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FOREWORD

Il national electrotechnical committees (IEC National Committees). The object of IEC is to prompté internat
po-operation on all questions concerning standardization in the electrical and electronic fields’\T6 this end
addition to other activities, IEC publishes International Standards, Technical Specifications,.Fechnical Ref
ublicly Available Specifications (PAS) and Guides (hereafter referred to as “IEC Publication(s)”).
reparation is entrusted to technical committees; any IEC National Committee interested.in the subject dealf
ay participate in this preparatory work. International, governmental and non-governmental organizations lig
ith the IEC also participate in this preparation. IEC collaborates closely with the-Ilnternational Organizatio
tandardization (ISO) in accordance with conditions determined by agreement between the two organizatio

he formal decisions or agreements of IEC on technical matters express, as‘néarly as possible, an internat
bonsensus of opinion on the relevant subjects since each technical cemmittee has representation fro
terested IEC National Committees.

FC Publications have the form of recommendations for internationahUse and are accepted by IEC Naf
ommittees in that sense. While all reasonable efforts are made(to ensure that the technical content of
ublications is accurate, IEC cannot be held responsible far,the way in which they are used or for
isinterpretation by any end user.

ansparently to the maximum extent possible in their natienal and regional publications. Any divergence bet
ny IEC Publication and the corresponding national or‘tegional publication shall be clearly indicated in the |

FC itself does not provide any attestation of confoermity. Independent certification bodies provide confo
sessment services and, in some areas, access'to IEC marks of conformity. IEC is not responsible fo
rvices carried out by independent certificatidn bodies.

Il users should ensure that they have the\latest edition of this publication.

o liability shall attach to IEC or its\directors, employees, servants or agents including individual experts
embers of its technical committees ahd IEC National Committees for any personal injury, property dama
ther damage of any nature whatsoever, whether direct or indirect, or for costs (including legal fees)
xpenses arising out of thespublication, use of, or reliance upon, this IEC Publication or any other
ublications.

ttention is drawn to the \Normative references cited in this publication. Use of the referenced publicatio
dispensable for the €orrect application of this publication.

ttention is drawn te_the possibility that some of the elements of this IEC Publication may be the subject of p
ghts. IEC shall.net'be held responsible for identifying any or all such patent rights.

TR 60747-5-12 has been prepared by subcommittee 47E: Discrete semiconductor devi
FC technical committee 47: Semiconductor devices. It is a Technical Report.

The

he International Electrotechnical Commission (IEC) is a worldwide organization for standardization comprjising

onal

and
orts,
I'heir
with
ising
n for
hs.

onal
n all

onal
IEC
any

order to promote international uniformity, IEC National Committees undertake to apply IEC Publications

veen
htter.

rmity
any

and
je or
and
IEC

hs is

Atent

Ces,

text of this Technical Rnpnr’r is based an the fnllnwing documents:
Draft Report on voting
47E/741/DTR 47E/748/RVDTR

Full information on the voting for its approval can be found in the report on voting indicated in
the above table.

The

language used for the development of this Technical Report is English.
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This document was drafted in accordance with ISO/IEC Directives, Part 2, and developed in
accordance with ISO/IEC Directives, Part 1 and ISO/IEC Directives, IEC Supplement, available
at www.iec.ch/members_experts/refdocs. The main document types developed by IEC are
described in greater detail at www.iec.ch/standardsdev/publications.

A list of all parts in the IEC 60747 series, published under the general title Semiconductor
devices, can be found on the IEC website.

The committee has decided that the contents of this document will remain unchanged until the
stability date indicated on the IEC website under webstore.iec.ch in the data related to the

H +H | 4 At 412 ot 4l <l 4 H TN
Spe LITTO UUCUUTTITTTL. AU UITo UdlLe, 1T UuULTuUTItIicTie wiir UT

e feconfirmed,
e Wwithdrawn,
o feplaced by a revised edition, or

e amended.

