t;is approximately equal to 1e

as will be discussed later in Section 4.10.

: /2
d(netpA)  jipA  (netpA) g M(syTeA)
e pr’J_ ~erpst)
At T ed T a2 DuletpA)-(horpA)) —— (4.6)
v=-n/2
d(svteA) T 1 M(syTeA)
di 5y Do(netpA) - 1 (uteA) + TDy{(netpA)-(hotpa)) — 25— (4.7)

Using the equalities

N = ne‘tpA,
Su=syTeA,
No = ’[\lotpA'
Jo= JTeTpA
= ed

we obtain the following equations,

dN 1 n/2
A=) I N Y M Dy(N-No)Sy (4.8)
v=-n/2
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dSv_ 1
= (ryDu N-Sy+MT DD(N-NO)Su). (4.9)
*p

The normalization of the electron and photon density equations not
only serves to simplify the equations but also facilitates the use of a
Runge-Kutta numerical analysis. This is because the stiffness of the equations
is determined by the ratio of the independent variables. The ratio of the
electron density over the photon density is normally quite high so the
equations are stiff and require a very small time step to converge. The
normalization factors reduce the ratio of the electron and photon density
terms and so the system converges with a much larger time step.

The first term in (4.1) is the increase in electron carriers due to
current. The second term is the decrease in electron carriers due to
spontaneous emission, and the third term is the decrease or increase in
electron carriers due to stimulated emission or absorption of photons.

Equation (4.2) represents the change in photon population for each
separate guided mode. The first term in (4.2) is the increase in the photon
population due to spontaneous emission. The factor y accounts for the fact that
only a fraction of the spontaneously emitted photons contribute to the guided
mode.  The second term represents the loss of photons due to cavity losses. The
third term represents the stimulated emission or absorption of photons. Note
that the stimulated emission rate represented by this term is due both to a gain
factor and to the concentration difference of electrons above transparency
and the concentration of photons in that particular mode. As described in
Section 2.1, it is the fact that the stimulated emission rate is driven by the
concentration of photons in a particular mode that causes thc mode-buildup

transients. It is only because of feedback that the power tends to gradually
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concentrate in a few dominant modes. The first and third terms of (4.2) are
multiplied by ' to account for the different volumes occupied by the electrons
and photons. This can be verified by holding T constant and iterating the rate
equations for different values of active layer thicknesses. The optical power
out of the cavity is independent of the active layer thickness as long as I stays
constant.

The photon density can be converted into optical power out of the laser

cavity as shown in the following equation:

>
LSd 1
P= v T E 7 7(e(aza0) (4.10)

v=-n/2

where

s1ud the variables are defined as

P = optical power, W

S = width of laser stripe, pm

L = cavity length, pm

E = energy per photon, J

h = Planck’s constant (6.626 x 10-34 J/s)

c = velocity of light in vacuum (3 x 1014 pm/s)

Apo = wavelength at the peak of the mode distribution at time 0
a-a; = facet loss = I]_, In é

In (4.10), the photon density is ultiplied by the mode volume and

energy per photon to give the energy in joules represented by all the photons
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in the cavity. This energy is then divided by the photon lifetime (without

internal losses) to give the optical power coming out of the cavity.

4.3 Determination of the stimulated emission factor and the
transparency electron current density
The stimulated emission factor, A, affects the oscillation frequency of
the relaxation oscillations. A larger stimulated emission factor increases the
oscillation frequency. The stimulated emission factor can be obtained through
values obtained for the gain. In Thompson® and Kressel and Butler!2 the
theoretical relation between peak optical gain, g, in cm-!, and injected

current density, J, in Amps cm-2, for pure GaAs at various temperatures is

g=p{-Jo) , (4.11)

where Jo is the transparency electron current density. The gain, g, is defined
as the power emitted per unit volume divided by the power crossing per unit
area.!? If this relation is plotted, the slope of the line represents the gradient
B (sometimes referred to as the differential gain coefficient) in cm Amp'l. The
relationship between B and the stimulated emission factor, A, is given by

_Bde ¢
- Te ng

A (4.12)

The transparency electron density for the peak mode of the distribution

is related to the transparency electron current, Jo, by the relation! 2

I’l\o=§% T (4.13)
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The actual threshold current of the device can be determined by the

threshold condition where the gain equals the loss2,

rgs= ai+1"L”R. (4.14)

and the gain current relation (4.11). The expression derived from these two

equations is

lxh=n§i ((Jo + ﬁ;) L+ 'ﬂrl%l). (4.15)

where Iin is the threshold current during the pulse in Amps.

In narrow stripe gain-guided laser diodes the current will not remain
confincd to the narrow stripe width defined by the oxide or proton
implantation. There are two processes by which this occurs. First, the current
will spread out during its trip from the metal contact down to the active area.
This effect is directly related to the current density, and the thickness and
conductivity of the confining layer which comes between the active layer and
the metallization. Once the current reaches the active layer, it will diffuse
outward along the active region. This effect is related to the diffusivity and to
the carrier lifetime in the active region.

Casey and Panish40 have derived equations that predict the carrier
distribution in the laser diode active layer based on both current spreading
and active-layer carrier diffusion. They combine the current spreading

expressions described by Yonezu et al3! with the carrier-diffusion model of
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Hakki42., Thompson® and Streifer, et.al.,43 also describe the effects of current
spreading and diffusion.
In the Casey and Panish approach, current spreading effects are

characterized by a current spreading length,

__2L
“xpslo

Io (4.16)

(1+(Sxps/2LNL) > -1
where Ip= Sxps/(2L) ,

and 1 1 1

ps (p1/d1) T (pa/dy)

Here I, is the lateral spreading current, I; is the total current, pg is the
composite sheet resistivity, dj and dy are the lengths of the layers through
which the current flows to reach the active layer with their respective
resistivities, pj and py, and x is the exponential junction parameter e/nkT. In
the SQW lasers used in this report, the confining layer on the p-side is

Ga Al 4As. Using a mobility, pp, of 250 cm2/(V s) 44, and hole doping, p, of
2x1017 ¢m-3, this give a conductivity (g=pppe) of 8mho cm-l. The
resistivity is the inverse of the conductivity. For a thickness, dj + d2, of 1.7 um,
stripe width, S, of 5 um and stripe length, L, of 300 pm, this makes a
characteristic spreading length of 1.2 um for a current density of

8500 A/cm2, 1.64 pm for a current density of 5000 A/cm?2 (threshold for the
SQW-5-300 narrow stripe laser), 2.12 um for a current density of 3330 Afcm2,
and 6.68 um for a current density of 670 Afcm2. Also, it should be noted that
for proton-bombarded stripe-geometry lasers (such as the MQW-4-250 laser)

lateral current spreading is further decreased.43
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Diffusion effects in the active layer are characterized by a diffusion
length. The diffusion length can be calculated knowing the electron mobility,

pe, and the electron lifetime in the p-type material, 1p:

Ln=(De tp)- (4.17)

kT
where De=£¢c—*—

is the diffusion constant, k is the Boltzman constant, 1.38 10-23 J/K, and T is the
temperature in degrees Kelvin.40 For electrons in GaAs at concentrations
below 1015 cm-3, pe is 0.85m2/(V sec).46.12  (This value will decrease at
higher electron concentrations.) Using this value, a temperature of 300 °K,
and an electron lifetime of 2 ns!!, a value of 6.6 pm is calculated for the
diffusion length. Hakki42 and Streiffer?3 use values of § and 3 pm,
respectively, for the diffusion length when modeling current diffusion in
GaAs lasers.

