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Specifying a New Problem in SiLENSe:
Simulation of InGaN MQW LED Heterostructure
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Creating a new project for InGaN MQW heterostructure

This tutorial shows how to create a new project similar to ‘MQW-example’ supplied with the software, specify
all necessary input data, run simulations, and prepare input data for SpeCLED. It includes the following
steps:

Step 1: Choosing material data and creating new project

Step 2: Specification of the heterostructure layers

Step 3: Specification of global parameters (like temperature)

Step 4: Simulation of the band diagram, carrier concentration, carrier transport; inspecting results
Step 5: Simulation of carrier energy levels, wave functions, and emission spectrum; inspecting results

Step 6 (optional): Preparing input data for SpeCLED
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Step 1: Creating a new project

#-SILENSe 510 Laser Edition: - ‘ 2 [oloes] 1. Open SILENSe and press
etﬂstr‘ructurle Mlateri‘izl pro;lvertizis Blun g]xpon Tools Window Help ‘ NeW button from the toolbar
8| olw|o| Ble|as .

A modal window appears where
the user is prompted to browse

Sil e a datgbase file (f.matprop) with
|C.\F’mgram Files (8ENSTR IP HoldinghSiLENSe 5.1 0ywurtzite matpru‘ matenals propertles'
| & Browss ] 2. Choose wurtzite database
Lté'é:\?;ﬁ supplied with SILENSe. It

includes properties of two
systems with wurtzite crystal
symmetry, namely, AlinGaN and
MgZnO.

Lists of available materials and
alloys shows data contained in
the chosen database file. Green
mark and red cross indicate
good and insufficient data.

+ Sapphire
STR Group “SEan
www.str-soft.com
simuled-support@s

=N
1 —List of materials :
A 10} VAIN
%0 S0 600 620 640 660 + InN
Distance (nm) + GaN

3. Press OK to create the
project.

+ OK | X cancel

L —

SILENSe comes with two databases of material properties, wurtzite and zinc_blende. The user can edit the data
contained in these databases using a separate Properties Editor (ProEdit.exe) and create new custom *.matprop files.
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Step1 (Continued): Materials vs. Alloys in SILENSe databhase

:

> O]

Heterostructure ] Global parameter:

w‘n

Maternials parameters

File Heterostructure Material properties Run Export Tools Window Help

Alloys Materials ‘ Selectname - |Ga{0.51)InP_G |
GaP_G
Property Unit Ga(0.51)InP_G GaP_X
InP_G
Energy gap ev 2.007 InP_X
Varshni parameter a meV/K 0.688 i:g—g
Varshni parameter b K 360
Crystal-field splitting meV 0 Ga{0.51)InP_X
Spin-orbital splitting meV 94 Al(0.52)InP_G
Electron affinity eV 3.827 g"ﬂ\-: zgnP_x
Dielectric constant - 11.8 GaAs:G_cupy
Electron effective mass along axis a mo 0.08 GaAs_X
Electron effective mass along axis c m0 0.08 AlAs_G
Heavy hole effective mass along axis m0 0.7 ﬁl‘:\‘:—é
Heavy hole effective mass along axis 4 m0 0.7 =
Light hole effective mass along axis a m0 0.12
Linht hnle effective mass alonn ayis © mif} 0.12

In specification of materials properties, SILENSe distinguishes between materials of fixed composition (like GaN, AIN,
InN) and their alloys where composition may be continuously varied with one or more degree of freedom (like Al,Ga,,N,
In,Ga,,N, AlInGa,, N) and properties calculated through the respective properties of materials and bowing
parameters (both are stored in the respective *.matprop file).

Note that ternary and quaternary compounds can also be treated by the software as materials when they have fixed
composition and properties described in the database explicitly with no option of composition variation and respective
adjustments, see the example above, where Ga, 5,In, 4P alloy is specified as a material. Because of its importance is
might be useful to specify its properties explicitly. Also, it may be used later as a basic material for AlGalnP alloys lattice

matched to GaAs.
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Step1 (Continued): Inspecting material properties

1. Open Materials Properties tab for
read-only inspection of the properties

* SiLENSe 4.00 Laser Edition
File Heterostructure Material prope

Export Tools ‘Window Help

3. Select the desired material or
alloy from the drop down menu

l=|a] ojs| e\ [o] | | |
Het | Global p tors Materials properties | Rosuits | Spoctrum | Laser p waves 7]
Materials parametars
Alloys | Materials b Solect name Wbé ‘

Property Unit [ ﬂ
ey
2. Choose between materials jstes ek
. . meter
and alloys by switching to the e eV
respective tab pRing e
nity ey
Dielectric constant . .
Election effective mass aj 4 . Vl ew th e p ro pe rtl es Of . 1}
ey s stamems SClCCLEd Material or a group o
Heawhole siiestvemas. Of Materials forming the alloy i 0 5. For alloys, there will also be
Light hole eff: mass 15 1] Br=\A
Light hole effective mass along axis c mi0 1.95 1.35 11 1] a group i Of COIu mns Contal nlng
Split-off hole effective mass along axis a m0 1.95 154 11 0 the bOW| ng param ete IS.
Split-off hole effective mass along axis c mi0 0.27 01 015 1]
Lattice constant a nm 031712 0.354 03188 1] 1] 1]
Lattice constant ¢ nm 0.4382 05705 05186 0 0 0
Stiffness constant C11 GPa 395 225 375 1] 1] 1]
5tiffness constant C12 GPa 140 110 140 0 0 0
Stiffness constant C13 GPa 115 95 105 1} 1} 1}
5tiffness constant C33 GPa 385 200 335 0 0 0
Stiffness constant C44 GPa 120 45 100 1} 1} 1}
Piezoelechric constant e15 C/m"~2 -0.48 018 027 0 0 0
Picwnalartrie conctant o1 fm ™2 . RR N7 ke il il il ;I
|
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Step 1 (Continued): Bowing parameters

* SILENSE 4.00 Laser Edition : Untitled BOWI n g param ete rs ]
File Heterostructure Material properties Run  Export Tools ‘Window Help
4 e L
| =|a| o[w|0] & oo \ |
H | Global Materials properti | Results | 5 Laser Waveguide | \
—Materials p
Alloys | Materials | Select name : | .
ooty it an . B By default, most properties have
e— - 7 = : . zero bowing parameters, that
Varshni parameter a meV /K. 1.799 0,245 0.909 i i i means that |inear interp0|ati0n iS
Yarzhni parameter b K 1462 B24 830 1] 1] 0
Crystal-field splitting meV 832 373 223 0 0 0 used to calculate the property
Spin-oibital splitting meY 111 111 111 1] 1] 0 1 '
Electron affinity eV 1] 385 1.96 315 0.7 0.84 for alloy Of glven CompOSItlon'
Dielectric congtant - 8.5 15.3 89 1] 1] 0 . .
Electron effective mass along axis a m0 0.26 0.1 0.z 1] 1] 0 N Ote the Slgn Of the bOWI ng
Electron effective mass along axis c m0 0.25 0.1 0z 1] 1] 0 | H H
Heavy hole effective mass along axis a m0 258 1.45 1.65 1] 1] 0 paramete rS - N eg at I Ve b O win g
Heavy hole effective mass along axiz ¢ m0 195 1.35 1.1 o o 0 m ean S d eC r eas | n g Of the
Light hole effective mass along axis a m0 0.27 0.1 015 1] 1] 0 t d t th I
Light hole effective masz along axis ¢ m0 1.95 1.35 1.1 o o 0 proper y Com pare O e Inear
Split-off hole effective mass along axis a mi 195 154 1.1 i i i | nte rpo | ati on ( an 0 p pO S ite
Split-off hole effective mass along axiz m0 0.27 0.1 015 1] 1] 0 R .
Laltice constant a nm 03112 0.354 0.3188 0 0 0 definition is often used)
Lattice constant ¢ nm 04382 05705 05186 1} 1} 0
5tiffness constant C11 GPa 335 225 375 0 0 0
Stiffness constant C12 GPa 140 110 140 1} 1} 0
Stiffness constant C13 GPa 115 95 105 0 0 0
Stiffness constant C33 GPa 385 200 395 1} 1} 0
Stiffness constant C44 GPa 120 45 100 0 0 0
Piezoelectric constant e15 C/m"~2 042 018 0.27 0 0 0 _I
|

