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Typical VCSEL Structure and
Electronic Mesh in MINILASE Il
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Electronic Solver in MINILASE IlI
(Real Space Problem)

e Poisson Equation

. : Drift- Thermionic .
o Continuity Equations for Diffugot Emission /~ Laterd Diff
both electrons and holes _ =)
— Drift diffusion in the bulk Cor@illum
regions bi-et olopr on
— Thermionic emission at the scatterin
heterojunctions
— QW carriers are divided into a oW ound
continuum-state part and a | oo
bound-state part with different Recombination

guasi-Fermi levels
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Electronic Solver in MINILASE 1]

(energy space problem)

For QW carriers, the energy
space is discretized

To obtain the energy
distribution, a 1D Boltzman
equation is solved

Both electron-electron and
electron-phonon intra-
subband scatterings are
considered

An additional phonon rate
equation Is solved to account
for phonon decay

SCH

QW continuum

intra-
subband
scatterin

QW

Capture

[ 4
[ J

®

2

O
\&

QW
bound

|
Optical
Recombination
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Electronic Solver in MINILASE 1|
(QW band structure)

CONDUCTION SUBBANDS

0.05 0 0.05 a1

0.1

0.05 4] 0.05 0.1
[110] |k £ (2nfa) [1 0O

Eight-band kep calculation of
energy states in quantum
well(s) including

— Strain effects

— Carrier-density-dependent
exchange-correlation
potential

QW kep states used to
calculate optical matrix
elements including Coulomb
enhancement effect
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Optical Solvers

(Green’s Function Method)

Inhomogeneous Fredholm Integral Equation:
E(r) = f drG(r,r')-Jspon+ f drG(r, r')-[iweX gain] E(r)+ / drG(r, r')-[iweXozige] E(T)

= Sspon + fgm?n -E(r) + Loside - E(r) (1)

Corresponding Homogeneous Equation:

En (I‘) : ﬁ;nfgarin : E(I‘) + fo:nide ' E(I‘) (2)
where k, is a gain eigenvalue introduced to ensure a
self-sustained lasing resonant mode.

« The dyadic Green's function, G(r,r'), contains the response behavior

of the planar homogeneous multi-layer open cavity of the VCSEL.
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(Green’s Function Method)

Discretize only the Gain and Oxide regions.
Use the Method of Moments to transform Eq. (2) into a generalized
eigenvalue problem.

Near the resonant frequency, W,

Okn
ow [0

Solve the generalized eigenvalue problem at a few frequencies,

hin(W) = £in () + == (W =€) (3)

W, to obtain a set of corresponding values for k.

At resonance, kn must be real because the resonant field must be
in phase with itself.
The modal gain is then given by,

IAG 1 —kp())
2 el “
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Optical Solvers

(Weighted Index Method)

Scalar Wave Equation:

Assume Separable Wavefunction:

| - CAVITY Transverse- and z-wave Equations:

¢z, y,2) = ¢z, y) - Po(2) —

Vig, +kip, =0
32

(5)

(6)

(7)

@ﬁbz + ki, =0

‘_b\ )_’ The dispersion relation:

Cladding k* =k, +k

(9)
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Initially, set k; =0 and

k, =k for all layers

4L

32
Solve (@ + ki) ¢, =0

for the resonant w

in the core region

Compute weighted indices

for the core and cladding.

Algorithm for the
Weighted Index Method

Did w

converge?

For all layers, update
ki=%"—k;

i B

Using the weighted indices,
solve (Vi;+k;) ¢, =0

for ks.
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Resonant Field Profile

(Fundamental HE11 mode)
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©
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Vertical field variation
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method
Weighted
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method

Oxide Aperture =1 nm .

Lateral field variation in QW
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i Comparison of
Resonant Wavelengths

783

782 AN
1 HE11lresonant modes /\

781
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779 —
TEO1 resonant modes

778

Green's Function Method |-
—— Weighted Index Method
A Expt (fundamental)
+ Expt (1st higher order)

177

776

775

Resonant wavelength (nm)

M.J. Noble et. al., "Calculation and measurement of resonant-mode |-
blueshiftsin oxide-apertured VCSELSs", IEEE Photonics Technol.
773 Lett., vol. 10, no. 4, pp. 475-477, Apr. 1998. —