For stripe widths under 20 microns, electron spreading and diffusion
effects start playing a major role in the mode size and efficiency and so values
of B and Jo determined from wide width laser diodes are no longer valid. The
effect of current spreading and diffusion on the gain factors can be
determined by first predicting the profile of the current along the stripe.
Then new effective values of B and Jo for the case of narrow stripe lasers can
be calculated. Casey and Panish predict the electron concentration in the
active layer. Their equations can be normalized to give the following two

equations;
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_(1-Ln -S %Y (;,2}1 S
Jr(x) = (1 ‘1o+Ln) exp(an) cosh(Ln) (1+ S ) for Ixl < 2 (4.18)

Jr(x) = (HZ_S]Q)I(HCO!h(ZSTn))I("(10_2{914,_2110*‘Ln°°‘h( EIST,I ))) exp(-(xiizz))

1,2 -(x-S/2) 2l 1 S
+ 1o2-Ly2 cxp( o ) (l+ S ) for IxI > 2 (4.19)

where Jr(x) is the relative percentage of current density at any distance x
from the center of the stripe.
Figure 4.1 shows Jr(x) versus x for a stripe width, S, of 5 pum, diffusion

length, Lj, of 5 microns and a spreading length, 1y, of 1.2 pm.
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FIGURE 4.1 Relative current density versus distance.

48




Equations (4.18) and (4.19) can be used to solve for the new gain

relationship with modified values of B and Jo, represented by B* and Jo*,

g=B*J-Jo"). (4.20)

This is done by solving for the gain as a function of distance from the stripe

center and current density through the stripe contact, Jioq,

gain(x,Jior) = B ( Jr(x) Jior ) - Jo) . (4.21)

The effective gain will then be the average gain over the region where there

is gain:
1 Xeff
gainefi(Jion) = —— | gain(x.Jior) d x (4.22)
eff 0

where xeff is the distance from the center of the stripe to the point where the
gain becomes zero. Equation (4.22) makes the approximation that there is a
uniform density of photons in the region where there is gain. The effective
gain can be found for other values of Jior and then plotted. The slope of the
curve gives the new value of B*, the gain coefficient, and the x-intercept the
new transparency current density, | PR

Figure 4.2 shows the new gain curve plotted along with the gain curve
for no current diffusion as a function of current density. This is for the case
of S=5um, Ly =5um, lo = 1.2 um, B = 4.4 cm/A, and Jo = 145 A/cm2. The B and Jo

values are taken from values determined for the SQW-60-300 laser.2
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FIGURE 4.2 Gain versus current density through the stripe contact.

From Figure 4.2 the new cffective gain parameters, B* and Jo*,
representing the slope and x-intercept of the curve, can be found. Since the
graph only approximates a straight line these values must be interpolated. It
is apparent that current spreading through the stripe for a narrow stripe
width has dramatic effects on the effective gain of the laser. Table 4.1 lists
values for the effective gain parameters calculated for varying spreading and
diffusion lengths.

TABLE 4.1

Effective Gain Parameters for Various Diffusion Lengths and Stripe Widths

Diffusion | Spreading| Stripe B Jo B* Io*
Length Length | Width |(cm/Amp)| (Amp/ {(cm/Amp)| (Amp/
(um) (um) (um) cm?2) cm?)

5 1.2 5 4.4 145 0.51 225
7 1.2 5 N " 0.415 250
7 3 5 " " 0.39 325
8 5 5 0.32 375

50




4.4 Line shape factor and the gain spectral linewidth

The line shape factor is a Lorentzian equation given as

1

Dy = (4.23
1+[(hy-Ap(W)/ALD]2 )
where
AAp = effective gain spectral linewidth parameter, um
Ap(t) = wavelength at the peak of the gain spectrum for time t
Ay = wavelength of the vth laser mode.
The spacing between adjacent modes in a cavity, AA., is determined by
Ahc = hpo?/ (2ngL). (4.24)

The linewidth parameter, AAp, has the effect of determining the
steady-state relative power distribution between the modes. The line shape
factor equation is determined by fitting the Lorenztian equation to the

calculated and measured spontaneous emission spectra of QW GaAs lasers.47-50
4.5 Characterization of the spontaneous emission factor

Of the total spontaneous emission emitted in all directions, only a small
portion becomes amplified by the laser modes. This fraction is given by the

spontaneous emission factor, v,51.31,52,53

KTgo®
¥ 4x2n,2ngDdLAND

(4.295)
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where K is the astigmatism factor and n, is the effective refractive index of

the laser medium.  The factor y is the ratio of the volume occupied by one
guided mode relative to the whole volume receiving photons by spontaneous
emission.

The astigmatism factor is used to account for changes in y due to laser
geometry. As will be discussed in Chapter 5, K is affected by laser length and
width. It also changes depending on whether the laser is gain- or
index-guided.

The spontaneous emission factor affects the mode power distribution. A
larger y causes a larger spread of the power distribution of the modes. The
spontancous emission factor also affects the time it takes for the modal power
sharing to settle, with a smaller y causing the modes to take longer to stabilize

in power.

4.6 Incorporation of temperature effects

The peak wavelength of the gain curve is dependent on the current

density33 and on temperature as shown in the following equation,

ne(t)
A
No

Ap-Ap(D) = u(l - )+ Shpu(l) + BA + (v * Ado). (4.26)

In this equation, AA is the initial detuning of the gain peak from the dominant
mode (from 0-0.5 AA:), and u is a constant relating the carrier density to the

shift in the gain peak (typically 106.4 nm)33. X, and Ap(1) were defined earlier

as the wavelength of the vth laser mode and the wavelength at the peak of the




mode distribution for time t. The thermal shift of the peak wavelength of the

gain curve, 8Ap(t), is defined as

SApi(t) = h AT(1) , (4.27)

where h is the experimental shift of wavelength per °C. AT(t) is the
temperature shift in the active area previously described by equation (3.1).
The gain peak shifts due to carrier density changes and thermal changes are
both positive, i.e., the gain peak shifts to longer wavelengths.

The carrier density term becomes zero at threshold because at threshold
and at higher modulation levels the carrier density stays constant except for
some minor oscillations. Therefore, the factor u in (4.26) which relates the
shift in the gain peak due to carrier density changes has minimal effect in the
modeling done in this report since the lasers were all pulsed from threshold.
The carrier-induced index change and its corresponding wavelength shift is

also described by Manning, Olshansky and Su.54

The change in temperature over time, AT(t), is determined either
experimentally or with a finite element analysis of the thermal transients in
the active area of the laser diode during a pulse.!3.16  To determine AT(t)
experimentally, the modes of the pulsed laser diode are separated with a
spectrometer and the shift in the gain curve peak during the pulse
determined. This needs to be done for each separate laser at each power level.
A plot of the shift in the gain curve with time can be made and the data fitted
to two thermal time constants, T1 and T2, where T1 is a short thermal time
constant, and T2 is a long time constant. The temperature increase in the

active layer for time constant T1 is k1 and the temperature increase in the
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active layer for time constant T2 is k2. Alternately the change in temperature
over time, AT(t), can be determined with a finite element thermal analysis of
the diode as discussed previously in Chapter 3.