It is assumed that user does not need to change properties during everyday work. Instead, it is recommended to work with
the same chosen set of material properties for all simulations for self-consistency of the whole research project. When
necessary, editing of materials properties to be done with Properties Editor tool MatProp.exe (not discussed in this tutorial).
One can update materials properties by using Materials Properties->Import menu item.
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Step 2: Adding heterostructure layers

Heterostructure tab allows

. * SILENSE 4.00 Laser Edition : Untitled =lE =]
one tO SpGley the File Heterostruckure Material properties Run  Export  Tools ‘Window Help
heterostructure layers: \ I ' »l @] =10 = <§;§| \

terials properti IHesuIlsI Sp Laser p Waveguid

Current layer

1. Press Add Layer button to ,
add a new layer. ———

2. A pop-up menu appears i  —

Compozsition

Materials  » )

L

allowing one to choose e
belween  Materials  and s T S B S ST
Alloys. Both items contain e
submenus  with  list  of e TI"‘: e o :
rst layer is relaxe: Orientation [[0001] (Ga-polar) =

i~ First layer iz strained

available materials and alloys.

Inclination angle for GaM [degree): o

3. You can choose either
Materials->GaN to add GaN -
layer or, alternatively, Alloys- Doping | Mobiity | Relaation | Dislocation density | Lifetimes | DOS tais
>AllnGaN. In the latter case
you will also have to specify
composition as AlyIn,Ga;N.

{rerararatelr

Note that later on you can
also  copy-paste  existing
layers to create new ones.

Heterostructure has to start with n-type layer and end with p-type layer.

No nucleation and buffer layers to be specified.
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Step 2 (Continued): Layer thickness and composition

Eile Heterostructure Material properties Run Export Tools Window Help 2. You can name the Iayer for your

— own convenience
D ") 0|0 O E|Q ||

Heterostructure |GI|:|baI parameters | Materials properties | Results | Spectrum | Laser parame

rLayers : C i i .

N Name Fhickness, nn Type 3. Assign the layer thickness. While
Q In-Gal AllnGaN actual thickness of the first n-GaN
&L

Layer properties - layer is several microns, in SILENSe

— General properties :

/ one can use a reduced thickness of
Layer name : mGal Layer thickness (am) : [500 500-1000 nm. It must be just several
p times higher than the depletion
4a Lyarte: | Alloys -~ Active region thickness
y ‘ | AllnGaN region e
~ Co on : DOS tail ter Un (eV) o
‘ L Fraction mght point Middle point o parametern ke
& AN ID LI I I DOS tail parameter Up (eV) II]
[] InN IU =] I I DOS tail parameter Usp {eV) II] I
[ [GaN I [Slf| | : :
m N | I I — |—Crystal lattice relaxation :
\ \ | %ﬁ\ 4. Since AllnGaN alloy was used here to
L - ono
I ~ Dopant concentration : create GaN layer, proper composition ||
Type Left point Right point Bra
1. PreSS Edlt Layer bUtton E |Dun|;|[s (cm“—S) I2_DDDE+13 I \ ShOU|d be SpeCIfIEd

or just do_uble—chck the |@ Acceptors em™~3) |8 | [ o cenl elley [V coesicn &
layer row in the table to [yapiiy: ’

open the window with the Typo Loft point - the left point m_ust be specified and the
layer properties [ Electrons (em"2/vjs) [100 | | sum of all fractions should be equal to

[ Holes @m2vis) [0 | | u_nity. (Cor_nposition specification will be
discussed in more detail later) -

Composition preview | T T |
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Additional information: graded composition

Layer properties | When composition is specified at

— General properties : bOth Ieft and rlght pOintS, Iinear n-radiative rec-:nrrlbinfitic-m :
Layer name : Ip-AIGaN Composition prOﬁle iS Created ectron non-radiative lifetime (s) I

le non-radi

Layer type : All — Active pislocationd{ ONE €an use this button to auto complete the

| AllnGaN \ region | fraction of the last alloy component when the

— — content of all other components is already
empastion specified.

l -
Fraction Left point \/Right point Middle point
|A|N IU.1 LI ID.2 | il paral TOpEV] ki || |

InN o ~|o DOS tail parameter Usp (e EES BT i 1a 100 1 i =vd =1 =10 x|

|
|
GaN foa ~]| Jos |
I Crystal lattice relaxation : —
|

| | =] N 1.00

® Degree of relaxation

| | E2§

ENENCIENED

050

= " Relaxed lattice constan
— Ninnant concontration -

| \
Composition preview button | aeont \‘”"’i"‘ 0.0
opens the window with | 0.40
plotted composition profiles 020

Left point Right p . .
. oy [ | Filling this column enables 0.00

[ Hol /,.AZMS) IE | the input of second-order
composition variation -~ AN InN GaN

Composition preview | ~ |

E 3 E 3 E ] L3 3 L3 £ 3 — E3 —_ T

Layer composition may be specified by using a custom function, defined by user by a script or by a table which
can be imported from a text file. To use function, one need pick up the function name in the respective drop-down
list. One can edit functions by using Heterostructure->Functions menu item. The auto menu item means that
this component is determined automatically to make total composition equal to 1.
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Step 2 (Continued): Specification of the doping and mobility

2. Keep the default values
for both mobilities

Layer properties —

[ Electrons (em"2/v/s) |10 [ |

[ [Holes (cm™2/v/s) 10 | |

- General properties : ——————| 1], Spemfy donor concentration |[n-radiative recombination :
Layer name : In-GaN Of 2el8 Cm-3 and keep zZero ectron non-radiative lifetime (s) I
acceptor Concentration le non-radiative lifetime (s) I
Layer type : — b ‘I_ e slocation density (cm”™-2) |1_I]I]I]E+I]9
| AllnGaN I / regien Use composition fluctuation model [
- Composition : l - DOS tail parameter Un (eV) II]
Fraction Left point /nt Middle point
= |AIN ID LI / I DOS tail parameter Up (eV) II]
[ InN ID | / I DOS tail parameter Usp {eV) Il]
Eean =1 e S
~Crystal lattice relaxation :
| | 1| / | - _ —
* Degree of relaxation 1]
e — |
i Do Eons e - 1/ (" PRelaxed lattice constant a (nm) I VI
Type Left pl:lintl/ Right point Middle point
] Donors (cm™-3) [zoo0EwE T |
[ Acceptors om™3) |1 | | 3. Press OK to accept
Mobility - the changes
{ Type Left point Right point Middle point

i Composition preview |

X cancel |

Note that dopant concentration means exactly the concentration of the doping atoms, NOT the carrier
concentration which is calculated by the program! Hole concentration in, for instance, lll-nitrides may be ~50 times
lower than Mg concentration because of high activation energy.
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Step 2 (Continued): Adding InGaN quantum well layer

Eile Heterostructure Material properties Run Export Tools Window Help
ole|a| o] |
Heterostructure | Giobal paran| 1- 10 2dd INGaN quantum well layer, press Add Layer button and
choose Alloys->AlInGaN. Double-click new layer to edit it.