IMPORTANT - The "colour inside" logo on the cover page of thissdocument indicates that it
contains colours which are considered to be useful for the_correct understanding of |its
contents. Users should therefore print this document using-a.colour printer.
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INTRODUCTION

The latest international standards for light emitting diode (LED) devices are
IEC 60747-5-6:2016, IEC 60747-5-8:2019, IEC 60747-5-9:2019, IEC 60747-5-10:2019, and
IEC 60747-5-11:2019, where terminology and measuring methods of basic electrical and optical
characteristics of LEDs are given.

This technical report gives guidance on the terminology and the measuring methods of various
efficiencies of single light emitting diode (LED) chip or package without phosphor. White LEDs
for lighting applications are out of the scope of this part of IEC 60747-5-12.

The| efficiencies whose measuring methods are described in this technical report are the pqwer
effigiency (PE), the external quantum efficiency (EQE), the voltage efficiency (VE), the-internal
quaptum efficiency (IQE), and the light extraction efficiency (LEE). To measure these
effigiencies separately, one needs the measurement data of the internal quantum efficigncy
(1QE).

The| IQE is a key performance parameter that represents the quality of \epitaxial wafers jJand
confains essential information on operational mechanisms. Requiremeéents for accurate [and
reliable IQE measurements are suggested. The various IQE measufement methods reportefl so
far are reviewed in detail from a theoretical and practical point*of view. Subsequently,|the
technical limitations for these IQE measurement methods to meet'the requirements for accurate
and|reliable IQE measurements are discussed.

In piarticular, two different measuring methods of the-lQE that can meet the requirements|are
desg¢ribed in detail both experimentally and theoretically. They are known as the temperature-
depgendent electroluminescence (TDEL) and thé room-temperature reference-point method
(RTRM).

A measuring procedure of PE, EQE, VE, IQE, and LEE are demonstrated. But the injedtion
effigiency (IE) and the radiative efficiency (RE) are described for definitions only.

Separate knowledge of various efficiencies of the LED chip or package is able to impfove
optgelectronic performances of'\LED chip itself and to design LED application systems such as
LED lamps more efficiently and-reliably.
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Scope

Thid
effid
for |

Thig

2

The
con
For
ame

IEC
diod

technical report discusses the terminology and the measuring methods of optoelectr
iencies of single light emitting diode (LED) chip or package without phosphor. White L
ghting applications are out of the scope of this part.

technical report provides guidance on

erminology of optoelectronic efficiencies of single LED chip or package without phosp|
such as the power efficiency (PE), the external quantum efficiency (EQE), the volt
efficiency (VE), the light extraction efficiency (LEE), the internah quantum efficiency (I(
he injection efficiency (IE), and the radiative efficiency (RE) [1]*

est methods of optoelectronic efficiencies of the PE, the EQE, the VE, the LEE, and
QE [1];

eview of various IQE measurement methods reported so far in view of accuracy
bractical applicability;

he measuring method of the LED IQE<based on the temperature-depen
Blectroluminescence (TDEL) [2];

he measuring method of the LED IQE.®Gased on the room-temperature reference-p
method (RTRM) [3];

he measuring method of the radiative and nonradiative currents of an LED [4];

he relationship between the IQE"and the VE, which leads to introduction of a new
pfficiency, the active efficiency"(AE) as AE = VE x IQE.

Normative reference

stitutes requirements of this document. For dated references, only the edition cited app
undated references, the latest edition of the referenced document (including
ndments)applies.

60747-5-6, Semiconductor devices — Part 5-6: Optoelectronic devices — Light emi
es

bnic
FDs

and

lent

oint

LED

following document is referred to in the text in such a way that some or all of their content

ies.
any

ting

3

For

Terms and definitions

the purposes of this document, the following terms and definitions apply.

ISO and IEC maintain terminological databases for use in standardization at the following
addresses:

TN

EC Electropedia: available at http://www.electropedia.org/

SO Online browsing platform: available at http://www.iso.org/obp

umbers in square brackets refer to the Bibliography.
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3.1 General terms and definitions

3.1.1
radiant power

(pe
change in radiant energy with time

Note 1 to entry: The unit used is: W. Radiant power is also known as "radiant flux".

