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Laser Diode Modelling
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Motivation ﬂ.‘ iyt
A& | Nottingham
Why do we need to develop laser models?
= Reduce time and cost of designing devices
= Understand the physics/operation of the device for optimisation
= To enable the exploration of novel device designs
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What properties do we wish to simulate/optimise? ﬂu‘

Nottingham
Basic electrical and optical performance
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What properties do we wish to simulate/optimise? m'

Beam quality
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Types of models ,t Nottingham

Dimensionality — 0D, 1D, 2D or 3D?
0D: Photon-camier rate
equations

1D: Vertical or lateral or
longitudinal

2D: Any combination of
two dimensions

Active Layer

3D: Vertical & lateral and
longitudinal

n-side contact
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OD rate equation model I K‘,;‘{‘{‘{;’Sﬁ;fm
< 20 mA
= 0D rate equation model: é ‘
- Photon rate equation — [0A __ Time domain 0D analysis
- Carrier rate equation time
(equations) > 0.06¢ ’
= Advantages: £
o 0.04 R . 1
- Efficient (seconds) § Inging
- Fast calculation of key 30.02¢ 1
tradeoffs 5 d\/v
. S | /
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N — time/ns
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> |
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1D bipolar laser diode model g Nottingham
= 1D vertical bipolar model: Lgyer stryctqre .
- Poisson’s equation ) .
- Drift-diffusion equations . Newton’s - 4
- Capture-escape equations Method :? p-GaAs ”‘GaAS\
%

- Photon rate equations _ @E\M
\ y

= Advantages:

- Efficient (seconds — minutes)
- Useful for BA lasers, simulator calibration

= Disadvantages: 50

- Ignores current spreading, diffusion in lateral -S-SJJ:L”?—*

direction
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2D bipolar laser diode model !" Nottingham

= 2D transverse (x-y) bipolar Current Density Optical & Thermal Profile

electro-thermal model:

Optical Field

0
" 3.200E5

1.0 H 2 6.400E5
[

« Current spreading, Lateral
diffusion

9.600ES

- Heat spreading
= 2D (x-y) optical mode solver

1.280E6

1.600E6

Vertical position (um)
(6)]

= Advantages:

6 5 4 3 1 2 3 4 5 6
Lateral position (um)

- Efficient (10's minutes)

- Dynamic effects (small- and
large-signal analysis)
Small-signal Analysis Large-signal Analysis

30

= Disadvantages: 1o

T
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2.5D Bipolar monochromatic laser diode model

= 2D transverse (x-y) bipolar
electro-thermal model

= 2D (x-z) WA-FDBPM
= Fox-Li iterative method
= Advantages:

« Longitudinally non-uniform

structures (arbitrary geometry,

multi-section lasers)

- Reasonably efficient (hours -

10’s hours)
= Disadvantages:

- Does not consider spectral
effects
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2D Electro-Thermal Slice Solver
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2.5D Bipolar spectral laser diode model r Nottingham

. —— il Optical Field
= 2D transverse (x-y) bipolar (p‘
electro-thermal model

2D Electro-Thermal Slice Solver 1

: 2D (X-Z) WA-FDBPM ' 2D FD-BPM Propagation Refractive Index

Perturbation
= Advantages: —_ I III -—
Photon & Spontaneous Emission
« Accurate (Spectral dependence | Distribution
of gain, Spontaneous emission, 2D Electro-Thermal Slice Solver 1
[ Refractive Ind
|ndeX Change) 2D FD-BPM Propagation ?:;;arfu%zﬁgnex
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1.5D Unipolar laser diode model I Nottingham
= 1D lateral (x) unipolar electrical & =
model
1D Unipolar Electrical Model 1
* 2D (x-z) WA-FDBPM 2D FD-BPM Propagation Refractive Index

= Advantages: — -—

Photon & Spontaneous Emission

- Efficient (10’s minutes - hours) | Distribution

] 1D Unipolar Electrical Model 1
« Suitable for large structures Refractive Index

(Array of emitte rs) 2D FD-BPM Propagation ERE

= Disadvantages: ' i

& Spontaneous Emission

- Does not include thermal and . S
current spreading effects

(External Optics Module)
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2D Unipolar time domain laser diode model

= 1D lateral (x) unipolar electrical Time t,

model

= 2D (x-z) TD FD model (envelope
approximation)

= Advantages: Forward

- TD analysis of nonlinear wave

interactions

« Suitable for large structures
(Array of emitters)