The output curves from the rate equation analysis in this paper are
compared by the use of their time constants. The time constant of the curve
comes from the equation

AT(t) = Tinal [1-e(-VD)]. (4.28)
When t equals 1 the value is at 63.2% of Tgipaj, its final value. When t equals 21
the value is at 86.5% of its final value.

The threshold current dependence on temperature is defined as?

Lin(1) = Iipe elATW/To] | (4.29)

where Iiho is the threshold current at the initial temperature, Iip(t) is the
threshold current at a time t later as the temperature changes according to
Equation (3.1), and Tg is the active region characteristic temperature (~150K
for multi-quantum well diodes and ~130K for single quantum well diodes2+4).
The threshold current increases with increasing temperature. For example,
for Tg=150K and AT = 59K, Iy = 1.034L}y,o. For AT = 109K, Ijh = 1.0691;ho.

The temperature dependence of the transparency electron current
density, Jo, and the differential gain coefficient, B, can be derived from the
threshold current dependence using (4.15).35 If the temperature dependence
of Jo is described by Jo(AT(1))=JoelAT(D/To] then B(aT(1))= Bel-AT(V/T,].

In this rate equation code, all the spectral shift is assumed to occur via
mode hopping. This is because the individual modes are being modeled. The
mode chirping can easily be predicted, though, knowing the average shift in

the wavelength of the individual modes with temperature. It is imporant to
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remember, though, when comparing the modeling to the experimental data,
that if mode chirping is severe enough, the experimental data will not give an
accurate measure of the mode hopping, because the mode will be moving out of

the detector area during the pulse.

4.7 Refractive Indexes

The group refractive index, ng, is defined as

ﬂg-- nr‘)\-.ai_. (430)

where n; is the effective refractive index of the material. The group

refractive index was estimated for a GaAlAs SQW laser at an energy of 1.455eV
to be 3.87.55 Larsson, et.al,56 report values for the group index as 3.45 to 3.8
for GRINSCH SQW lasers with cavity lengths ranging from 300 to 600 um. This
value concurs with values obtained from the measurements of the separation
of the laser diode modes with a spectrometer and equation (4.24). These values
are listed in Table 5.2 of Chapter 5 for several of the lasers tested in this report.
The effective refractive index of the GaAs laser medium for laser energy at

1.5eV is found to be near 3.65.12

4.8 Confinement factor
The confinement factor, I', is the fraction of the mode energy contained
in the active region. It also is an approximate ratio of the electron volume in

the active area to the volume occupied by the optical modes, and is defined as
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d/2

2
JEy d x
-d/2
r= —m (4.31)

_;[Egdx

where Ey is the electric field and d is the active area thickness.®6 The

confinement factor can be approximated by the .se of the effective optical

width, s,

jE%dx

s= (4.32)

2
Emax
where E;,,x is the electric field at the center of the active area. The effective

optical width is close to the full width/half maximum of the optical power

profile. The confinement factor can then be approximated by

r== (4.33)

A simple relationship calculating I' from the refractive indexes of the
material, the active layer thickness, and the wavelength can be found in
Agrawal and Dutta 34 This relationship is an approximation assuming most of
the power is in the fundamental transverse mode. The normalized waveguide

thickness is now introduced:

D=ko (ui-uz)‘s d (4.34)
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where H, and M, are the refractive indices of the active layer and the

cladding layers, ko is the wave number of the mode,

kg ==Z (4.35)

and A, is the free space wavelength. The confinement factor can then be

approximated as34
= D2/2 + D?) (4.36)

for D in pm. For quantum well lasers, where D<< 1, this equation can be further

simplified to T = D2/2 or

r=2n%@-u2) ¢>/12. (4.37)

Table 1 shows some calculations of the confinement factor and effective
optical thicknesses for various refractive indexes, wavelengths, and active

layer thicknesses.

Table 4.2

Calculated Confinement Factors and Effective Optical Thicknesses

Ao, um d, um Ha M. r S, um
0.8 1.0 3.51 3.22 0.98 1.02
0.8 0.1 3.5] 3.22 0.376 266
0.8 .06 3.51 3.22 178 337
0.8 .02 3.51 3.22 .0235 851
0.8 01 3.51 3.22 .006 1.67
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Kressel and Butler!2 and Thompson® get similar results as those shown in
Table 1. As can be seen, the effective optical thickness, s, increases
dramatically for active layer sizes less than 0.1 pum.

Quantum well structures allow high gain at low carrier densities but
have the disadvantage of a small optical confinement factor.47 Two means of
combating this are the use of multi-quantum wells and a graded index
confinement structure.

The optical confinement factor for graded-index structures must be
calculated numerically.  Wagner et.al.2 calculates this for various laser
lengths and widths. For a laser with a quantum well active layer thickness of
10 nm, the confinement factor was 0.032, giving an effective optical
thickness, s, of 0.312 um. This is a considerable improvement over the
non-graded structure. For the 0.014 um active layer thickness SQW GRINSCH
lasers used in this report, a confinement factor of 0.045 was used which gives
the same effective optical thickness of 0.312 pm.

Agrawal and Dutta34 calculate the confinement factor for

multi-quantum -well lasers as

Nada
I'=YNada + Nodp (4.38)
-2 2
2 u--u
where ¥ =2 n2(Nada + Npdp)? __—Qx%, ,
- Nadauna + Npdppb
- Nada + Nbdb
and N, and Np are the number of active and barrier layers. Using these

formulas T is calculated to be 0.147 for a 0.808 pm wavelength laser with four
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active layers each 13 nm thick and three barrier layers each 4 nm thick. In

this case s will be 0.436 pm.

4.9 Cavity loss coefficient

The effect of the loss coefficient, aj, in the rate equations is to change
the overall output power of all the modes. Raising aj will lower the output
power. The main cavity loss mechanisms are free-carrier absorption in the
quantum well and in the graded and confining layers. The intrinsic loss

coefficient is related to these by the confinement factor,

aj =agw [+ ac (1-T). (4.39)

The free carrier absorption coefficients in the quantum well and graded
and confining layers, aqw and o), have values in the range of 30 cm-! and
2 ecm-1, In Wagner, Waters, et.al.,2 values for a; are found for a SQW,
GRINSCH structure laser.  They obtain values from 2.8 to 5.5 cm-! for different
structures.

The external quantum efficiency, me. can be related 1o the internal
quantum efficiency, 7m;, by the equation:

___1n(1/R)
Me=MNig.L + In(1/R)

(4.40)

The internal quantum efficiency of these lasers is known to be near
1.0.12  The differential quantum efficiency is the slope of the optical power
versus injection current graph (in W/A) divided by the bandgap energy in eV

where the bandgap energy in eV is equal to 1.24/Apo, with Apo in microns.
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4.10 Spontaneous Electron Lifetime

The carrier (or electron) lifetime, te, is the carrier lifetime in the active

region. It is the inverse of the carrier recombination rate and is defined by

1

e

= Apr + B ng + C ng2 (4.41)

where

Apr = non-radiative recombination rate due to traps or surface
recombination, s-1.

B = radiative recombination coefficient, cm3/s,

C= Auger recombination coefficient, cmS/s .