[SOURCE: IEC 60050-845:2020, 845-21-038, modified — Note 1 has been expanded.]

3.1.p
spectral distribution

denpity of a radiant power @, with respect to wavelength, 1, at the wavelength 4

4t (1)
di

dse,,l =

[SOURCE: IEC 60050-845:2020, 845-21-029, modified — In the definition, "a radiant or luminous
or photon quantity X(1)" has been replaced by "a radiant power @ ". In the formula, X |has

beep replaced by @, . Notes have been deleted.]

3.1.8
mean photon energy
hv
me3gn energy that each photon carries

where

h is the Planck constant;
¢ |s the speed of(light in vacuum

[SOURCE: IE€ 60747-5-8:2019, 3.1.3]

3.2 Terms and definitions relating to the optoelectronic efficiencies
3.21
power efficiency
"PE

ratio of the radiant power (coupled to free space), 9,, to the electrical power consumed by the
LED, VI, where Vg is the forward voltage and I is the forward current of the LED

D,

_ e
E =

Note 1 to entry: Power efficiency is also known as the "wall-plug efficiency". Power efficiency is identical to the
"radiant efficiency" when the power dissipated by any auxiliary equipment is excluded from the electrical power.
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[SOURCE: IEC 60747-5-8:2019, 3.2.1]

3.2.2

voltage efficiency

NVE

ratio of the mean photon energy emitted from the LED to the electron energy given by the
forward voltage of the LED, V¢

hv
IVE = —
THE

where

q is the elementary charge.

Note| 1 to entry: Voltage efficiency can be greater than 1 at very low forward currents.

[SOURCE: IEC 60747-5-8:2019, 3.2.2]

3.2
exteérnal quantum efficiency
EQ
ratiop of the number of photons emitted into the free space per unit time to the number of
eledtrons injected into the LED per unit time

Dy v
Ir/q

NEQE/;

[SOURCE: IEC 60747-5-8:2019, 3.2.3]

3.2‘;|4
internal quantum efficiency

MQE

ratio of the number of photons emitted from the active region per unit time to the numbgr of
eleqgtrons injected intorthe LED per unit time

(pe,active / hv
Ie/q

Qe =

where

De active IS the radiant power emitted from the active region.

[SOURCE: IEC 60747-5-8:2019, 3.2.4]

3.25

light extraction efficiency

"LEE

ratio of the number of photons emitted into the free space to the number of photons emitted
from the active region
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2
_ e
MEE =
e,active

[SOURCE: IEC 60747-5-8:2019, 3.2.5]
3.2.6
injection efficiency

me

ratio of the number of electrons injected into the active region per unit time to the number of

eled

whe

Ira
[SO

3.2.
rad

RE
ratig
eled

[SO
the

3.3
3.3.

peak EQE point

set
max

Note|

trons injected into the LED per unit time

e = [F,active
IE —IF
re
Liive IS the portion of the forward current injected into the active region.

URCE: IEC 60747-5-8:2019, 3.2.6]

7
ative efficiency

of the number of photons emitted from thehactive region per unit time to the numbe
trons injected into the active region per unit.time

®e,active / hv

RE =
IF,active /(]

URCE: IEC 60747-5-8:2019,'3.2.7, modified — The specific use in angle brackets as we
hote have been removed,)

Terms and definitions relating to measuring the efficiencies

L

of operating conditions of the forward current and radiant power at which the EQE is
imumsfor-a given temperature.

1\o”entry:  The forward current and radiant power at the peak EQE point are denoted as 7___, and d

respectively.

[SO

3.3.

URCE: IEC 60747-5-9:2019, 3.1.6]

2

cryogenic temperature

tem

[SO

perature range below 200 K

URCE: IEC 60747-5-9:2019, 3.1.7]

| as

the

peak’
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3.3.3
critical cryogenic temperature
T,

[}
cryogenic temperature at which the peak EQE shows the maximum value

[SOURCE: IEC 60747-5-9:2019, 3.1.9]

3.3.4
normalized variables of X and Y
converted quantities of current and radiant power as follows:

X = \/%(IF)/‘De(]peak)

Y=1Ir /Ipeak

[SOURCE: IEC 60747-5-10:2019, 3.1.7]

3.3.5
coefficients of a4y and a,

coefficients of the quadratic equation of Yin X, i.e., Y = a, X + a,X?