Layers :

20} AlNGar Fraction Left Right Middle
3 AllnGaN Al i

Layer pODCIEE .. 2. Mark this layer as Active

 General properties : Norrl region (it can also be done
Layer name : [nGah-0W Layer thickness (m) - [ “° Jater, because specification of

2 the active region affects only the

Layer type : | Alloys m .
v ) Spectrum Computat|0n)
| AllnGaN | i

Use = .
 Compaosition : DOS tail parameter Un {eV) W
Fraction Left point Right point Middle point

= ,AIN— IU LI I I DOS tail parameter Up (eV) II].I]15

1 inN ID-13 LI I I DOS tail parameter Usp (eV) II].I]25

[ GaN 0.87 - -

~ Structure visualization ———————————— | - I AN _I I ! L! [ Crystal lattice relaxation : |
Doping|Mahility|Re|axatian Dislocatio | I \”k . —
) | | \ 3. For each alloy layer, composition at the Left
_'0E+18‘ . oy .
§E+1§ " Dopant concentration - point must be specified. Here, we consider InGaN ~]
10E Type Left point QW with 13% Indium content. Sum of all rows has
B Do e [ 1o be unity
3%1333 [=] |A|::|::ept|:|rs {cm”-3) ID I- ) ) . )
TOE+0rS S Blank Right point and Middle point columns mean
10E+05 : .
TeER Type Left point that composition does not vary across the layer
§EE§§ [£] Electrons (cm™2/V/s) |1IJD I- T
0 [ Holes (cm*2pv/s) [0 | |
Composition preview | +" OK | X cancel
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Step 2 (Continued): Shockley-Read-Hall recombination

In SILENSe, there are two ways to specify the rate of non-radiative Shockley-Read-Hall recombination. One is direct
specification of the carrier lifetimes due to point defects. The other way is to use an original model which relates the
carrier lifetimes with the dislocation density. Both mechanisms contribute to the total non-radiative recombination rate
independently, see Theory manual for details.

r Layer properties |- - R el
— General properties : - Non-radiative recombination : |
Layer name |InGaN—OW Layer thickness (nm) : |3 Electron non-radiative lifetime (s)
Hole non-radiative lifetime (s)
Layer type : | Alloys v Active Dislocation density {cm™-2) IW
| el [SH10 Use composition fluctuation model //[+
 Composition : DOS tail parameter Un {eV) W
Fraction Left point Right point Middle point
= V ID LI I I DOS tail parameter Up (e II].I]15 These two parameters
[ finN E = | DOS tail parameter U [0.025 describe carrier lifetimes
[ [GaN |67 =1 | : / with  respect to point
| | Crystal lattice rely/ / i
| | =i | — defects. Blank fields mean
| | =] | The dislocation density of that this recombination
— Dopant concentration : 189 Cm-2 IS SpeCIfled = Channel |S |gn0red fOI' thls
Type Left point Right point Middle poin |ayer
] ponors (em™-3) |D | |

B |Al::c:ept|:|rs {cm™-3) ID I I
— Mobility :

Type Left point Right point Middle point
=] [Electrons {em~2pv/s) |1nn | |

[l [Holes (em*2/v¢s) |1n | |

Composition preview | + OK X cCancel
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Step 2 (Continued): Composition fluctuation and relaxation

Section Composition fluctuations allows
the user to input parameters related to
Indium composition fluctuations in InGaN

Layer properties -

i

R

material. Default Un and Up parameters are

may be also specified using a custom function or by tabulated data

— General properties : Non-radiative recnmbir;;t 35 mev and 15 meV respective|y
Layer name : |InGaN—QW Layer thickness (nm) : |3 Electron non-radiative life
Hole non-radiative lifetime (s)
Layer type : | Alloys ~ Active Dislocation density {cm”-2)
| AllnGaN regten Use composition fluctuation model
- Composition : DOS tail parameter Un (eV)
Fraction Left point Right point Middle point
= |AIN ID LI I I DOS tail parameter Up (eV)
= ||"N ID-13 LI I I DOS tail parameter Usp (e¥)
[ GaN [os7 = | : _ Zero degree of relaxation
~Crystal lattice relaxation : q
| [ ~1] | means that no relaxation
® Degree of relaxation II] . .
| ~1| | occurs in this layer (by
— Dopant concentration : © Relaxed latlice constant a (nm) % LI\ defaU|t, hetel‘OStrUCture iS
Type Left point Right point Middle point assu med to be grown
f|E [Danars (cm"-3) I ! ! pseudomorphically, i.e. all
Bl Acceptors em™3) o | | layers have the same
el = lattice constant)
Type Left point Right point Middle point
[ Electrons (cm"2/v/s)  [100 | |
[] Holes (cm™2/V/s)
Alternatively to assigning the relaxation degree at the left interface
Composition preview | of the layer, the user can specify the relaxed layer constant a. It £
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Step 2 (Continued): Copy, paste and move layers

File Heterostructure Material properties Run Export Tools Window Help
=@ oo O] 2|2 ||
HEtETDSlfUCiUTElGIDbaI parameterslMateriﬁls properties | Results | Spectrum | Laser parameters

Layers : [ Current la
N Name Thickness. nn Type

ghs

1. To add GaN MQW barrier
layer, select n-GaN layer and
press Copy Layer To Buffer

button 500 AllnGal
3 AllnGah Al

AllnGan N

AllnGak GaN

2. Select InGaN QW layer and
use Insert Layer From Buffer
button

3. A copy of n-GaN layer appears below
the currently selected InGaN QW layer (that
is why we have selected QW layer before
inserting a copy), you just need to correct
the parameters of the new layer

Structure visualization
aping |Muhi|ity| Relaxation | Dislocation density | Lifetimes | DOS tails

These buttons allow one to move a pe+1s{
selected layer up and down PE+12]

500.0 503.0

=
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Step 2 (Continued): Creating periodic structures

File Heterostructure Material properties Run Export Tools Window Help
|| @] o]0 2| 0]|o|<]

| Heterostructure |Glubal parameters | Materials properties | Results |

1. Add one more QW by copying
the first one

~Layers :

Name Thickness. nn Type
500 AllnGaN
3 AllnGanl AlN

[

AllnGaMN

2. Select two layers, first QW
and the barrier

-

Periodic structure

Input a number of periods :
8
0-remowve period)

Donors
Acceptors

Strain in
@ First
" First

" OK ¥ Cancel

3. Click Edit Periodic
Structure button

File Heterostructure Material properties Run Export Tools Window Help

—~

D& @ || O Bl |B~a

Heterostructure |Glubal parameters | Materials properties | Results | Spectrum | Lag

on

elaxation | Dislocati

|

~Layers :
\? N Name lhickness. nn Type
n-GaM 500 AllnGalM
. InGah-Civ 3 AllnGaM
4. A modal window appears where the Gatbartier 12 AllnGaN

AllnGak

user is prompted to input the number of
periods. Input 3 and press OK. To
delete the periodic structure, one
should input 0 or 1 period

5. Periodic structure will be marked by

green color. One can specify several non-

L overlapping periodic structures. In this

|I]| 0 5] case, they will be marked by alternating
green and blue colors
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Step 2 (Continued): Finalizing the structure

File Heterostructure Material properties Run Export Tools Window Help

e

e | bW Ol 2|2 |B&

Heterostructure |GI|:|baI parameters | Materials properties | Results | Spectrum | Laser parameters | Waveguide | PL parameters

Layers :

Current layer parameters :

Thickness. nn
[n-GaM | 500 |
InGamn-Cld 3

n-Gal-harrier 12

Type
AllnGaM
AllnGal
AllnGal

n-Gak-harrier 12

5 AllnGan
fi p-AlGanN 1] AllnGaN
7 p-Ga 500 AllnGan

1. Add top GaN barrier, p-AlGaN electron
blocking layer, and final p-GaN layer
following MQW-example.sls file supplied
with the software. Please note that the top
barrier is p-doped because of Mg diffusion
from p-side

Composition

Fraction Left Right Middle
AlN 0
InM 0
GaN 1

Dopant concentration {cm”-3)

Donors

acceptord 2. PlOts in the bottom part of the window
swainig @llows one to see how key input
@ Firg parameters are varied across the whole
C Firs heterostructure. Note that in this plot
second-order variation of parameters is
shown as the linear one

A

~ Structure visualization
Doping | Mobility | Relaxation | Dislocation density | Lifetimes | DOS tails

Donors {1fcm”3)
Acceptors {1/cm™3)

N Y Y Y Y
L L L L L L EL L AL L
bbbk bbb bbbk ok bk bk
[ T T T e e
S e T

0 500.0 503.0 515.0 518.0 530.0 533.0

5450 548.0 560.0 620.0 11200
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Step 3: Specification of polarity and lattice constant

File Heterostructure Material properties Run Export Tools Window Help |
Nel al oo 2le|ol<s 3. The user can choose one of the standard
heterostructure orientations including a number