774 -
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Simulation Flow-Chart

Device and
Simulation
Parameters Output
'Yes
Calculate Band Solve QW Carriers c 0
Structure and Optical Spectral Distribution - onverged:

Matrix Elements
| | | &
Q Newton lterations:
Recompute

Solve Poisson
y 'SSom, Bandgap

Continuity, and Renormalization
Photon Rate Eqns

Simultaneously

Optical Solver:
Compute Optical
Mode, Resonant
Frequency and : I

. ‘I_ -
Optical Loss Rate <7 T T _- “Green’s Function

Method Only

~
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Simulation Flow-Chart (contd)

Within this self-consistent model, we can examine

o Spatial hole burning and lateral transport effects

« Vertical transport effects and the diffusive capacitance
caused by minority carriers

« Spectral hole burning and hot electron effects

« Effects of the oxide aperture size and more
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Spatial Hole Burning for QW
Electrons/Holes at Different Biases
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Effects of Lateral Diffusion in QWs
on Modulation Responses

* Increasing mobilities reduces
relaxation frequency.

* Relaxation peak is high for both
high/low mobillities.

* Relaxation peak is dampened
for moderate mobility values.

* Realistic values correspond to
the low mobility limit, where the
peak is dampened while the
bandwidth is not reduced much.

Modulation Response (dB)

12 ; i :
08 Solid Lines: p_ =y, (M’ - sec)
101 Dash Line: u_=1.21
sl w = 0.04(m°N sec) |
6t
4 ; = |
2 I w ..,;‘:\x 4
0k g L ‘1:‘;‘_\ ]
. . \‘
2 | ,.“b |
4 N 1
', : \".‘
6/ __ |
-8+ \
1% 2 4 6 8 10 12

Frequency (GHz)
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Explanation: Two Competing
Mechanisms

Electron Density (m™)

1
L

—
-
=

ol
L

—
tn

—
'

Y
S
“

L
p=p =p, (MV - sec)

=1

L=
in

—_

Due to small transverse
mode size, stimulated
recombination tends to
burn a spatial hole at the
center.

Lateral diffusion tends to
smooth out SHB.
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Typical Total Current and Minority
Current Contours
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Contour Plot of Total Current Caontour Plot of Electron Minority Current

0457

0.35+

MNoD2r

P-side SCH

0 2 4

4 6
R (um?)

&
R? (um?)

« The minority carriers can be seen flowing back into the QW.

« Wasted minority carriers can introduce a vertical diffusive
capacitance.
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Mod. Resp. for “artificial” 2-1 VCSELSs

with Graded or Ungraded SCHs

(to demonstrate electrical transport effects)

o Grading the SCHs
Increases both the
bandwidth and the
height of the relaxation
peak greatly.

 Smaller low frequency
roll-off for graded
VCSEL structure.

Meodulation Response (dB)
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Current Density of Minority Charges
Escaping from the QW

e Grading the SCHs
reduces the minority
current greatly (two
orders of magnitude
In this example)

e With graded SCHs the
dynamic response can
be improved due to
suppressed diffusive
capacitance

4x1ﬁ
l=1.5 = Ith
Solid Line: Ungraded SCHs
Dash Line: Graded SCHs
E
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=
2
g 1}
D L]
= e, & g TESSRR
Eol N
2 L
g 10
g1
L
2k
_3 1 1 1 1
0 05 15 2 25 3 35 4

flowing
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[T escaping

from the

WQW
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Further Study of Minority
Carrier Effects

« At the heterojunctions, carrier fluxes are computed
using Bethe’s thermionic emission theory:

JA®A_AdéeXFIé o 4 - ALAO pé a4 - '&tA AAOU

B ﬂ e kBO

5

* In MINILASE, the Richardson constant, A", at the
minority side of the QW can be artificially reduced to
suppress the minority current. This is equivalent to
raising the barrier height to suppress carriers escape.
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Modulation Response (dB)

Effects of Artificially Reduced
Richardson Qonstant

40— - | :
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e Minority current is greatly suppressed.

o Similar improvements of modulation responses are
observed.
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Summary

* As a comprehensive first-principle tool, MINILASE Il has
been developed to account for nonlinear gain effects in
VCSELs.

« With MINILASE llI, spatial hole burning and carrier
lateral transport effects on the modulation response of
VCSELSs are studied.

« Minority carriers are found to be responsible for a
diffusive capacitance in the modulation response of
VCSELs as shown by our simulations with MINILASE III.