Note[1 to entry: a, and a, change slowly enough according to the forward ¢ufrent as compared to X and Y, but should b

treatg¢d as a function of the forward current in the data analysis.

[SOURCE: IEC 60747-5-10:2019, 3.1.8]

3.3.6
refdrence point
opefating point at which a, is minimum

Note|1 to entry: a,, X, and Y at the reference point are represented by a, .., X, and Y, ., respectively. The cu

r

at the reference point is denoted as I

[SOURCE: IEC 60747-5-10:2019, 3.1.9]

3.4 Terms and definitions relating to measuring current components

3.4/
radjative current

lrad
current thatsis consumed by the radiative recombination process in the LED

[SOURCE: IEC 60747-5-11:2019, 3.1.2]

@

rrent

3.4.2
nonradiative current

Inonrad
current that is consumed by the nonradiative recombination processes in the LED

[SOURCE: IEC 60747-5-11:2019, 3.1.3, modified — The notes have been removed.]

3.5 Abbreviated terms
AE active efficiency
Ccw continuous wave

EL electroluminescence
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EQE external quantum efficiency

IDPL intensity-dependent photoluminescence

IE injection efficiency

IQE internal quantum efficiency

LED light emitting diode

LEE light extraction efficiency

MQw multiple quantum well

PE power efficiency

PL photoluminescence

QW quantum well

RE radiative efficiency

RTRM room-temperature reference-point method
SRH Shockley-Read-Hall

TDHL temperature-dependent electroluminescence
TDRL temperature-dependent photoluminescence

TD-TREL temperature-dependent time-resolved electroluminescence

TD-[TRPL temperature-dependent time-resolved photolumingscence

TRH
TRHA
VE

4

4.1

LEQ
con
rang

systems [5]-[7]. Although the,LEDs have simple pn junctions with a long history of researd

sing
and
dev

Mar
parg
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[8]-1

requ

L time-resolved electroluminescence

L time-resolved photoluminescence
voltage efficiency

LED efficiencies

General

s are now found in numerous applications owing to advantages such as low pd
sumption, small size, long lifetime, and fast switching. LEDs are available in various spe
es including ultraviolet,-\isible, and infrared wavelengths, based on different matg

e the early 1960s, there still remain multiple issues in relation with the device configurat
materials. In orderto analyse any possible device issues, accurate characterization of]
ce is essential,

y parameters have been utilized for LED devices to quantify the device performa
meters(obtained from simple current-voltage (/-V) and light-current (L-I) measurem
stitutesasbasis. However, they don’t typically give enough details about a device under
15}.\Since many device parameters are interrelated, more extensive characterizatio

wer
ctral
prial
hes
ons
the

hce:
ents
test
n is

ired’to form a complete picture of any possible cause behind a problem in the device

and

to remedy it [16],[17]. It there is any measure implemented to remedy and enhance the device
performance, it is often difficult to judge whether the intended effects have been achieved by
simple checking of the output parameters such as [-V, L-I, and the emission spectrum.
IEC 60747-5-6:2016 lists terminology and measuring methods of basic electrical and optical
characteristics of LEDs as categorized in Table 1.
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Table 1 — LED items and their measuring methods listed in IEC 60747-5-6:2016