Heterostructure |GI|:|baI parametersl Materials properties | Results | Spectrum | Laser parameters

rcurrentls Of nonpolar and semipolar ones from the drop- |

Layers :

e N e NS e down menu. Respective inclination angle will be |
1. By default, the first heterostructure layer is A shown below the combo box

assumed to be relaxed, i.e having its natural Ga 1

lattice constant. It is reasonable because of
typically high thickness of the first layer. So, _ X
option First layer is relaxed is used in most ot D D

of projects Donors 0
Acceptors 5.000E+19
CStrain in the first layer :——Heterostructure orientation :
N A\

. . .
0 0001] (Ga-pol ~
f 2. In some very rare cases, the P —————— flemtation  [[0001] (Ga-polen -
Q user may want to directly input the o
0 q Inclination angle (degree): 0
lattice constant for the first layer,
Q that can be done by selecting
l—=l | Firstlayer is strained option
~ Structure
Doping | Mobility | Rex \ucatinn density | Lifetimes | DOS tails |
\
Strain in the first layer : Heterostructure orientation :
® eilaerly e e Orientation [[0001] (Ga-polar) ~| 4.Choosing Custom
® First layer is strained " ) .
Lattice constants: . 1, ([000-1] (N-polen) Inclination Angle in the
t
nefinaton angle (nonpolar combo box allows one to

a (nm) II]_31 88 [10-1-3] (semipolar)
[11-22] (semipolar) 1 i i i
com [o5B4 L oo specify a.custom inclination
Custom Inclination Angle T angle in [0’180] range
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Step 3 (Continued): Temperature and solver options

File Heterostructure Material properties Run Export Tools Window Help

0| =

B <5

aterials properties | Results | Spectrum | Laser parameters | Waveguide I PL parameters |

Specify the p-n junction
temperature here

Physical parameters

Temperature (K

)

These three parameters \/
describe temperature
variation of the

recombination
coefficients. By default, it
is assumed that B(T) =
B(300K) * (300/T)"\(3/2)
and Auger coefficients
have no temperature
dependence

Keep default values /

for solver options.
You can find the
respective details in
the manuals

Temperature Factor for B
Temperature Factor for Cn

'

TemEerature Factor for Cp

S —
Quantum Potential Model Yes A
Electron Quantum Potential Correction Fact 0.7

Hole Quantum Potential Correction Factor 1

Main solver parameters

Maximum number of iterations

Basic mesh step for thick layers (nm)
Basic mesh step for thin layers (nm)
Thin layers are lower than (nm)
Boundary mesh step (nm)

Mesh refinement factor

500

0.1

0.0

Spectrum solver parameters

Mesh step (nm)

Wavefunction damping in a barrier
Maximum number of levels in a QW
Minimum energy level {(eV)

Spectrum broadening (e¥)

0.05
100
100
0.0z

0.005

Quantum  potential  (QP)
model improves description of
the carrier transport through
relatively thin barriers
(particularly, in MQW
structures) by a qualitative
description of the quantum
effects: tunneling and
guantum confinement.

With the quantum potential
model, steps of the Fermi
levels are lower and the
carrier concentration
distribution is more like one
obtained with guantum-
mechanical simulations.

One can adjust the model by
changing two  correction
parameters or turn off the
model
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I

Step 4: Running the simulation of the band diagram
Run calculations for

a single bias Run series calculations

Eile ﬂeteroa\ cture Ma;e/ Operties Run Export Tools Window Help

p|ea] o wid el o (ols
Heterostructure |¥Iubal parameters | Materials prop 5 | Spectrum | Laser parameters | Waveqguide | PL parameters I
Layers : | Current lay: = —
Name Mhickness. nn Type - Series Calculat...@iu
- 500 AllnGaM
MG N-CA 3 AllnGan AN Bias (v
n-Giy N-harrier 12 AllnGalM InN
-GN 3 AllnGaM Gal
-barrier 12 AllnGar + Add
G0 AllnGaM
AllnGaN = Edit

Donors

' Edit Bias x T e

" # Delete
/ voK | xCancel X Delete All
/ —
 Edit Bias P o
Enter the desired bias Start bias (V) End bias (v) Number of intervals
0 L L
w OK | X Cancel

- = -

b Run X Cancel

|




- Tutorial 1: Specifying a New Problem in SiLENSe

W= Step 4 (Continued): Consistency of input data and simulation
results, “locking” of the input data

Heterostructure Material properties Bgsmiyport Tools Window Help In S|LENS€, a” Completed I’eSU|tS are COI’]Sidel’ed
=a| »|w| 0| |® as a part of the project file and saved with it. To
Helemslrut:lurel Global parameters | Materials properties Results |SpEt:lrum I Laser parameters I Waveguide I PLg keep Self-cons|stency between the |nput data and
E [v| Conduction band [v]valence band [v] Electron QP [v]Hole QP [v] Electron Fe reSU|tS, the prOJeCt |nput da.ta. are “Iocked” as at
2 2 4E+D .
5 ooea) least one result is computed.
E 2E+0 7] ” -
@ gEs0] For “locked” project, most of the buttons for
E el editing heterostructure are disabled. Edit Layer
— 12640 button is enabled, while most of the layer
3 ol properties appear in read-only mode, that is
5 6E-1 shown by the grey color of the text fields.
= 4E-1]
= 2E-14 - “ ”
£ 2] /M ), A,(_/k— The_ onl_y properties one can change for _Iocked
§ _ =] MY “—— projectis the Layer name, the Active region flag,
25 e .
g B e and the Usp parameter (since the latter two do
g8 = not effect the band diagram simulation)
% -1.2E+04

To be able to edit input data, one needs to previously clear all the results by clicking the lock button and thus unlock
the editing.

These restrictions may look strange at the first glance, but they guarantee that simulation results stored in the project file
are always consistent with the input data. So, you do not need to worry about remembering what parameters the results
you see correspond to, you can just check them in the project file.
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Step 4 (Continued): Results tab

Eile Heterostructure Material properties Run Export Tools Window Help

TEE<

=

O

N

terostructure | Global parameters | Materials propert

Conduction band

-----------F------------------------------

Results_L&ipectrum | Laser parameters | Wavequide | PL parameters I

Valence band Electron QP Hole QP Electron Fermi level Hole Fermi level || Potential

2 4E+0
2.2E+0]
2E+0]
1.8E+0]
1.6E+0]
1.4E+0]
1.2E+0]
1E+0]
BE-1]
6E-1]
4E1
2E1]

J 277T6E-16]

2E-1
|§ 4E1]
I § BE-1]
12 e

I e+

Band Diagram

-_---»

-14E+(
-1.6E+(
-1.8E+0

-2E+0
-2 2B+
-2 4B+
-2 6E+(
-2 8B+

-3E+0H
-3 2B+
-3 4B+

|Po|arizatian |Strain |Currant | Lifetimes |Racamhinatian | Conc | Fiel

I

Bias (V)
30

1. Note that each item from the vertical
toolbar on the left will have its own list of
variables that can be shown or hidden

/

1

2. Please, explore your options
for viewing the results

550 600 640 950 1000 1050 1100

Distance {nm)

500
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Step 4 (Continued): Neat tricks with zooming and moving

File Heterostructure Material properties Run Export Tools Window Help

O] 2le|olal

Heterostructure | Global parameters | Materials properties Results |Spec:1rum | Laser parameters | Wavequide | PL parameters I

Conduction band Yalence band Electron QP Hole QP Electron Fermi level

Hole Fermi level || Potential

2 4B+
2. 2B+

2E+0]
1.8E+0
1.6E+0
1.4E+0
1 2E+0]

| Fialdl Band Diagram

Bias (V)
32

1. Say, you want to zoom in on a
segment of the plot. Press left mouse
button and drag it across the area of
your interest diagonally from the top left
corner to the bottom right

-6E-1
-8E-1
-1E+0
-1.2E+(
-1 4B+
-1.6E+0
-1.8E+0
-2E+(0
-2 2B+
-2 4B+
-2 6E+(
-2.8E+0

Energy

3. To move the plot, press
the right mouse button and
drag the plot

| Polarization | Strain | Current | Lifetimes

2. To zoom out to the full
size, move the mouse with
the pressed left button in
the opposite direction

anywhere

-3E+0H i
-3 2B+ 1
-3 4B+

450 500 550 600 650 700

Distance (nm)