The carrier lifetime is related to the carrier lifetime due to radiative

recombination processes, T;, and the carrier lifetime due to nonradiative
recombination processes, 1Tnr, by,

L A T (4.42)
Te Tr Tnr

1 1
thre —=B ne and = Anr + C nez.
Tr Tnr

Olshansky, et. al., have reported values for the Anr, B, and C coefficients
for AlGaAs LEDs and InGaAsP lasers.>’ They found that the Auger coefficient
is negligible for AlGaAs LEDs. It should be noted that the carrier lifetime will
remain a constant once threshold is reached because at that point and at

higher current levels the electron density, ne, remains a constant. The rate

equation modeiing in this report is d:signed to model lasers that are pulsed
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from threshold and so a single value for the carrier lifetime at threshold can
be used. If it was desired to model the lasers pulsed from zero current the Ap,
and B coefficients would need to be used. The Apr and B coefficients can be
found by measurements of the carrier lifetime versus current as described by
Olshansky. Since the Apr coefficient is usually on the order of 5 to 10 times
smaller than the Bne term at threshold, 1, is approximately equal to te and
there is only a relatively small discrepancy if te is used for 1; in Equation (4.2)
so that the equations can be normalized more easily.

The carrier lifetime for the MQW-4-250 laser can be found
experimentally from the fall time of a pulse.!2 The diode was pulsed below
threshold and the fall time measured. For this work a Berkeley Nucleonics
Model 6040 Pulse Generator with a Model 201E Module with 150 ps rise and fall
times was used to pulse the !aser. An Antel Optronics Model AR-S5 APD with a
<90 ps rise time was used to detect the signal. For the MQW-4-250 single-stripe
laser the fall time was found to be approximately 1.2 ns.

The carrier lifetime can also be calculated from the expression!!

1d = to + te In[l/1 - Ltp)] , (4.43)

where 14 is the delay time between the onset of the current pulse and the
output from the laser, and ty is a fixed arbitrary delay caused by cables. The
pulse current is measured from an initially unbiased value. With this
equation, if several values are taken and plotted, the electron lifetime can be
found from the slope of the curve of (tq) versus (te In[l/(1 - Lin)]). Elliott,
et.al.,!l calculated the lifetime this way for the 10-stripe MQW-100-250 laser
and found a value of 1.9 ns. Streifer, et.al., uses the vaiue of 1.6 ns for a MQW

laser at threshold.5 8
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Changing the carrier lifetime in the rate equations program changes
the oscillation frequency. This is because it is directly related to the stimulated

emission factor as shown in Equation (4.12). A larger value of 1. decreases the

number of oscillations per nanosecond.

4.11 Limitations of the rate equation model

Several factors limit the accuracy of our model.

Firstly, the gain/current relationship is assumed to be linear when in
fact there are non-linearities present.

Secondly, the model does not take into account mode chirping. It
assumes the modes stay at a constant wavelength and only the power
distribution between modes changes.

Values for ¥, t5p, ', and a are approximate and will vary even among
lasers of the same type.

However, with all these inaccuracies, the rate equation model is still
useful as a tool to obtain rough measurements of the behavior of pulsed laser

diodes, particularly when various design parameters need to be compared.

A complete listing of the rate equation computer program in

Mathematica for a Maclntosh computer is given in Appendix A.
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CHAPTER 5
USING THE RATE EQUATION MODEL

5.1 Introduction

The rate equation model can be used with or without including thermal
effects. Without thermal effects the model can be run to get information on
relaxation oscillation frequency, modal power distribution, total output power,
and the settling time of the modal power fluctuations due to mode buildup-time
transients.

When temperature dependence is added, the relaxation oscillation
frequency and total output power remain the same. The change is that now
the peak of the gain curve will shift and the modes will shift in power
accordingly. The longer wavelength modes will gain power and the shorter

wavelength modes will lose power.

5.2 Modeling the laser diodes without incorporating thermal

effects

Table 5.1 lists the input parameters for the lasers used in the

simulations. Wavelength and spacing between the individual modes, AXc,
taken with an LS-2 spectrometer, are also presented. These were used to
calculate values for the group index, ng. A value of 1.8 ns!! was used for Tsp-
0.025 um for AAp, and 0.3 and 0.95 for R1 and R2. Section 4.8 describes how the
confinement factors, I', were obtained. Section 4.3 describes how the
differential gain coefficient, B, and the transparency current density, Jo, were

obtained.
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Individual Input Parameters for the Laser Diodes

TABLE 5.1

Parameter SQW-60-300 [ SQW-60-600 | SQW-5-300 | MQW-4-250
D (um) 60 60 5 4

L (um) 300 600 300 250
d (um) 0.014 0.014 0.014 0.064
r 0.0452 0.0452 0.0452 0.147
B (cm/A) 4.4 4.4 0.51 0.12
Jo (A/cm2) 145 145 225 565
n, 3.6512 3.6512 3.6512 3.6
Apo (um) 0.814 0.822 0.819 0.80
Ith (mMA) 100 100 75 49
Differential Quantum

Efficiency 0.473 0.5 0.623 0.42
Alc (nm) (from LS-2) 0.312 0.137 0.305 0.30
ng 3.52 3.96 3.59 4.3

Simulations of the modal transient response without thermal effects for

four lasers were performed.

obvained experimentally.

Table 5.2 shows the results along with values

The relative output power of the individual modes

for the lasers was not determined experimentally but can be compared

qualitatively from the experimental data presented in Figures 2.4 through 2.11.

64




TABLE 5.2

Rate Equation Program Results for the Laser Diodes

Parameter Exper| Calc. | Exper| Calc. | Exper] Calc. { Exper] Calc.
. Value . Value ; Value . Value
Value Value Value Value
| Laser SQW-60-300 | SQW-60-600| SQW-5-300 | MQW-4-250
Current, mA 200 200 128 80
Intrinsic Loss, aj, cm™! 29 14 39 60
Astigmatism_Factor, K 68 32 2.5 2

Total Output Power, mW| 80 83 65 68 46 46 20 19
Threshold Current, mA 100 74 100 99 75 44 49 38
Oscill. Frequency, ns-!| 3.2 4.0 2.4 2.4 1.7 3.8 2.7 3.3
Mode buildup time,

center mode, ns ~10 10 ~30 30 ~10 15 ~8 15
Output Power, mW.:
Mode 1 - 23 - 12 - 23 - 9
Mode 2 - 13 - 10 - 7 - 3.8
. Mode 3 - 7 - 6 - 1.5 - 1
| Mode 4 - 3 - 4 - 0.5 - 0.5

When the rate equation runs are being done, the gain parameters,
carrier lifetime, and laser dimensions are entered into the program and then
trial and error runs are made to fit the calculated results to the experimental
data by adjusting the astigmatism factor and the intrinsic loss coefficient. The
astigmatism factor (as part of the spontaneous emissicn factor, v) affects the
mode power distribution and to a small extent the oscillation frequency of the
relaxation oscillations. A larger 7 causes a larger sprecad of the power
distribution of the modes and a slightly higher oscillation frequency. The
spontanecous emission factor also affects the time it takes for the modal power
sharing tc settle, with a smaller y causing the modes to take longer to stabilize
in power. The effect of the loss cocfficient, aj, in thc rate equations is to
change the overall output power of all the modes. Raising a; will lower the
total output power. These values of the astigmatism factor and the intninsic

loss coefficient arc only approximations, though, duc to the approximatc
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nature of several of the other input parameters, such as the confinement
factor, the electron lifetime, and the gain coefficients.