. Measurement
LED Characteristics Items Method
Forward voltage (V) 6.2
Reverse voltage (7z) 6.3
Electrical Differential resistance (r;) 6.4
Reverse current (/) 6.5
Capau;talluc (Ct\’ 0.0
Junction temperature (TJ.) 6-7
Temperature
Thermal resistance (Rth(j_x)) 677
Response time 6.8
Frequency
Frequency response and cut-off frequency (f) 6.9
Luminous flux (@) 6.10
Radiant power (@,) 6.11
Optical Luminous intensity (7)) 6.12
Radiant intensity (/,) 6.13
Luminance (L) 6.14
Emission spectrum, peak emission wavelength (A ), spectral
Spectral P 6.15
pectra half bandwidth (AA)
Chromatic Chromaticity 6.16
Directivity 6.17
Directional -
llluminance (£,,) 6.18
Quality Evaluation Quality evaluation test and inspection 8
Of Marious device parameters, efficiencies contain the most important information on the deyice
performance and any possible problem in it. IEC 60747-5-8 defines various efficiencies releyant
to the LED devices. The overall efficiency of the LED device is characterized by the pqwer
effigiency (PE), 7pg(. The PE is rather simple to measure and serves as a useful paramgter
representing how efficient the device is in converting the electrical power to the desired radiant
power. However;iin many cases, one needs to know more details than the PE to infer limiting
factprs in device performance.
The| PE'can be decomposed into its constituent factors, which are the voltage efficiency (YE),
nyeL_and the external ntum efficien EQE . The EQE is then m into the

light extraction efficiency (LEE), # gg, and the internal quantum efficiency (IQE), nqe . The IQE

is in turn separated into the injection efficiency (IE), #g, and the radiative efficiency (RE), #Rrg.

The PE, VE, and EQE are measurable by using experimental data of current, voltage, radiant
power, and spectra. On the other hand, a standard method of measuring the IQE has not been
known since the advent of LEDs in 1960s, before the publication of IEC 60747-5-9:2019 and
60747-5-10:2019.

The EQE is a measurable quantity once the mean photon energy is obtained. It can be limited
by either the IQE or the LEE. Thus, a separate measurement of the IQE and the LEE is
extremely useful not only to improve the device performance but also to elucidate the operating
mechanisms of an LED device. The optimization of the epitaxial structure and the growth
condition is a typical method for achieving a high IQE. A high LEE is achieved by reducing the
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total internal reflection at the LED surface. The LEE and the IQE can be separately obtained
from the EQE if one of them is known. In general approaches, the LEE is theoretically calculated
and the IQE is experimentally measured. Theoretical calculation of the LEE is limited to specific
cases in practice. This is because the LEE is very sensitive to the microscopic parameters such
as the complex refractive index of each material, the layer structure, or the randomly textured
surface [18]-[20]. Thus, direct measurement of the IQE as a function of current is more practical
and has been pursued actively.

This technical report focuses on direct measurement methods of the IQE as a function of current
in single LED chip or package without phosphor. Various characterization techniques for
measuri it ' imitati isting
measurement techniques are reviewed, the room-temperature reference-point meihod
(RTRM) is presented as a most accurate and practical IQE measurement method. The | RTRM
is then applied to various LED devices to show how the IQE measurement techniqUgs can be
utilized to analyse their optoelectronic performances quantitatively.

4.2 | Theoretical background of optoelectronic efficiencies

Usujally, an LED is electrically driven by a power supply producing the voltage V= and|the
forward current I. The total electrical power supplied is VzIr. The LED operation is more cldarly

understood when Vii¢ is expressed as (q/;)(Ig/q), where ¢ is the elementary charge of 1.6k10-
9 @: Ig/q is the total number of electrons injected into an/LED per second, and ¢/ i§ an
avefage electrical potential energy of each electron given by, the forward voltage V. In the ideal

case, each electron energized by a power supply emits,one photon without any energy losg so
that| both quantum particles should have the same energy ¢J¢. In a real case, however, there

are many sorts of electrical and optical energy loss mechanisms during the electrical-to-optical
enefrgy-conversion process.

For|LEDs, various efficiencies can be defined as a measure of different conversion procegses
[5]-17]1. The overall efficiency of an LED;device can be characterized by the PE. The PE, #pg,

is deéfined as the ratio of the radiant pewer (coupled to the free space), @, , to the input electrical
power Vlg, i.e.,

radiant power &,
electrical power Vgl

(1)

PE =

The|PE represents how efficiently an LED device can convert the electrical energy to the optical
enefgy and thds is the most important efficiency parameter. The electrical energy that is| not
conyerted to-the optical energy is wasted as heat. There are various factors that can affecf the
PE pndthese factors are characterized by various other efficiency parameters. From now| on,
the efficiency parameters that constitute the PE are described in detail.