1000 1050 1100
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Step 4 (Continued): LED results

File Heterostructure Material properties__Run Export Tools Window Help

To view more results (including I-V curve,
HeterustructurelGlubalparameterslMaterialspmperties |QE Spectrum etC) yOU can either gO to

§ Conductionband _¥Valencebend ___MIElet /iy ->| ED Results or press this button
& 2 4E+0 ‘
= 2.2E+0] ]
E 2E+0] This button computes peak
= ES wavelengths for all the listed =
s _ biases and fills the last column L]
| Edit Show Run Export LN
2 | o X || @8 @] 8| AT Begortospecien |
© N Bias J Jrad Jnrad JSRH JAuger Jn
v | 7.000E-08 | 3.001E-06 | 3.000E-06 | 1.003E-09 | 3.071E-06 | 3.071E-06 | 2.677E-26 0.6482
2 26 47136 | 3129E-05 4400E-05 4396E-05 4195E-08 4713E-05 4713E-05 2576E-12  3.209E-11 05828 14164
3 27 0.00 0.0001 00007 00007  1.672E-06 00008 00008  1400E-10  1.44BE-09 0E714 13643
4 28 0.0 00056 00130 00129 9964E-05 OGS 00185 7.084E-09  4.393E-08 0.8511 1.2320
5 29 i} 071930 02722z 02656 00064 0.4711 04711 3590E-07  1.013E-06 09312 1.1957
B 3 8. 43807 S a5 200005 05216 05202
7 31 7 ag 4757 ¥ [V characterictic e e TN (S i[5 0.0004 0.5478 05453 Peak Wi
B 3z 153 4ga] || Cumentdensty | memal quantum eficency | 1+ cuve | b2 00038 0533 05320 im
3 33 360512 TE+04 8 0.0203 0.5162 05100 4 4225757
10 3.4 0 65485 TEs0H £ 0.0807 0.4927 04844 3 4227198
11 35 o 071918 || 1B b6 0.3090 0.4448 04351 0 4221441
T B0 ' 7 4212835
g 1B | B 4188539
g e 7 4153559
| 2 izi 3 124842 % Close |
o o] 0 4104062
Show |-V characteristic % el 3 4089173
button provides j(U) and 1£.05] | 7o
|QE(_|) p|OtS —R 1E_07é.é12_552.éw2.‘552.'?12.%52.%;12.%352.'912.%53.'0&?.‘053.'113.‘153.'21 3.263]
1as
< | 11 | b
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Step 4 (Continued): More LED results

There are several ways to export the computed
results in ASCII format, try the icons below and
the Export section of the menu

Export to SpeCLED button starts export of

[ LD Resurts the results for its further using by SpeCLED

PN PE———— (discussed below in details)
@]l Eul A | [E Export to SpeCLED

N Bias J Jrad Jnright
V] 01E-06 | 3.000E-06 | 1.003E-09 | 3.071E-06 | 3071E-06 | 2.877E-26 | 1.092E-29 0223 5482
2 25 4713E-05  3129E-06 (E-05 4.396E-05 4195E-08 4713E-05 4713E05 2E576E-12 3209E-11 0.06E4 0.0BE3 05329 1.4164
3 2.7 0.0oo8 0.0001 \ 0.0007 1.872E-06 0.0oo8 0.ooos 1TA0TE-10  1.448E-09 01701 0.1697 06714 1.3643
4 2.8 0.0185 0.0056 00129 9.964E-05 0.0185 0.0185 7184E-09  4.393E-08 0.3005 0.2999 0.8511 1.2320
5 24 04711 0.19490 0.2658 0.0064 04711 0.4711 3.590E-07  1.013E-06 04223 0.4214 0932 1.1957
B 3 84021 43827 JB0E7 0.4126 84021 84021 1.376E-05  Z2.080E-05 0.5216 0.5202 09662 1.3426
7 31 702334 38.4757 \ 8.7955 702330 702329 0.0005 0.0004 0.5478 0.5453 09704 1.8217
8 32 266.0739 153.4093 597364 286.0701 286.0607 0.0132 0.0038 0.5363 0.5320 09686 2.7543
9 33 638, 3882 3605123 190.3475 E98.3679 £98.01584 0.3698 0.0203 0.5162 0.5700 0.9662 4.3340
10 34 13365880  BRB.4858 5 4243949 13366080 13281730 8.4159 0.0807 0.4927 0.4844 09554 549533
11 35 2410.0070 10719180 12 8077733 24096930 22910500 1189566 0.3080 0.4448 0.4351 0.8939 E.EE17

To compute wave functions and spectrum, select the
row in the table that contains the desired bias (it will get

*

* Close |

highlighted blue) and press the button that looks like
spectrum. Once the computations are complete,
Spectrum tab is opened, see the next slide
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Step 5: Energy levels, wave functions, spectrum

File Heterostructure Material properties Run Export Tools Window Help
Hete eters'Mﬁteriﬁls prupeﬂies'Resulther parameters | Waveguide | PL parameters
< Band diagram and wave functions pec:truml
— Ban 1ons Quantum wells ——————
- [ Electrons (5)
B
0.4 I;S;V) g -0.125
1 [10.055
024 [10.115
—_— " A ] AT A T ] AN 110171
ol VAN iy N / [10.233
\ \ \ N
0.6 2. One can switch between the QWs in the list [ Heawy holes (3)
-0.8] of QWs and see respective list of energy g?gé -
- levels. Currently selected QW will be marked []-3232
<-12] with the cyan vertical stripe in the plot. Note Egggg
54 that these marked areas correspond to the []-3.345
i 16 layers you have marked as active region [1-3.372 i
I -
1. By default, electron and hole o ml (e () Lé‘—‘gy;"“ ®)
wave functions for the lowest the lovels for the wave R
energy level in each QW are functions. vou would E-gggg
shown in the plot along with the ike to seey visualized [1-3.321
band diagram and Fermi levels . [1-3.351
in the plot [1-3.378 i
B -~ i\\ i 12 :mf;
s G — — JI\\ [~ Split-off holes (3)
: 3 S e e e ey
3.4 __—/ L-/ L_,/ ]/_/ h/f( [1-3 326

465 470 475 480 485 490 495 500 05 510 515 520 625 630 535 540 545 550 686 660 565 570 75 580 5 4. Table with overlap
Distance (nm) integrals can be opened

by this button or by

Window->Overlap
Integrals menu item

BN | Electron Fermilevel | [¥ Hole Fermi level
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Step 5 (Continued): Emission and gain spectrum

File Heterostructure Material properties Run Export Tools Window Help

elal ofw o] 2 oo/l o~

Heterostructure | Global parameters

ials properties | Resul& Spectrum pﬁser parameters | Wavequide | PL parameters

Band diagram and wave function

ntaneous emission and gain s
' —Quantum wells——
7.00E+211 Bias (V) i Emission
25 2,000
? 6.50E421] l-4.000 [~ Check all
.é . 16,000 [¥| Total
= 6.00E+21] . 18,000 QW 1
£ ' 1. You can switch between 10,000 maow?2 |
E] o] the energy and wavelength F1200 _AIQW3
6.00E+21 000
z 18,000
® 4 50E+21] 2. You can show/hide (-20.000
o . 22,000
Esoeean] _contrlbutlon of each QW 24000 _
- into the total spectrum 126,000 £
£ 3.50E+21 28,000 S
5 130,000 2
£ 3.00E+21] 32,000 .
E . . 34,000 Gain
£ 250E+21] 3. Blue line(s) IS t_he 36,000 [~ Check all
w spontaneous emission 1-38,000
2.00E+21 .
spectrum and red line(s 140,000 Caw
. P . . ( ) 142,000 [JQw 2
1.50E+21] is material gain for the 44,000 Qw3
QW layer 146,000 Llaw 4
1.00E+21 45,000
50,000
5.00E+201 52,000
54,000
27 28 29 3 31 32 33 34 35 16 37 38 39
Energy (eV)




es Run Export Tools [Window Help

o/<al

Materials properties I Re

pectrum |

ctra

Solver Log

LED Results

PL Results

Laser Results

Overlap Integrals

Subband Concentration
Inter-Subband Matrix Elem
Detailed Spectrum

Optical/Vonfinement Facto
Laser racteristics
Laser acteristics (Old)