Close agreement is obtained between the experimental and calculated
values for the SQW-60-300 laser for the total output power, the relaxation
oscillation frequency, and the mode buildup time. Figure 5.1a shows the output
from four of the dominant modes for the SQW-60-300 laser. This can be
compared to the experimental data in Figure 2.4. Mode 0 is the center mode,
and modes 1 through 3 are side modes which have identical counterparts on
the other wavelength side of mode 0. The mode buildup-time represents the
time it takes for the center mode to reach 86% (two time constants) of the final
value. The other modes settle faster, at rates that are proportional to their
distance from the center mode. Figure 5.1b shows the electron concentration
as a function of time during the pulse. All the rate equation runs are started
from a current slightly below threshold. As can be seen, the electron
concentration rises to the threshold value and then oscillates around this
value before leveling out.

Figure 5.2 shows the output from six of the dominant modes for the
SQW-60-600 laser diode. A smaller astigmatism factor, K, for the spontaneous
emission factor, y, was neceded for this laser to match the experimental data.
The smaller y needed for this laser is related to the fact that with the longer
length, the allowed angular spread of the individual modes is less so that a
smaller percentage of the spontancous emission (which is emitted in all
directions) will go into the lasing modes.

The mode buildup-time for the SQW-60-600 laser is considerably longer
than for the SQW-60-300 laser. This is related to the fact that it has a smaller
spontanecous emission factor and also to the fact that the photon lifetime for

this laser will be longer because of the longer length and so the competition
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between the modes takes longer to resolve. The mode spacing for this laser is
half that of the SQW-60-300 laser and the output power is spread out more
between the modes.

Figure 5.3 shows the output from the four dominant modes for the
SQW-5-300 laser diode using the effective values of B and Jo of 0.51 cm/A and
225 A/cm?2 calculated using a diffusion length of 5 um and current spreading
length of 1.2 um. The total output power and mode buildup time matched the
experimental data well, however, the calculated oscillation frequency for this
laser of 3.8 GHz did not maich the experimental value of 1.7 GHz well. This
indicates that either the effective value of B is too high or that the carrier
lifetime, te, is too low. Using effective values of B and J, of 0.32 and 375,
determined from the current spreading calculation with a diffusion length of
8 um and current spreading length of 5 um, a value of 2.6 GHz was obtained for
the oscillation frequency. With these longer diffusion and current spreading
lengths, a calculated current threshold of 66 mA was obtained which is closer
to the experimental value of 75 mA than the value of 44 mA obtained using the
calculated diffusion and current spreading lengths. Using these longer
diffusion and current spreading lengths is not reasonable, however, since the
experimental data taken by imaging the laser facet below threshold does not
indicate that there is that much spread in the current profile. It is apparent
that some other factor, such as a change in the carrier lifetime, is playing a
role in the behavior of these narrow stripe lasers.

The SQW-5-300 laser needed a much smaller astigmatism factor, K, of 2.5
to match the steady state distribution of power between the modes. This is due
to the fact that since it is a narrow stripe, the allowed angular spread of the

individual modes is less than for a broad stripe laser and a smaller perceniage
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of the spontaneous emission (which is emitted in all directions) will go into
the allowed lasing modes.

Table 5.1 also lists the input parameters used to model the MQW-4-250
narrow stripe laser diode. A MQW laser typically consists of four 0.013 pm
thick layers of Ga.g4Al ggAs separated by three 0.004 pm thick layers of
Ga gAl 2As. 18 An effective thickness of 0.064 pm and confinement factor of
0.147 were used to model this laser.

The experimental relaxation oscillations from the MQW-4-250 laser were
det :rmined in a paper by Elliott and DeFreez.!! The relaxation oscillations had
a frequency of 1.7 GHz (1.7 oscillations/ns) for a current 1.3 times the
thrashold current and 4.0 GHz (4 oscillations/ns) for a current twice
thizshold. This data can be extrapolated for a current 1.6 times threshold to
giv: 2.7 oscillations/ns.

The rate equation results for the MQW-4-250 are presented in
Table 5.2.  Effective values of B and J, of 0.2 and 750 were found to give results
cluse to those found experimentally. (Intrinsic values of B and Jo could not be
fuind for this laser.) Figure 5.4 shows the output from the four dominant
mdes. The value of 2.0 for K needed for this laser is close to the value of 3

cz:culated in a report by Hausser, et. al.,53 for narrow stripe MQW lasers.

All the runs were done using 19 modes in the calculation. When only 9
modes were used the results were similar. With 9 modes the oscillations were
more prominent but the modes settled to approximately the same powers and
the average power was approximately the same.

A run was also done for the SQW-60-300 laser with the gain curve
peaked between two modes. In this case the results are very similar except for

the fact that there are now two identical center modes with slightly less power
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than the one center mode for the case of the gain peak centered on one mode.
The settling times (or mode buildup time) for the modes remained

approximately the same.

Although the gain saturation factor, €, was not used in the rate equation

runs, values for € could be obtained by trial and error that damp out the

oscillations in about two nanoseconds. A value of 2.0x10-6 um3 was obtained
for the SQW-5-300 laser, 24x10-6 pm3 for the SQW-60-300 and the SQW-60-600

lasers, and 3.5x10°6 pym3 for the MQW-4-250 laser.

5.3 Modeling the laser diodes with thermal effects

As stated earlier, when temperature dependence is added to the rate
equation modeling, the relaxation oscillation frequency and total output power
remain the same. The change is that now the peak of the gain curve will shift
with time and the modes will shift in power acc~rdingly. The longer
wavelength modes will gain power, and the shorter wavelength modes will
lose power.

Table 3-8 lists the thermal time constants for the SQW-60-300 and
SQW-5-300 lasers derived from the finite element analysis. The parameters kl,
k2, T1, and T2 are dependent on how much drive current is applied to the diode
and so must be determined for a specific value of current.

The characteristic temperature used was 125°K2. A value of
0.25 nm/°K was used for h.

Figures 5.5 and 5.6 show the rate equation modeling with thermal
effects for the SQW-60-300 laser for 80 mW power output (100 mA modulation
current) and 80ns and 1000 ns pulses using the finite element analysis

derived thermal parameters. These can be compared to the experimental data
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in Figures 2.4 and 2.5. This laser had fairly small thermal fluxes for the 80 mW
power level and this is confirmed by the modeling. The thermal transients for
the 80 ns pulse are too small to be detected. Small thermal transients of the
same magnitude are observable, though, for the 1000 ns pulse in the modeling
and the experimental data.

Figure 5.7 shows the rate equation modeling for the SQW-5-300 laser for
46 mW power output and an 80 ns pulse using the finite element analysis
derived thermal parameters with a FWHM of 5 um for the current profile. As
can be seen by comparing this data to the experimental data in Figure 2.8, the
experimental thermal transients are reasonably close to the calculated ones.
Figure 5.8 shows the SQW-5-300 laser modeled with 46 mW optical power output
and a 1000 ns pulse. Once again, the experimental thermal transients look
reasonably close to the calculated ones, though, a direct comparison cannot be
made to the experimental data of Figure 2.9 because, as stated earlier, the
transients for this laser are of a high enough magnitude to cause the modes to
shift through the detector area during the pulse, making the degree of mode

hopping appear larger.