The VE, nyg, represents the ratio of the average photon energy emitted from the LED to the
average electron energy supplied by the power source:

mean photon energy  hv
mean electron energy  ¢Vg

()

VE =

where Av
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and recombination process. Recently, it was also pointed out that space charges of electrons
and holes accumulated near the active region also contribute additional forward voltage for a
desired forward current /g [21]-[23]. In order to improve the voltage efficiency, both low forward

turn-on voltage and small series resistance are required. The VE is experimentally measurable
so that the value can be improved by a sort of feedbacks to fabrication processes and LED chip
designs.

The mean photon energy #v is defined as follows:

(‘t\e

hv =
) ’ ®)
0 1 Lo (4)d2

Herg, & is the Planck constant, ¢ is the speed of light in vacuum, and A is.the free-sgace

o A
wavelength. Note that the integral _[0 h—q%,i (i)di represents the number-of photons emitted
c
from the LED per second. The average photon energy should be approximately equal to| the
banfdgap energy of the active region of the LED.

Another is the EQE, 7gqe, defined as the ratio of the numbgr of photons emitted into the free
space per unit time to the number of electrons injected intexthe LED per unit time, i.e.,

@, [V
TEQE =
Iglq

(4)

where

@, Iy is the number of photons emitted into free space per second,;
I /¢ is the number of electrons injected into LED per second.

Not¢ from Formulae (2)‘and (4) that the multiplication of the VE and the EQE gives the PE,|i.e.,
"PE = "IVE " TEQE - (5)

The[IQE, g, is defined as the ratio of the number of photons emitted from the active region

per unit'time to the number of electrons injected into the LED per unit time:
D e [V
Qg = e,actlve/ , (6)
Ir/q

where

(pe,active is the radiant power emitted from the active region;
De active /v is the number of photons emitted from active region per second,;

Ir/q is the number of electrons injected into LED per second.

The IQE is greatly dependent on crystal growth and the epitaxial layer structure. The IQE is one
of the key performance indicators of LEDs.
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The ratio of the number of photons emitted into the free space to the number of photons emitted
from the active region is defined as the light extraction efficiency (LEE), ngg:

Pe

()

EE =
(pe,active

where

&, is the number of photons emitted into free space per second;

qje,ective is the radiant power emitted from the active region.

The|LEE is a measure of the photon loss during the propagation from the active region into free
spage. In an ideal LED, all photons emitted by the active region should escape from an LED
die.|However, in a real LED, not all the radiant power emitted from the active region is emitted
into|the free space by such factors as total internal reflection. The trapped\light inside the LED
chig is eventually absorbed by the device, generating heat. Increasing-the LEE is one of| the
maip endeavours many chip manufactures are dedicated to so that they could improve the|PE.

Using the EQE and the IQE, the LEE can be expressed as

_ "IEQE
MeEe =—
nQe
Or
NEQE = "QE ""ILEE (8)
The|lE, nE, is defined as the ratie:of the electrons injected into the active region per unit {ime
to the number of electrons injected into the LED per unit time, expressed as
me =1Fiﬂ 9)
F

where

IF aktive ASithe number of electrons injected into active region per second,;

I isrthe number of electrons injected into LED per second.

Here, Ik active is the portion of the forward current injected into the active region. The IE is a

measure for how many electrons recombine in the active QW region compared with the total
injected electrons into an LED. It depends on the current level as well as the LED structure
itself. The IE is determined by nonradiative recombination rates occurring outside the active
QW regions. Possible leakage currents are semiconductor surface current, defect-related
tunnelling current, and electron overflow from the QW active region to p-clad region [24]-[26].
The surface leakage current is initially observed at around zero bias voltage and it shows
relatively symmetric current-voltage curve for forward and reverse biases. Special surface
treatment and passivation techniques have been utilized to suppress the surface leakage
current. The electron blocking layer in the epitaxial growth has been introduced to reduce the
electron overflow from the active region to the p-type clad layer at high-level current injection
[27]. Current spreading is important to improve the current injection efficiency in terms of
reducing current density over an entire LED surface. The nonuniform current injection increases
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both the Joule heating and the nonradiative recombination processes and eventually lowers the
light power efficiency [28],[29].