Disadvantages:

» Long calculation times and
does not include thermal and
current spreading effects

Backward
wave
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Tradeoffs between efficiency and accuracy !.' Nottingham

Dimensionality Type of Model
i CW single wavelength
e § 4
1 Spectral TD
> 4
1 Spectral & TD
3D
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External Cavity Laser Diodes
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External Cavity Laser Diodes m' Nottingham

Example Applications

1.Wavelength beam combing

2.Brightness improvement in high power lasers
3.0utput spectrum improvement

4 .Frequency doubling

5.Mode-locking
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External Cavity Laser Diodes !" Nottingham

Schematic Diagram of External Cavity Laser Diode
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External Cavity Laser Diodes m'

Characteristic features

1.Cavity length: several mm to cm
2.Cavity width: several mm (LD bars, arrays)
3.Wavelength spacing ~ 10 pm

4.Free running modes
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External Cavity Laser Diodes Models
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External Cavity Laser Diodes Models m' Nottingham

Requirements for Laser Diode Models

1.ADbility to handle cavities with large length and width
(arrays, bars)

2.Ability to handle small wavelength spacing

3.Easy coupling with external optics models

.

Multidimensional, spectral laser diode models based on
travelling wave approach (Fox-Li iteration)
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External Cavity Laser Diodes Models m‘

External optics models

1.Geometric optics based models
2.Wave optics based models

3.Models based on solution of Maxwell’s equations
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External Cavity Laser Diodes Models !.'

Generic Example of External Cavity Laser Diode Model

Photon
Density

Optical Model
External optics model

external optics models

o
o
=
=
o
=
L
L
o
=
T
=
©
O
=
o
o
©
=
=

Interface between BALD and

Thermal and Electrical Model
Thermal and Electrical Model

-QW Gain
-Ref Index
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Examples
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Case Study A:

Talbot Filter External Cavity Laser Diode
Model used: 1.5D Unipolar Laser Model
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A. Talbot filter ECL ) g

Talbot filter ECL geometry

FAC a=Np
(f=1.46 mm) T

HR (>90%)
volume Bragg
grating

Ag =976 nm

Rg =40 %

AQ = 2° (FWHM)

AA=0.3nm

10 emitters
A

< INSTITUT _...-J

>
= d'OPTIQUE
L. = Z+/4

GRADUATE SCHOOL

Brighter Meeting, Freiburg - Feb. 18-20, 2009 26



A. Talbot filter ECL
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Talbot filter ECL modelling results

Light-current characteristic

Pmax=17W ,¢®®

Intensity (a.u.)
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Conclusion
= Can accurately reproduce phase locking

= Reproduces the light-current characteristics and far field
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Case Study B:

Self Organising External Cavity Laser
Model used: 0D,1D,1.5D Spectral Laser Model
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B. Self-organising ECL I’ Nottingham
Self-organising ECL geometry
| Length L 7 d
< g P> P—>
Output | | ; | |
cavity Amplifying medium Colh.matmg PR Air
mittor optics  |Crystal gap
< >
7 0 -Z
INSTITUT ~/__..-
d'OPTIQUE

GRADUATE SCHOOL
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PR crystal INSTITUT :_/_-
L : d'OPTIQUE ——=
Light intensity pattern GRADUATE SCHOOL

Hectron generation and trapping

@ @ @

Charge and electric field distribution

«— T — . —  — . —  —
«— |/ . | — 4 |/ . — 4 |—>
«— ) — . — ) — . S — 4y ) —>

Refractive index distribution
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B. Self-organising ECL

Kukhtarev equations

G(N;—N)_
ot

1 0J

e 0z

ON:
ot

J = eDSaa—]Z+ eu NE g,

0F .

= e(N,-N,-N)

€
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B. Self-organising ECL

PR crystal mirror reflectivity

If only main longitudinal mode writes the grating and only first order
terms are included the reflectivity is calculated from:

r

A, (0)

The University of

Nottingham

EO &)

Brighter
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AP (1) = rA? (1) exp(2:k'” (nl+ d))
(Af(])]ZLCH 012] Af(O)] i
A(1) ¢ e \ A(0) 5 b % : '*Ir‘ —
() d+ [ 5 0
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B. Self-organising ECL

PR crystal mirror reflectivity

)y

Simulation Parameters:

| = 0.3cm;d=3.0cm, PR Gain coefficient = 3/cm;
Reflectivity of output mirror = 0.91/2

0.9

0.5

The University of

Nottingham
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B. Self-orga
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Time evolution of PR crystal reflectivity
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Principle of operation for self-organising
tapered LD external laser cavity

Tpered D A \NAANN grysta
;: ANNANN
SAVAVAVAVA
SIAVAVAVAVA
RaVAVAVAVA
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B. Self-organising ECL !'.
Steady State ECL Analysis

Assumptions and limitations

Only the main cavity mode writes the PR grating

1. The longitudinal mode beating freqency is too large to form a dynamic grating
in the PR crystal. Hence, no direct coupling between longitudinal cavity modes
by the PR crystal non-linearity.