5.4 General discussion of rate equation modeling results

The rate equation results agree with the experimental data in
describing the two types of transients occurring in these gain-guided lasers.
Mode-buildup transients are more severe and occur at the beginning of the
pulse. Their duration is dependent on the laser length, with 15 ns transients
occurring in 300 um length lasers, and 30 ns transients occurring in 600 pum

length lasers.
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The rate equation program was found to give a good match to the
experimental data for the broad stripe lasers. The minor discrepancies can be
attributed to the inhcrent inaccuracy of some of the simplifying assumptions
and the approximate nature of several of the input parameters. The thermal
transients obtaired from the rate equation analysis matched the experimental
data well. The magnitude of the calculated thermal transients are dependent
not only on the finite element analysis derived time constants, but also on the
spontaneous emission factor. The spontaneous emission factor has a direct
effect on the relative power distribution between the modes. If the power is
spread morc evenly between several modes (using a larger spontaneous

emiccinn
emissior

nf th harm
H O1i H

the therma
because a shift in the gain peak does not cause as great a shift in the
magnitude of the modes.

For the narrow stripe lasers the match of the experimental data to
the calculated data was not as good. Longer diffusion and current
spreading lengths than those calculated were needed to adjust the gain
parameters to match the experimental relaxation oscillation frequency and
threshold current.  However, these longer lengths were not confirmed by
experimental data taken by imaging the laser facet below threshold. The
experimental data indicated that the current profile narrows considerably
near threshold. A reasonable match of the experimental and calculated
thermal transients was obtained by using a FWHM of 5 um for the current

profile. Modeling of narrow stripe lasers is an area for further

investigation.
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CHAPTER 6
CONCLUSIONS

In this report the axial mode instabilities for several laser diode
structures were examined. In Chapter 2, experimental data was taken and the
general results showed two types of modal transients present. Mode buildup
transients occur over a relatively short period of time (10-60 ns) that is
dependent on the photon lifetime (and consequently laser length, with
shorter iengths having smaller transients). Thermal transients occur over a
period of several hundred nanoseconds.

The broad-stripe GRINSCH SQW laser diodes had necgligible thermal
transients for the peak modulation depth of 100 mA. The MQW narrow stripe
laser and SQW narrow-stripe laser had large thermal transients.

In Chapter 3, the steady state temperature increase of the laser diodes
and the temperature changes in the active area during a current pulse were
modeled with a finite element code. A detailed analysis of the laser was done
2-dimensionally, with a 3-dimensional analysis performed 1o determine the
thermal impedance of the heat sink.

In Chapter 4, the thermal modeling was combined with ratc cquations to
give a complete model of how the laser modes behave during modulation. The
rate equation model without thermal effects gave information on relaxation
oscillation frequency, threshold current, modal power distribution, total
output power, and the settling time of the modes due to mode buildup
transients. Adding thermal effects shifted the power distribution of the modes
according to tae entered thermal time constants in a very predictable fashion.

The rate equation results agreed with the experimental data in

describing the two types of transients occurring in these gain-guided lasers.
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Mode buildup-time transients are more severe and occur at the beginning of
the pulse. Their duration is dependent on the laser lengths, with 10-30 ns
transients occurring in 300 pm length lasers, and 20-60 ns transients
occurring in 600 um length lasers. The rate equation program was found to
give a good match to the experimental data for the broad stripe lasers. The
minor discrepancies can be attributed to the inherent inaccuracy of some of
the simplifying assumptions and the approximate nature of several of the
input parameters. Using the rate equation model with the finite element code
derived thermal parameters was found to give a good match to the
experimental data.

A method was found to solve for the gain constant and the transparency
current density for narrow-stripe lasers.  Current spreading in the
narrow-stripe lasers was found to have a large effect on these constants.
Diffusion and current spreading lengths longer than those calculated,
however, were necessary to match the experimental data on the relaxation
oscillation frequency and the threshold current. This was not consistent with
the thermal modeling and the experimental data taken by imaging the laser
facet, which indicates that the current spreading region should be less than
that calculated. A good match to experimental thermal transients, however,
was obtained using the thermal modeling with the rate equations.

Further works needs to be done on modeling the narrow stripe lasers,
however, it should be noted that these laterally gain-guided narrow stripe
lasers are not used as frequently nowadays, because index-guided or buried
heterostructure lasers, which have lateral current confinement, are more

commonly available and are preferred over gain-guided devices particularly

for communication purposes.

81




A broad-stripe GRINSCH SQW laser diode with a 200-250 pm length would
be a good structure for minimizing both mode buildup-time transients and
thermally-induced transients. This type of structure could output 100 mW of
output power with minimal modal instability. Going to higher output powers
could still be a problem, though, since the thermal transients are directly

related to modulation depth.
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<Qungekutta.s

(* This progras solves the rate equations for modal transiests in laser dicdes®)
(* It incorporates tempersture effects into the rate equations *)

(* The set of units are microns, ns, coulombs, deg.K ¢)

(* CURRERNT LXVELS *)

jth=.1 104-9 (* threshold current ianto laser?)
(* (st 300 deg.K), A*104-9 (C/ns) *)
current=.2 104-9 (* current into laser, A*104-9 (C/ns) *)

(* LASER DIMEMSIONAL PARAMRTERS *)
dthicknessw=.014 (* thickness of active laser region, microns?)

width=60 {* width of laser stripe, microns *)
=300 (* cavity length, microns *)
refls=.3 (* reflectivity of firet cavity mirror *)
ref2w, 93 (* reflectivity of second cavity airror *)
etan 043 (* confinament factor®)
age3 .52 (* group index of laser medium 9)
ar=3. S (* refractive index of laser medium *)
(* MISCRLANEOUS PARAMETERS *)
=68 (* astigmatiam factor used as multiplication factor for gamma *)

(* making gamms larger increases spread of power ¢)
(* and oscillations settle out faster *)
beta2ped.& 1044 1049 (* gain constant, microna/(C/ns) *)
(* msaking gain coastant larger incresses oscill/ns,®)
{* and gives smaller time step *)
transeld45 10~-9 104-9(* trasnsparency electron current density, (C/ns)/micron*2 *)

tep=l.8 (* spontanecus emission lifetime , ns *)

alphao=2® 10~-4 (* loss cwefficiant, microns*-1 *)

eps=ld 12 2 10~-6 (* gsin suppression factor, microns”3 *)

timsstarte) (* start of simulation, as *)

timeend=20 (* end of simulation, ns ¢)

noticksed (* number of ticks on graph ¢)

estpover=do (* estimated optical power out,this scales the prinmtout, mi*)
o=3 10~3 (* velocity of light, microns per ns %)

ccmd 10414 (* velocity of light, microns per sec *)

ee=l 6 104-19 (* slactron charge C/electroa *)

planck=6.§26 10~-34 1049 (* Planck's constant, Joule ns *)

(* THERMAL EFFECTS PARARTEIRS *)

b=, 00028 (* gain spectral shift for temp in microns/K .0003¢)
Ton = 0 (* set Ton to 1 to include temperature effects, *)
(* set to 0 to ignore effects *)
71400 {(* Temp. inc.in active layer from Ith to Ip CW, ns *)
T2=1500 (* Thermal times constant of active layer in ns?®)
K=, 295 (* Temp. incresse in active layer for time constant T1, dag.X *)
Re=_ 41 (* Temp. increase in active layer for time constant T2, deg. K *)
TO=12S (* TO is the scale factor (in deg. K) for the shift inm *)
(* current threshold for change in temperature *)
jon=0 (* set jon to 1 to include shift in current threshold due to temp.,*)
(* set to 0 to ignore *)
(* SPECTRAL PARAMETERS *)
Bandtype=l (* which way to define bandwidth, 1 = lorentsian, 2 = modified Lorenstian
B0=_025% {* gsin spectral balf width for Lorentszian ia microns *)
A= 026 (* gain spectral balfwidth for modified Lorentsian, in microns?®)
22=_014 (* gain spectral balfwidth for modified lLorestiian, second parametar *)
lambdap=0.812 (* vavelength at peak of distributioa *)
w=.C00 (* gain spectrsl peak offset, in micronst®)