With respect to If active » ONe can define the RE, #Rg:

q§e,active / hv

I active /q

RE

(10)

wh
qje,e

IF,a

whi

For
non

Las

re
ctive /v is the number of photons emitted from active region per second;
tive /9 is the number of electrons injected into active region per second.

h is different from the IQE by the factor IE:

Qe = Me ""IRE

a high RE, it is necessary to increase the radiative recombination rate and decrease
radiative recombination rate.

ly, the active efficiency (AE), #ag, can be defined as the ratio of the radiant power emi

from the active region to the electrical power supplied 10 the LED:

whe
¢e,'é

Vel

whi
than

Ins

D,

7 : e,active
PR el

re
ctive 1S the radiant power emijtted from the active region;

is the electric power.

h is different from4he IQE in that the active region is analysed in a view of the power ra
the particle rate, The AE is a concept similar to the responsivity in a photodiode.

Limmary, thetoverall PE can be rewritten as follows:

HPE = NIVE " MEQE
= NvE "MQE "M EE

(11)

the

tted

(12)

ther

=7vE "ME ""RE ""LEE
= 1AE "LEE

Or put in differently,

¢e
NPE = Vel
hv . [F,active . ¢e,active /h‘_’ ) gDe

9V Ig IF,active /q (pe,active

(13)

(14)
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The efficiency definitions are summarized in Table 2.

Table 2 — Summary of efficiency items defined in IEC 60747-5-8:2019

Items

Definitions

Power efficiency (PE)

Pe

Vel

PE =

where

D _is the radiant power:
2] g g

VeIE is the electrical power.

<

oltage efficiency

where

hv is the mean photon energy;

efficiency (EQE)

(VE) qVF is the mean electron energy.
_ D
hw=s—F2¢
[ * A g i
0 hC e,
MQE = (pe,active /hV
Ir/q
HBxternal quantum where

d?e/hV is the number of*photons emitted into free space per second;

IF/q is the number of electrons injected into LED per second.

Internal quantum
efficiency (IQE)

‘De,active /hV
Ir/q

MQe 7

where

'ée'acﬁve/hv is the number of photons emitted from active region per second;

IF/q is the number of electrons injected into LED per second.

D,

_ e
LEE =

¢p active

Light extraction
efficiency (LEE)

where

@e is the number of photons emitted into free space per second;

@e active 1S the number of photons emitted from active region per second.

Injection efficiency
(IE)

_ 1 F,active

me Ir

where

IE active 18 the number of electrons injected into active region per second;

IF is the number of electons injected into LED per second.
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Items Definitions

_ (De,active /h‘7

RE =
] F,active / q

Radiative efficiency
(RE) where

gbe,active/h‘_’ is the number of photons emitted from active region per second;

Ir active/q is the number of electrons injected into active region per second.

4.3| Separate measurement of various efficiencies

The| PE can be obtained in a straight-forward way by using Equation (1). Measuring'the radiant
power @ and electrical Vg and I is already defined in IEC 60747-5-6:2016 (See Table 1). In
ordeér to define the EQE, one needs to find the mean photon energy Av, \using Equation|(3).
Onge the mean photon energy is obtained, the EQE can be obtained bycEquation (4). Using the
obtgined PE and EQE, the VE can now be calculated by using Equatian(5) as nyg = 7pg /7ghE -

To peparate the efficiencies further, the IQE is required. Methods of obtaining the IQE|are
disdussed in detail in the following sections. Once the IQE is«determined by a method such as

the RTRM, the LEE can now be obtained by using Equation.(8): 7 gg =’7EQE/’7|QE-

Thelsequence of the efficiency measurements is sdmmarized in Figure 1.