Tutorial 1: Specifying a New Problem in SiLENSe

Step 5 (Continued): Detailed spectrum

-ﬂ— Detailed Spectru

TR Tupe——— —

m

T T

Window -> Detailed Spectrum
menu item opens the window
information on
spectrum resolved by QW and

with complete

energy level

= Tatal
HH: 0.7010
LH: 0.2784
© 0.0206
Cn.0z41
00702
L2345
06712
B-HH: 0.4760
=-E1

=-E2
E-LH: 01807
B-5H: 0.0145

. 04625
c 00z
. 0.0006
. 7.078E-05
. 1.531E-05
. 2.831E-06
. BIB7E-O7
. 2.356E-07

[~ Show Al Lines

-
r

e

¥ HH
[ LH
¥ SH

Transition Parameter

Relative Intensity

Squared overlap integral. M
Electron occupancy factor, fe
Hole occupancy factor, th

Productfe *fth * M

0.3017
0.8601
0.0054
0.0014

I_

5 20E+21
5 0DE+21
4.80E+21]
4.60E+21
4.40E+21
4.20E+21
4.00E+21]

. 3.80E+21

£ 360E+21]

w 340E+21]

2; 3 20E+21]

S 3.00E+21

. 2. 80E+21]

Z 2 60E+21]

5 240E+21]

E 2. 20E+21]

S 2.00E+21]

£ 1.80E+214

0 1.60E+21]
1.40E+21]
1.20E+21]
1.00E+21
8.00E+201
6.00E+201
4.00E+201
2.00E+204
0.00E+00]

Help |

32 34 36
Energy (V)

E save |

3.8
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Step 6: Preparing input data for SpeCLED

" SiLENSe 4.00 Laser Edition : Untitled o ] 4

File Heterostructure Material properties Run Export Tools  Window  Help

olela| ole|o] 2| 6|0l

Heteosiuctue | Glal ptanct PP T TR x

E Conduction band Edit Show FRun Export tential

g —

: a2 X|a[R]8|@r|  Bewooseorn —
=

E M J 3500
1= 2E+0H 1 S78E-06 | 1.978 0.2242

z 2 3405E-05 3 405E- 02278

: 3 2.7 0.0006 0.0001 0.0004 0.0006 [onne 3 E 1o 02000

=]

E - 4 28 0.0077 0.0017 0.0060 0.0077 0 3. Press Export to SpeCLED

g 5 219 0.0623 0.0170 0.0453 0.0623 0 bUtton Wthh OpenS a mOdal

= B 3 0.2422 0.0302 0.1620 02422 0 .

3 4 window (next page)

— 7 3 0.6544 0.2468 0.4076 0.6544 0

=

% DE+0- - — 8 32 1.5632 06463 0.9168 1.5632 15631  3I53E05 B.E48E-03 04135 —
-_E E 3 213 3.9022 1.735 2167 3.9022 3.902 00002 1.429E-06 04446

=] § - o974 4.5245 51619 9.6974 9.6965 0.0008 1.971E-05 04671

g| 2 .
3 11 35 {l

=" e l 2. Select the results you want to

E export for SpeCLED (usually, all

=

the results)

1. Run series computations to cover typical range
of the local bias variation. The step may be high
at low bias, and has to be lower for high bias.
Something like this: U= 0.5, 1.0, 1.5, 2.5, 2.6, 2.7,
2.8,2.9, 3.0,3.05, 3.1, 3.15, ..., 3.95,4 V.

|
50 il &l 550 B00

DIEtance [nm)




SN Tutorial 1: Specifying a New Problem in SiLENSe
Step 6 (Continued): Preparing input data for SpeCLED
i
File Heterostruckure Material properties Run  Export  Tools  Window Help
EECINOEEEEE
H | Giobal x
E [+ Conduction band — Edit Show Rum  Export i 3 TO run SpeCLED
: ala|x|a |5 0] Beeotwswens | N simulations with account for
H C1ERI ) e o LA . 8:500 self-heating effects, one needs
= 2E+0- 5 978E-06 | 4. 05 | 1.978E-06 | 1. B| 02242 .
2 2 26 34BE05 7.757E06 262%E05 3405E-05 J40SE-05 470DEA2 1.957E-4 02278 to repeat the described steps
= 3 27 Q000G 00001 00004 00006 OODDE  237IE0 2142643 02099 i
4 28 Q0077 00017 OOOBD 00077 Q0077  930GE09 1.830EZ 02176 fO-I' a certain temperature range
159 § 29 O0R23 00170 00453 00623 O0R23  1982E07 1.8BAET 0273 with a step of 10-50K (for
g B 3 D422 QOBD2 DA 02422 02422 1E7IEOB 2475E0 03312 instance. T = 300. 320. 340
— 7 31 N ARdd N 24RA n 4Nz N FRR4d NFRAA  AOFZFOR AAIRFNG 14779 ’ z 2 L
e | ErTerEEsss——— Lo - 360, 380, 400, 420, 440, 460,
3 El * | Bi
g 480, 500 K)
— i -1E+04 n .
E 27
L= 28
E 2B+ 29
m 3
3 » L 31 1. Press RUN Spectra button.
g i The program will automatically 2. Press Export button (it appears
4 compute emission spectrum for enabled when spectrum computations
— ¥ 35 all results are complete) and save data to an
| L *sct file used for data exchange
O :
. between SILENSe and SpeCLED
39 LI
+" RUN spectra Export % Close ”




End of Tutorial 1



Tutorial 2

SiLENSe 5.10 & SiLENSe Laser Edition 5.10
%
I

Using SiLENSe for Modeling of Lasers:
Simulation of InGaN MQW UV laser diode



Tutorial 2: Simulation of InGaN MQW UV laser diode

Features specific to laser diodes

File Heterostructure Material properties Run  Export Tools Window Help

-

= @] ofw| O] &|0|o)s

[ 4
Heterostructure | Global parameters I Matenals properties I Results I Spectlunll Laszer parameters I Waveguide

I PL parameters I

3 hBlG aM -emitte
4 |G ah -G

Curr
N Mame Thickness, nm Type Composition
nGaN 70 Left Right Middle
2 rrlnGat 100 &llinzal 0
a
1

o This tutorial describes simulation of laser diodes. Most of the
= LraGanben INPUL data specification is similar to LED simulation discussed in

ation [cm™-3)

7 relnGiah the previous tutorial. Let us skip options common for simulation G . rddie
8 paliaNEL | of | EDs and LDs and focus on features specific to laser diodes: poe+1s
& p-&lG ah -G 10
10 pAlEaN-emitel 1 - Computation of waveguide modes pcture orientation -
11 p-GaM-contact
. .. 0001] (Ga-pol hd
2. Computation of threshold characteristics n 10001 (Garpolan =]
Options specific for simulation of LDs are located under two n angle (degree): o0

tabs: Laser parameters and Waveguide

OO0 [0

 Structure visualization
Doping | Mobility | Relaxation | Dislocation density | Lifetimes | DO5 tails |

Donors [1/cm™3)
Acceptors [1/cm™3])

e R R A A
ol ool ol ol oud ool ool ool ud oud oud ol ol ol i o add

L B L s s L B L S B L B R B S B
o 700.0 800.0 1600.0  1700.0 1711.0 1721.0 1732.0 1742.0 1766.0 1865.0 2386.0 2416




E"l_lj] Tutorial 2: Simulation of InGaN MQW UV laser diode
[ ]

Specifying options specific for LDs

Computation of the waveguide modes is done independently from computation of the band diagram. However, it
also uses the Heterostructure and Materials properties input data. Laser parameters tab contains a number of
additional input data for simulation of LDs. They are split into two sections specific to computation of the waveguide
modes and to computation of the threshold characteristics, respectively.