(* to make symmetric, make vad, K *)
(* v=deltalc/2 sete ocenter of gain curve between 2 modest?)

|3 ] {* number of modes = 201, naziaum is 11°¢)
xue, 01064 (* gain spectral shift for carrier density (.1064), microns *)
u=0 (* set usd to ignore spectral shift for carrier denuity *)

(* & = electron density , t = time, ns *)
(* GO, Gl, G2, etc. sre the gain factors for the individual modes *)
(* 80, 81, 82 etc. are the photon densities of the individual modes *)

Rnery’ = planck c/lambdap {* enargy per photon, J/photon *)

-19
2.44801 10
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nostepsshound( (timeend-timestart)/.35] (* approx. no. of steps used by simulation®)
57
deltalcelambdap”*2/(2 ng L) {*mode separstion, in micronst)

¢.000312199
DT = Ton* (K1 (l-Rxp(-t/T1l})+K2(1-Exp({-t/T2))) (*temp. change as & fcn of time during pulse*®)
0

DT2 = jon* (Kl (1-Rxp(-t/71])+K2(1-Exp(-t/T2]))
(*threshold shift-teamperature change as a function of time duriang the pulse®)

gammasl| (K etatlambdap”4)/ (4 PLi*2 ng nr*2 dthickness width L B0)] (* spontanecus emission factor *)
0.000114056
atransetrans Rxp[DT2/70)

20000000000000000
beta2ebetslp Rxp{-D72/70})
13

4.4 10

A=((bata2 ee dthickness)/tsp) (c/ng) (*stimulated emission factor,maicrons*3/nat)
0.0084

re(refl ref2)*.3 (*reflectivity of the mirrors )

0.533854

alphawif[ (slphao+(1/L) Log(l/r))}] (* losa coefficlent *)

0.00499211

tpeng/(c alpha) (* photon lifetime, ns *)

0.00235038

tp2mmg/ (e ((1/L) Log(l/z])} (*average time photons spend in cavity®)
0.00560837

J2acurrent/ (L width) (* current density,C/ns/malcron”2 *)
-14
1.11111 10

J=(32/(dthickness ee))*A%tsp?tp (*normalized electron density, electrons/ (micron*3 ns) ")

97,9323

nosi{ (ntrans/ee*tsp/dthickness) A tp)
(*transparency current density for dominant mode, with temperasture effects *)

Q=109 width/.97 (L trans)

0.0269072

WR2e10*9 width/.97 (L alphao/{eta betal))

¢.027179

W3=1049 width/ .97 (lLog(l/r]/ (eta betal))

0.0196C74

Ith=000 HOR+HO00 (*calculated threshold current, ampa *)

0.0736936

U0= u{l-n/no) (* shift in gain peak due to carrier density change *}
]

Lvp[z_] :e UU-h DT +xz deltalc +v (¢ difference betwean mode wavelength and gain peak *)

W(x_] :=1f{Banutype<l.5 1/(1+(Lvp(x]/B0)*2),1/(1+(lvp{z])/Bl)*2+(Lep(x]}/B2)“4)]
(* denaminator of line shape factor *)

DO (0]
1.

G0=D0 (n-no)
1. (-12.78C02 « )
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Dl=If 300, W{1),0)

0.999844

Gl=If(3>0,D1 (n-~no),0)
0.999844 (-12.78C2 » =~
D2=1f[M>0,W(-1],0]
0.999844

C2=If (00,02 (n-no), 0]
0.999844 (-12.7802 + n)

D3=Ifa>1,%{2],0)
0.999377

G3=If(3>1,03 (n-no),0}
0.999377 (-12.7802 » n)
DA=If 301, M([-2],0]
0.999377

G4=If101,D4 (n-no),0)
0.999377 (-12.78C2 + n)

DS=If>2,%(3],0)
0.998599

G5«If(30>2,D5 (n-no),0)
C.998599 (-12.7802 + m)
D6=If[302,%(-3],0])
0.998599

GCé=IfM>2,D6 (n-no),0}
0.998599 (-12.78C2 » n)
D7=I£(30>3,%(4],0}
0.997511

G7=I£(3>3,07 (n-no),0]

0.997511 (-12.7802 + )
D8=If D03, W(-4],0)
0.997511

G8=1f(303.D8 (n-no),0)
0.997511 (-12.7882 « =3
D9=IL 04, ¥(S],0)
0.996117

GO9=If[3>4,D9 (n-no),0}
0.996117 (~12.7802 « =)
D10=IZ(s04,M(-5],0]
0.996117

G10eIf()>4,D10 (n-no),0)
0.996117 (-12.7807 - -
DlleIf(3>S,%(6)],0)
0.994418

GlleIf[30%5,D011 (an-no),0]

0.994418 (-12.78%2 .+ -
D12e1f[d>5,%(~€),0)
0.994418

Gl2eX£{>5,D12 (n-no), 0]

0.994418 (-12.7802 + -
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pli=If206,%{7],0]
0.992417

Gli=1£{3>6,P13 (n-no),0)
0.992417 (-12.7802 + n}
Dl4=If[M>6,M[-7],0)}
€.992417

GldeIf (306,014 (n-no),0)
0.992417 (-12.7802 +» n)
D1S=If[}>7,%(8}),0)
0.990118

Gl3=If[>7,D15 (n-no},0]
0.990118 (-12.7802 + n}
D16=1f(30>7,%(-8),0])
0.990118

Clé=If(3>7,D1l6 (n-no),"]
0.990118 (-12,7802 + m)
D17=If[}>8,%([9],0])
0.98752¢

Gl7=1£(»>8,D017 (n-no),0]

0.987526 (-12.7802 + m)
Di8=If[}>>8,M{-9],0]
0.987526

Gl8=If[>8,D18 (n-no),0])
0.987526 (-12.7802 + n)
D19=If[3>9,¥W[10],0)

0

GCl9=1£f[3>9, D19 (n-no),0]
0

D20=If[)>9,M[-10},0]

0

C20=If(}0>9, D20 (n-no),0]
0

D21=1f(M10,%(11],0]

0

G21=1£(10,D21 (n-no),0}
0

D22=1f[3010,%[-11],0]

]

G22=1£(M10,D22 (n-no},0]
0

gainsmleaps (80+481482+83+84+85+06+07+480+09+810+8114r14r243424925406+4x74r8+4r9+4x10+x1l)/ (tap A)

N
i

at=A tp (1/(A tp)+no/ (A tp))

13.7802
neo=30
30
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fegungeRutta[{ ((3-a- (GO 804Gl sl+ G2 ri+G3 824G4 r2+GS a3+