2. Only the first harmonic of the longitudinal grating written by the light intensity
is included. All higher harmonics are neglected, as they couple light to
evanescent waves.

3. The PR crystal model is based on 1D plane wave approximation, discussed
earlier.

4. The model calculates the field distributions of the possible cavity modes but
does not allow determing neither their temporal evolution or stability, nor
initial conditions under which they can be reached. J

INSTITUT —/——
d'OPTIQUE

GRADUATE SCHOOL
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B. Self-organising ECL !" Nottingham

Steady State ECL Analysis

Simulation and Results

Step 1: Calculate the resonant wavelength of the main mode of the cavity.

This is done by running repeateadly single wavelength LD model and taking the
advantage of the fact that no phase shift is introduced by PR grating for the main
mode.

Step 2: Calculate the resonant wavelengths for the side modes.

This is done by calculating the phase shift introduced by PR grating and
performing an approximate plane wave analysis in order to calculate resonant
wavelengths of the other longitudinal modes.

Step 3: Calculate the characteristics of the self organising tapered laser cavity.

This step is performed using the LD spectral model and the values of the PR crystal

reflectivity obtained for the calculated resonant wavelengths. /
INSTITUT — —
d'OPTIQUE

GRADUATE S
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Steady State ECL Analysis
Simulation Flow Diagram Simulation Parameters
Initial optical field distribution
Symbol | Definition Value Unit

- I PR Crystal Length 0.3 cm
= § Tapered ;
sl E LD model d Air Gap Length 3.0 cm
| 8 E E
sI & o o D Length of laser 0.22 cm
S = N = diode
= Q. (1) () (1)
o o o O =2
ol s 52 5 r PR Gain Coefficient | 5.0 cm-1
= © 5] — @
A m S @ -
=1 2 ol =] © n Refractive Index 2.4

(o) c c
sle SHCHE "
°ls £ e r Reflectivity of 0.91/2
“1e o o Output Mirror

:,_j = =
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PR crystal grating reflectivity

}”O=972'573 nm — PR crystal refelctivity

0.98 ! ! v A& Resonant wavelengths without PR grating
0.95 ; O Resonant wavelengths with PR grating

0.94
Q)]

G 0.92

0.88

Reflectivity, [rr

0.86

0.84

0.82

-0.103 -0.063 -0.023 0 0.017 0.057 0.097

0.8

Ak, (nm)
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OD analysis of self organising ECL

0DS, 1500 iterations, x0=969.5nm, AX=0.0105nm, modes=1001

1021
—— 0DS, self-organizing ECL
--------- 0DS, normal laser diode |
1020
E
N 19
> 10
k%)
C “““““
8 18]
c 10
O
©
< L
1017
10' ! : , L : i
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1D analysis of self organising ECL

1DS, 1000 iterations, xo=966nm, AL=0.0105nm, modes=1001

N
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o
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1DS, normal laser diode
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é 20
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B. Self-organising ECL m‘

2D analysis of self organising ECL

xo=972.573 nm, 950 iterations

0.25

©
N

Output power, (W)
o
o e
- )

2
o
&

0
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B. Self-organising ECL
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Influence of cavity section lengths . Length L Leo Ler Lar
. Output
. Length of air gap changes wvie | Collimating PR Air
.. Y i Amplifying medium . Crvstal
reflectivity spectra and resonant mirror optics  Crystal gap

wavelengths

. Stable single mode operation
obtained

Lr=3.0cm, Lpg=0.3cm, L;5=1.0cm
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B. Self-organizing ECL

Influence of cavity section lengths

. Length of PR crystal changes
reflectivity spectra and resonant
wavelengths

. Stable single mode operation
obtained

Lpr=3.0cm, Lpg=0.1cm, L;o=1.0cm
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Influence of cavity section lengths . Length L Leo Ler Lar
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Conclusion
= Predicts that cavity modes with single wavelength exist

= Further development of the model needed to calculate self-consistently
the output spectrum and its evolution
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Case Study C:
Asymmetric Feedback

External Cavity Laser
Model used: 1.5D Unipolar Laser Model
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C. Asymmetric Feedback ECL
Asymmetric Feedback ECL geometry

A mirror stripe is placed in the external cavity to select lateral mode
and provide asymmetric feedback.