File Heterostructure Material properties Run  Export Tools Window Help
s
D@ d| pw O = 0 [O[E

Heterostructure I Global parameters | Materials properties I Results I Spectrum La

Waveguide | PL parameters

Laser parameters

( )

Laser parameters Values |
Cavity length [micron) 1800
Stripe width [micron] 2
Computation of the threshold characteristics Back mirror reflectivity 09
implicitly calls computation of the waveguide Output mirror reflectivity 05
modes, so both sections should be e ) !
- . Polarization TE
specified correctly even if the user does not Mode indox .
run computation of the waveguide modes
directly!
Yaveguide solver parameters Yalues
Actual first layer thickness [nm) 4000
Substrate thickness in computations [nm) 500
Substrate matenal Sapphire
Substrate composition
Meszh step [(nm) 0s

\. J




E"l_lj] Tutorial 2: Simulation of InGaN MQW UV laser diode
[ ]

Specifying parameters for computation

of waveguide modes

File Heterostructure Material properties Run Export Tools Window Help Unlike the carrier transport in LEDs, waveguide
SELINOEEEEE modes may depend on the substrate. As you
T | Giobal p | Materials properties | Results | Spectrum [Laser parameters e [l might remember, some reduced thickness is
' specified for the first and last layers at the
stage of the heterostructure modeling, because
Laser parameters Values remote parts of homogeneous bulk n-region do
glpwldfl:’;:‘]‘ = not affect p-n junction and the light generation.
Back mirror reflectivity 0 However, whole first layer and even
E:;;::r:ﬂ:.; :’1'?‘;::‘” ”1-5 substrate may be important for
- T computation of the waveguide modes
Actual first layer thickness allow to specify real ?
thickness of the first layer. (Not the reduced Substrate usually has a thickness ~100 times
one that was used in the heterostructure tab) higher than the heterostructure. However,
4\ : confined modes exponentially decay in the
g S P | Tohe | __— substrate. Substrate thickness in computations
Substrate thickness in computations (nm) 500 4—/——| should be at least 2-3 decay lengths
Substrate material Sapphire
Substrate composition
Mesh step [nm) / 05
Waveguide solver parameters Values
To choose the substrate material, click in the Subatate thiokaoss b commations () =
respective input field. A drop-down list will Substrate material Sapphire ~
appear. If the material you choose is an allow, f;;‘;f::jfp“;";;’“s“"’" an e i
specification of composition will be required e i
g
Zd




Tutorial 2: Simulation of InGaN MQW UV laser diode

Computation of waveguide modes

1. Use Run -> Waveguide

Modes to launch computations _ _ _
from the menu 2. A modal  window 3. Next, the user is asked if he/she wants
appears where the user is to compute far-field distribution of the
prompted to input the modes extracted from the laser edge (far-
Eile Heterostructure Material ties  Run t Tools Window Hel H H 0 0 g
| S e = * | emission wavelength | field is not used in the program, but takes
Dje@jojw O 0|0 significant time to be computed)
Hetemstruclurel Global palamelersl Materials properties | Flesultsl Spectruml Laser parameters ‘Waveguide |PL p ‘etsl
Refractive index and waveguide modes | Far field | ~waveguide modes
"\ I~ TE 56
26 ‘ Wavelength: 369 nm
= 2.56]
g
o 4. Waveguide tab opens when
T 245 computations are complete
T 24
(=)
£ 235 — _
T 5. Refractive index for ordinary
5 9] and extraordinary waves is
shown by and

et
i

lines, respectively

215

o
25967 | Show/hide individual
e modes by the check
boxes. The value
indicates “effective
refractive index” of the
mode (see manual for

details)

Refractive index: ordinary(magenta),
S

3500 3000 2500 2000 1500 1000  -600 0 500 1000 1500 2000

Distance (nm)

’:

D015 2 =




E— Tutorial 2: Simulation of InGaN MQW UV laser diode

Viewing the confinement factors

File Heterostructure Material properties Run  Export Tools Window Help

o

Hlelal plw| 0| 2o |olis
Heterostructure I Global parameters I Materials properties I Results I Spectium | Laser parameters Waveguide | PL parameters I
Refractive index and waveguide modes | Far field I [ Waveguide modes
[T TE 56
26 | Wavelength: 369 nm
= 255
fiad
T 25
Sort ¥ 8: 2.5431
= [19: 2.5403
Mod Total w1 W 2 W3 W4 wh | = L110: 2.5354
ode ota Q o ! Q 0 :I 0111 2.6322
TE 8 0.0226 § 0.0048 0.0047 0.0045 0.0044 0.0043 [112: 25274
[113: 25223
™ 7 ooy . 0.0025 0.0025 00025 00025 L114: 2.5177
E 15:2.51M LI
™ 12 0.0076
I~ T 58
TH 18 0.00&3 1- 2. 5991
[12: 2.6982
TE 23 0.0083 13- 2.6967
TM10 | 00061 SErTE
[]6: 2.6875
TE 30 0.00&0 17 2.5842

TM35 | 0.008 The most important parameter of the mode is

the optical confinement factor. The mode with

TE 14 0.0057

TM19 | 0005 0.0010 0.0011 0.0071 0.0012 0.0011 highest optical confinement factor reaches the
T™ 34 0.0055 0.0012 0.0012 0.0072 0.0011 0.0009 500 lasing threshold first. One can see a table of
TE22 | ooos4 | ooom 0.0011 0,001 0.0011 0.0010 optical confinement factors by using Window -

> Optical Confinement Factors menu item.
The table can be sorted with respect to the
optical confinement factor value to help find the

TE 46 0.0054 0.0011 0.00m2 0.0012 0.0011 0.0003

TH 42 0.0054 0.0012 0.0013 0.0012 0.0010 0.0007 LI

mode which will provide laser generation
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Viewing the far-field intensity distribution

File Heterostructure Material properties Runm Export Tools Window Help

o

s - = P S N [ =3 B N =
Heterostructure I Global parameters I Matenals properties I Results I Spectrum | Lazer parameters Waveguide | PL parameters
Refractive index and waveguide modes Far fkld | Waveguide modes
]\ [ TE 56
[\ C1.25616 =
026 | Wavelength: 369 nm I o o o it o O
. . [ 3: 2.5591
0.24] . - []4: 2.5568
. . O 5: 2.6538
022 . | . : 05 5 sast
0s 1. Switch to Far field to view 8 2 5431
| far-field intensity distribution E?B?fggga
. 0.18] 3. To zoom out to the full O 11- 2 5329
2 0161 size, move the mouse with 512: 25274
S0 : 13 2.5223
4 the pressed .Ieft bu.tton. in Cl14- 26177
= 014 the opposite  direction 015:2511 -]
£ o1l anywhere ™ 58
£ 0.1 il R
0 0&] .
2. To zoom in on a fragment, .
9 . - 4. To move the plot,
press left mouse button and . . :
o . . press the right mouse s2.
drag it diagonally top left to . . [19: 25789
bottom right . . button and drag. C110: 2.5770
9 . . O 11: 2.5720
i :IIIIIIIIIIIIIIIIII D12:2.55??
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Parameters for computation of threshold characteristics
and laser output power beyond the threshold

1. Go back to Laser

parameters tab 5.  Computations of the
\ threshold characteristics are
File Heterostructure Material properties Run Export Tools Window Help . .
— done with respect to a certain
D= | | b0 O E|8 | 0~a \ ;
| | |' I e i i waveguide mode. You need to
Heteroztructure | Global parameters | Materialz properties | Besults | Spectrum ; Laser par. ters | Waveguide | PL p | g . .
f—— i o i specify the polarization (TE or
( TM) and Mode index of the
2' SpeCIfy dlmenSIOnS Of Cavity length [micron) 1500 mo?:e haVIng hlgheSt gp?cal
the CaVlty and I’eﬂectIVItIES Stripe width [micron) 2 et Inement aCtor (See 2otz
of mirrors Back mirror reflectivity 03 how to find such a mode)
Additional loss [1/cm] 1 %
Polarization TE
Mode index g
Initial Step [in units of jrad) 0.05
Gain Fitting Accuracy (1/cm) 01 6. Solver settings for self-
4. Software automatically :k";"“' [;Dt;u, S te consistent calculation of the
CompUteS Optlcal IOSS due Peak Gain Wavelength vs Current Density Function Stlmu|ated recomblnat|0n I‘ate
to free-carrier absorption Use Absorption From Material Data Mo

and loss at the mirrors.
Additional loss is a fitting

parameter added to the Wavequide solver parameters Values
a Actual First layer thickness [nm) 4000
tOtal optlcal IOSS Substrate thickness in computations [nm) s00
Substrate material Sapphire 7. Options for using imported
e compoen — data on gain instead of ones
taken from spectrum

calculation. Rarely used option.
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Computation flow in self-consistent laser model