G rI+GT 944GE rd+G9 #54Gl0 r5+Gll #64Gl2 ré+Gll s7+G14 r7+4GlS #8+G16 8+

G17 854G1l8 r9+Gl9 810+G20 rl0+G21l £114G22 rll)/gains)/tsp),

(((eta DO gumma n)+(eta GO s0/gains)-80) /tp),

(((eta D1 gamms n)+(eta Gl sl/gains)-el)/tp}, (((ets D2 gemma o)+ (eta G2 rl/gains)-rl)/tp},

(((ets D3 gamma n)+(eta G3 s2/gains)-s82)/tp), (((eta D4 gumma n)+(eta G4 r2/gains)-r2)/tp),

{(((eta DS gamma n)+(eta G5 s3/gains)-e3)/tp), (((ets D6 gamma p)+ (eta G6 r3/gains)-rld)/tp),

(((eta D7 gamma n)+(eta C7 sd/gains)-sd)/tp), ({(eta DS gamma n)+ (eta G8 zd/gains)-rd)/tp),

(((eta D9 gumma n)+(eta G9 «5/gaing)-~sS5)/tp), (((ets D10 gamma n)+{eta Gl0 r5/gains)-r5)/tp).
(((eta D11l gamma n)+(eta Cll s6/gaine)-s6)/tp), (((eta D12 gamms n)+(eta GCl2 ré/gains)-x6)/tp),
(((eta D13 gamma n)+(ets GCl3 s7/gains)-e7)/tp), ({{(ets D14 Quama n)+(eta Gld r7/gsins)-x7)/tp),
(((eta D1S gamma n)+ (eta G1S s8/gains)-e8)/tp), (((eta D16 gusma n)+(ets Gl6 r8/gains)-r8)/tp),
({(eta D17 gamma n)+ (eta Gl7 #9/gains)-89)/tp), (((eta D18 gamma n)+(ets G18 r9/gains)-r9)/tp),
(((eta D19 gamma n)+(eta G19 610/guins)-sl0)/tp), (((eta D20 gamma n)+(eta G20 rl0/gains)-rl0)/tp),
(((eta D21 gamma n)+ (eta G21 sll/gains)-sll)/tp), (((eta D22 gamma n)+(eta G22 rll/gains)-rll)/tp)},
{t.n,00,8],r),02,22,83,23,84,54,05,25,06,26,87,57,88,58,29,19,810, £10, 811, 211},
{0,000,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0),timeend ,10%-~4,

ProgressTrace -> Palse, MaximumStepSize -> 1.,

InitSteplize->.01 };

(*Timing (%] Rup Times 3333 111} saconds )

fo=listPlot [Table{ (f£{({k,1]], £{(k,2]]), (k,1,length(f]}}.
PlotJoined -> True,PlotRange->{{timestart,5),{30,40)}]

38

34

>
[y
(™
re
s

-Graphics~-

(*RRxef ((nosteps 1,2]] *¢) (* the carrier density *})

(* 0,ne0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0 *)

Axxw ( (beta2p ee dthickness)/tsp) (c/ng) (*stimulated emission factor,microns*3/nat)

0.0084

884=8m[£[[3 nosteps,i}],{1,3,21}]*((L width dthickness/eta Energy) (1/tp2 1049) 1043/ (tsp Axx}))
82.647

estpowver=50
timestarts=0
tiseend=timeend
noticks=noticks
noticks2as

5
dddeTable(£([5,11)], (11.1,21})

10.147134, 38,7123, C.0836546, 0.0832311, 0.0832311, 0.0819756, 0.0819756, 02.0799328, 2.079%328, 1.0 " '’
0.0771738, 0.0737915, C.2737915, 0.06989%1, 0.0698951, 0.06560136, 0.2656036, 0.061C391, C.C61C239., . -»i.73,
0.0563209}

fomlistPlot (Table[ (f£{(k,1]), £[(k,3])*{(L width dthickness/eta Rpergy) (1/tp2 10%9) 10%)/(tep Axz))},
{k,1,Length{f]}].
PlotJoined -> True, PlotRange->{(timestart, timeaend)}, (0, estpower/2}),
Ticks ->{Range(timestart,timeend. (timeend-timestart)/noticke), Range[(, estpower/2, estpower/2/notick=’}))

25
2
1
1C
H C 3 b
~Graphics-
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fomListPlot [Table{ (£{[X,1]}, £{[k,3)]}*((L width dthickness/eta Energy) (1/tp2 1049) 1043/ (tsp Axx)}},
{k,1,langth(f]}],PlotJoined -> True, PlotRange->{{timestart, timeend/noticks}, {0, estpover/2}} )

[N IR .N)

’e

-Graphics-

famListPlot [Table( (£[(k,1]], £[(k,4]])*((L width dthickness/eta Knergy) (1/tp2 1049) 10~3/(tsp Axx))},
{k,1, Langth[£f]}].
PlotJoined ~> True,PlotRange-~>{{timestart, timsend}, (0, estpowver/2}},
Ticks ->{Range[timestart. timeend, (timeend-timestart)/noticks],Range(0, estpovar/2, astpowar/2/notickse2)})

25
2
1
H,
S ~ 10 5 23
-Graphics-

fn2eListPlot [Table[ {£[{k.1]), £{{k,5])*((L width dthickness/ets Knargy) (1/tp2 10+%) 1043/ (tsp Axzx}}},
{k,1,Langth(£])],
PlotJoined -> True.PlotRange->{(timestart,timesend}, {0, estpowar/2}},
Ticks ->{Range{timestart, timeend, (timeend~timestart)/noticks],Range{0,estpowar/2, estpovar/2/00ttcke2]})

5 10 A 2C
-Graphics~

fomListPlot [Table[ {£[[k, 1)}, £{[k,6})*((L width dthickness/ets Energy) (1/tp2 1049} 10~3/(tsp Axxz))).
(k,1,Length(£]})]),
PlotJoined -> True, Plothange->{(timestart,timeend), {0, estpower/2}},
Ticks ->{Range(timestart, timeend, (timeend-timestart)/ooticks],Range({0, estpover/2, estpower/2/noticka}}]}
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~Graphlics-

fomListPlot [Tablef {f{(k,1]]., £[(k,7]}*((L width dthickness/eta Energy) (1/tp2 1049) 10+3/(tep Axx))!}.
{k,1,Length(f]}],
PlotJoined -> True.PlotRange->{{timestart, timsend], (0, estpover/2)},
Ticks ->{Range[timestart, timeend, (timeend-timestart)/noticks], Range[0, estpower/2, estpower/2/noticasl})
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-Graphics-
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foeListPlot [Table{ (£[[k, 1)), £[(k,8])*((L width dthickness/ets Enargy) (1/tp2 10%3) 10°3/(tsp Axz))},
{k,1,Length(£}}],
PlotJoined -> True,PlotRange->{{timestart,timeeand}, (0, estpover/2}},
Ticks ~>{Range{timestart,timeend, (timeend-timestart) /octicks),Range [0, estpower/2, estpover/2/noticke2]}]
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5 10 15 ~ec
-Graphics-

famListPlot [Table{ (£([(k.1]], £([k,9)1]*((L width dthickness/eta Energy) (1/tp2 1049) 1043/ (tep Axx))}.
{k,1,Length(£]}],
PlotJoined -> True,PlotRange~>{{timestart, timeend}, {0, estpower/2}},
Ticks ->{Range[timestart, timeend, (timeend-timestart)/noticke), Range (0, estpower/2, astpower/2/noticke2]}]

-Zraphlecs-
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