AR coating

BA [aserdiode

w—
ﬁ
e

.M

1
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C. Asymmetric Feedback ECL !" Nottingham

= Asymmetric feedback technique is investigated for improving the beam
quality of broad-area diode laser.

= A free space propagation model is coupled to a 1.5D unipolar laser simulator
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External optics
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N | s
Mirror Output

y | =

Focal length = 63 mm
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= BAlaser: W =100 ym, L =1 mm, A = 975 nm Near-Field Pattern

30

= Initial field — “top hat profile”

25

20

= Simulation converges for a specific reflector
width and position

- Reflector width = 0.74 mm

- Position of reflector = 2.97 mm from centre SR S W . |
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= Stable working condition related to both mirror width and position
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Field Evolution - 1st Round Trip
Forward Propagation
Section A Section B Lens Section C Mirror

Propagation Position (m)
Backward Propagation
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C. Asymmetric Feedback ECL ,-t', Nottingham
Field Evolution - 2nd Round Trip
Forward Propagation
Section A Section B Lens Section C Mirror
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C. Asymmetric Feedback ECL I Nottingham
Field Evolution — Converged Solution
Forward Propagation
Section A Section B Lens Section C Mirror
g
g
Z )
B |
s
2
—

Propagation Position (m)

Backward Propagation

Propagation Position (m)
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C. Asymmetric Feedback ECL

Effect of front facet reflectivity

. Experimentally, lobe observed on
feedback side

. No lobe on feedback side observed in

simulation

. In previous simulation, front facet
reflectivity was assumed to be zero.
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C. Asymmetric Feedback ECL
Effect of front facet
reflectivity

. Lobe on feedback side
increases with increase of front

facet reflectivity

. Larger spatial hole with lower
front facet reflectivity
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Rf=1-3%

AR coating

Carrier density profile

S 1% Front Facet Reflectivity
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Conclusion
= Stable operation obtained for specific mirror position and width
= Works by providing selective feedback to a specific lateral mode

= Narrow far-field divergence and improved beam quality obtained using
asymmetric feedback technique
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Experimental validation
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Experimental validation gy Nottingham
Imaging of spontaneous CCD camera Imaging optics Aperture

emission from a 980 nm

broad area laser with a Mirror

Microscope
objective

<+— Emitter
‘ ‘ with window

—>

windowed n-contact in
an asymmetric external
feedback cavity

Rail with external cavity setup

The Imaging System
&
Laser Mount
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|
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2 M
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Imaging of spontaneous
emission from a 980 nm
broad area laser with a
windowed n-contact in
an asymmetric external
feedback cavity

To beam
diagnostics . .
Mirror stripe
Broad area 0 (mirror + filter)
laser diode
LA {?
o4 | 2
—T—— 2B S
The External Cavity f & f
Laser Setup l vz < > >
y \/ T
Metallisation
with window Collimating Plane plate
on substrate side cyl.lenses D-I-U
=
<
P
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Imaging of spontaneous emission from a 980 nm broad area laser with a windowed
n-contact in an asymmetric external feedback cavity

Freely running laser With feedback (right side)

Spontaneous emission

viewed through contact o o
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Imaging of spontaneous
emission from a 980 nm
broad area laser with a
windowed n-contact in
an asymmetric external
feedback cavity

Top view of device with
windowed n-contact

SN EEEERLX

Broad Area Laser (llI-V Lab),
975nm, 100 pm x 1.5 mm,
HR (95%) / AR (0.1% - 1%)

Front view of device

Note that the facet coating
appears non-uniform (red
region around the emitter)
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= Modelling activities should be complemented by novel experimental
validation methods

= Weak observed feedback level is probably due to front facet damage
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Summary
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Summary !.'_,

= External cavity models combine laser diode models with external
optical elements models

= Due to large cavity dimensions travelling wave approach is
recommended

= Results obtained using developed models reproduce experimentally
observed trends

= Modelling activities should be complemented by novel experimental
validation methods
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