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4 ABC-model and processing of

p— experimental data
I J :jSR+jrad+jAuger ’ ”:jrad/j

ABC-model: jﬁ =An=n/t , Jrad =Bn? |, J Auger =Cn?
qd qd qd

here q isthe electron charge, n isthe electron/hole concentration in the active region, d
is the width of recombination region, = isthecarrier lifetime, B and C aretheradiative

recombination and Auger recombination constant, respectively, weakly dependent on n
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> Interplay between
recombination channels

_m—

I contributions of various recombination channels to the
total current density:
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6 Determination of

— recombination constants
— V2 v2
r=rBfr—ad , C=B’t, fgz , where r, = ﬂ
1:SR 1:rad J

if one of the recombination constants, for instance B , is known, the other ones can
be obtained from the contributions of various recombination channels in the total
current density

B =1.4x10 cm?d/s B =2.0-2.6x10! cm?/s B =2.6x10 cm?d/s
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Quality factor as a figure of merit
— for LED heterostructures
B universal IQE dependence on the radiative

current density:
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8 Applicability of the ABC -model to
analysis of IllI-nitride LEDs

_m—

E— there is a wide practically important range of the
o current densities where Q-factor is nearly
j constant, in line with the ABC-model; beyond this

range, the model is no longer applicable to LED
structure analysis
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9 Localized and delocalized states

both QW
thickness and
composition

fluctuations
may produce
DOS tails in

r the bandgap

/K at TDs L

é delocalized 0
carriers:
participate in
recombination

VB TD D TD
1.0 —r——————
g - Parameter Un :
8 08} 5 meV
2 —— 20meV
= —— 50meV
2 06F —— 100mev i
i 0 | —— 200 meV
Ipcallzed 2 4
carriers: do not S 04 i
take part in o
recombination & 02H
at TDs S [
Z 00— L,
600 -400 -200 O 200 400 600
Energy (meV)

localized states due to composition/QW thickness

=

fluctuation in InGaN increase the material IQE

1.0

0.8

0.6

0.4

0.2

Fraction of delocalized carriers

0.0

Internal quantum efficiency

0.0

In InGaN quantum wells

5 g
— 15 |
— 25

-400 -200 O

— 50 ]
200 400
F - E, (meV)

=
o
d T

0.8F

T=300K |

InGaN
Un: 30 meV

Up: 15 meV

1010

10°
TDD (cm ™)

10° 10" 10°



10 IQE of InGaN SQW LED structure vs

—m current density and temperature
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1 Ways to improve the LED

N structure performance
E—
+ increasing quality factor Q=B(z/C)"*
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12 Effect of indium surface segregation
E— on InGaN QW profile
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13 Ways to improve the LED
structure performance

_m—
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14 How to Increase the
recombination volume ?

I
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16 Quantum corrections
E— In LED modeling

<+ differential formulations

quantum potential accounts for

2
delocalization of electrons and U, = —46°kT *G/n) - Bohm potential
holes in the LED structure Jn
U, =-¢°kT O0%(Inn) - Wigner potential

U, =¢°0°U. - Wigner-Kirkwood expansion

<+ integral formulation

Ugi (1) =Ug +Uq = [d°r W (r -1)G(r',0)

actually, the carrier transport 2=y s =y Jog.

is affected not only by the 8m kT~ 16~
potential in a particular point

but also by its distribution in the values of y from 2/3 to 3w

the surrounding region are used in practical simulations
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electron states
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Energy (eV)

Band alignment in quantum
and drift-diffusion models
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Comparative analysis of MQW and

SPSL structure operation

D. A. Zakheim, et al., Phys. Stat. Solidi (a) accepte d for publication

MQW structure: n-GaN contact layer, 5x(3 nm InGaN QW/10 nm GaN barrier),
20 nm p-Al, 1560, g5N electron blocking layer, 110 nm p-GaN

contact layer

SPSL structure: n-GaN contact layer, 5x(2.5 nm In6aN QW/2.5 nm GaN barrier),

120 nm p-6GaN contact layer
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20 Macroscopic polarization and built-

In interface charges
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E— macroscopic charges are formed at a junction between
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— wavelength In SPSL structure
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‘Green gap’ in the emission
efficiency of IlI-nitride LEDs
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25 Degradation of the LED structure

E— quality factor with the wavelength
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predicted theoretically — the evidence
for additional mechanisms reducing
efficiency ?

DLT measurements: A. David &
M. Grundmann, Appl. Phys. Lett.
97 (2010) 033501

situation still remains ambiguous: theoretical estimates based on quantum-
mechanical calculations disagree with available data of DLT measurements
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Conclusions
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4+ a figure of merit, the quality factor, is suggested to compare LED
structures of various designs and emitting light at different wavelengths

+ further improvement of the materials quality seems to be no longer
effective for increasing the emission efficiency of violet and blue LEDs

4+ implementing the concept of large recombination volume, the LED
structures with SPSL active regions are quite promising for reducing the
efficiency droop and providing higher wavelength stability under current
variation

4+ control of the value of radiative recombination constant by bandgap
engineering, cavity effects, and other possible approaches seems to be
beneficial for further improvements of the LED efficiency, especially in
the green spectral range: a deeper understanding of indium surface
segregation effects on the conduction/valence band profile is necessary
for this purpose