Heterostructure
specification ‘
Analysis of

Y waveguide modes
Band diagram and

carrier transport
simulation

A\ 4

New
iteration v
Computation of optical

losses and gain

A

v
Calculation of stimulated
emission rate

l

. ST S Computation of
stimulated photon emission

changes compared to laser diode
previous iteration characteristics

Output of final band
— diagram and carrier
distributions

yes no

\4
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Computation of laser characteristics

File Heterostructure Material properties Run Export Tools Window Help
LI E IR
Heterostruct eI Global p ters | M jals properties Results |‘:r i ILa:;tslr IWaveguideI PL parameters
E [] Radiative Stimulated [ Total non:radiative ;[ Shockley-Read-Hall [] Auger
§ 1E+28 Bias [V]
T 1E+274 42
=z 1E+254
© e As described in the previous slide, the
1E422] laser characteristics are computed by
© 1E+21 . q q
< 16020 self-consistent solution of the drift-
B < e diffusion model for the carrier injection
E 2 et into the active region and their
£| 5 e+ . . . .
= - recombination there (including
é § 1 stimulated recombination) and rate
2| & e equations for the number of photons in
€| 8 1E+114 . . . .
El & ieao] the waveguide. So, drift-diffusion
% e model and laser model are solved
2 1E+74 iteratively until the condition “modal
= 1E+6 q D q q q
2 1E+s] gain = modal losses” is fulfilled with
= 1E+4 H
5 1£+2] the desired accuracy.
= 1E+2

1E+14

1685 1690 1895 1700 1705 1710 1715 1720 1725 1730 1735 1740 1745 1750 1755 1760
Distance (nm)

- —>—>

Use Run -> Single Calculation With Laser or Run -> Single Calculation With Laser menu item and specify a bias or a
set of biases similarly it is done for LED calculations (see the previous tutorial).

Drift-diffusion calculations look very similar to LED calculation. The only difference is that stimulated recombination is
accounted for in the QW layers.
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Viewing computed laser characteristics

ﬂ
Export
Table |F'|:|wer| DpticalGain.-"Lu:ussl Wavelengthl
Biaz Power Current i i rad | =tim Gain Loszz Taotal Losz AR Lozz Pazzive | Wavelength
] [miwf) [mA] [Afcm™2) [Afcm™2) [Afcm™2) [1/cm] [1/cm] [1/cm] [1/cm] [rm]
4 1] 71,2865 23762180 FE0.8066 1] 24419 47117 0.3529 0.6971 3E65.841E
4.05 1] 98.7512 3291.70&0 937.6923 3.3681 47233 0.3337 0.7279 365.1951
4.1 1] 131.4426 4351.4200 1126.0720 4.0524 47421 0.3202 0.7602 364.6580
415 1] 169.3345 1325.0570 4.7560 4. 7562 0.3079 0. 7365 364.3365

5644.4840

L9683 2010236 E; 350

425 23.2647 2325525 ¥785.0930
435 456239 3064877 1.022E+04

1532.1160
1743.0000
2176.4320

07954 36 5
07355 3643365
0.8111 3641225

03034
0.2350

47988
4.8378

4. 7EEE

9159.2936 4. 7573

¥ Close |

Laser Characteristics window appears after the end of computations
(later one can open it by using Window -> Laser Characteristics menu item)

First tab of the window contains a table. From the “Power” column, one can see that threshold is somewhere between
4.15V and 4.2V bias or between 170 mA and 200 mA current, respectively. If necessary, one can split this interval by
several bias point by running additional laser computations. Use Export menu to store the table as a text file. Other tabs
of the window contains a number of plots and some additional values.

Similarly to LED results, the band diagram, carrier concentrations, etc. are stored in the project file. One can see them
by using Laser Results window (Window -> Laser Results menu item). It works very similar to LED Results window
described in the previous tutorial.
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Viewing the results for threshold characteristics

Power tab contains a plot of the output
power as a function of current (note that
SILENSe always assumes the linear
power increase above the threshold)

Export
Eer Pwm Threshold current and
4. 6E+01 FParameter Yalue the I’eSpeCtlve Current
4 4E+01] Diff. efficiency (%) :
P Dif. cfficioncy (WIA) P density are shown here
AE+01 Threshold (mA) 1721330 “
3.8E+014 Threshold (Afcm™2) h737.7650
3.6E+019
3.4E+014
3.2E+014
3E+014
%2.8E+01— Export
= 2 6E+01 " Table I Power Opjical Gain/Lass |\Wavelength
£ 2.4E+01 A e T
a 2 2E+01 —_— W[Gain
S JE+01 [¥| Total losses
g 1.8E+01 Free carriers in QWs
1.6E+01 Other free carriers
1.4E+01
1.2E+01
9 6E+00
7.6E+00
5. 6E+004
3 6E+00 g 3E+00
1.6E+004 E 2. 8E+00
- - - ; ; - - - T 268400
86.49 106.49 126.49 146.49 166.49 186.49 206.49 22i 260 | =2 4E+004
Current (mA) g 2 954001
= 28400 I
S 18E+00] Constant contributions to
Ry losses are shown here |
] ] 126400 [
Optical Gain/Loss tab 1E+00]
. . 8.4E-014
shows variation of the 645011
ga|n and IOSS as a 44E01 - - - - : - - -| ||Parameter Yalue
. . 3216.26  4216.26 521626 6216.26 721626 821626 9216.26 10216||Radiative loss (1/cm)
function of current density Current density (AlomA2) Additional lose (1/em) .

X Close |
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Viewing the results (Continued)

* Laser Characteristics x|

Export
Table I Powerl Optical Gain/Loss Wavelzgth |

3664
366
366
2661 Wavelength tab shows
3651 variation of the gain
3651 peak position with the

3654 current density
365

365
365
365
365
3651
365
364
364
364
3644

Emission wavelength (nmj)

3216.26 4216.26 521626 6216.26 7216.26 8216.26 9216.26 10216.

Current density (Alcm#*2)
X Close |
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File Heterostructure Material properties Run  Export Tools Window  Help

wlela| olrw|e| 2| e |Blks

Heterostructure I Global parameters I M aterials properties I Results I Spectrum Waveguide I PL parameters I

—Laser par.

Laser parameters Yalues
Cavity length [micron) 1500
Stripe width [micron) 2
Back mirror reflectivity 048
Dutput mirmor reflectivity 05
Additional loss [1/cm) 1
Polarization ‘E
Mode index llllll 3

T

Wavequide solver parameters | Yalues
Actual first laper thickness [nm) 4000
Substrate thickness in computations [nm) 500
Substrate material Sapphire

Substrate composition
Mesh step [nm] 0h5

Simulation results for the old laser model are similar to that for the model with
self-consistent treatment of the stimulated recombination. The only difference is
that laser output power beyond the threshold is extrapolated linearly by using
differential quantum efficiency estimated from the threshold characteristics.

Computation of threshold characteristics (old model)

Old model for computations of
threshold characteristics uses LED
results of band diagram computation.
In this simplified model, where is no
self-consistent account of the
stimulated recombination rate in the
drift-diffusion model.

1. First, one needs to run
computation of the band diagram and
current density for a bias/current

range  covering the  threshold
bias/current.
2. Then use Run->Laser

Characteristics (Old) menu item.
During computations, the program
seeks for the threshold by doing
following tasks for each bias

- Computes gain spectrum and finds
its maximum

- Computes the waveguide modes at
the wavelength of max gain

- Computes modal gain
- Computes optical losses
- Compares gain and loss