(De
Measure the powerefficienc = —
p y Nnpe VFIF
W
Measure the external quantum efficienc —(De [y
q y MEQE= 774
i "PE
Calculate the voltage efficienc =
g y "IVE™ Neqe
Measure the internal quantum efficiency RTRM, TDEL, etc
Calculate the light extraction efficiency Nce = ZEQE
NMUE

IEC
Figure 1 — Sequence of the efficiency measurements

4.4 Requirements for accurate and reliable IQE measurement

The IQE of an LED is a key parameter that represents the quality of epitaxial layers and contains
essential information on operational mechanisms. Furthermore, knowing the IQE allows
quantitative measurements of various efficiencies defined for LEDs. As seen in Table 2, the
IQE, defined as the ratio of the number of internally emitted photons to the number of electrically
injected (or optically generated) carriers, is the product of the |IE and the RE. The IQE varies
with the operating conditions of forward injection current I and temperature T as expressed

below:
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maeUr:T)=ng(g,T) nre (I, T)

(15)

The IE is a measure of how many electrons recombine in the active region compared to the
total electrons injected into an LED. It generally depends on the current level as well as the
LED structure itself. The RE represents the ratio of the radiative recombination rate to the total
recombination rate (i.e., the sum of the radiative and nonradiative recombination rates) in the
active region. For an accurate estimation of the IQE, it is necessary to consider the IE and the
RE separately and quantitatively.
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[QE measurement metnods satistying the following requirements are very desirable in
accuracy, simplicity, reproducibility, and experimental-system cost: (i) Use
erimentally measurable physical quantities such as current and radiant power (optieal’pg
out assuming any physical parameters, e.g., chip sizes, epitaxial layer structures, ca
mbination rates, and complex refractive indices; (ii) Measure the relative 'radiant pd

Hitions of the operational temperature and pumping scheme. The electréluminescence
om temperature is the most preferable combination compared with ethers; Finally, (iv)
pumping and its steady-state response of the spontaneous emission, which eliminates
1 for complicated and expensive experimental setups such as ayshort-pulse current dri
gh-speed photodetector, and an impedance matching techhique for a good RF si

grity.

lauses 5 and 6, the IQE measurement methods that have been frequently utilized up to
reviewed. The technical limitations involved in thes€ methods are compared and discus
rder to overcome such limitations and satisfy thé aforementioned requirements, a un

RM), has been proposed recently. The RTRMis described separately in detail.

Classification of IQE measurementimethods

discrete and accurate measurement,of the LED IQE as a function of optical pumping po
ction current, or carrier density has been a constant challenge. The IQE measurement
one theoretically or experimentally. The theoretical approach is based on calculation of
and the experimental approaches utilize the EQE data measured at various conditi
brent measurement methods of the IQE as a function of input pumping rate have b
rted so far as summarized in Table 3. The IQE measurement methods are named differe
brding to the inputtpumping scheme, the output temporal responses, and the san

the other is the,electrical pumping by the current. Their respective output spontansg
5sions are knewn as the photoluminescence (PL) and the electroluminescence (EL).
r light intefsity and electrical current are usually varied in order to change the input pum
. In time scale, the input pumping signal and its optical response can be either continy
e (CW)“or short-pulse trains. Sometimes sample temperatures can be varied from
genic’ temperatures to room temperature. Each IQE measurement method in Table
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The IQE measurement methods can be largely divided into five categories: (i) calculation of the
LEE, (ii) PL methods, (iii) EL methods, (iv) temperature-dependent (TD) methods, and (iv) time-
resolved (TR) methods. Each method has its own pros/cons, features, and limitations in
applications. Each method is described in the next section.
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Table 3 — Various LED IQE measurement methods

021

Theoretical Calculation of the LEE

Experimental

Time scale Sample temperature

Type Pumping variable
Ccw Dynamic Fixed Varied

Optical Laser intensity PL TRPL PL,TRPL
Pumping TRPL

TDPL, TD-

method

Electrical Current EL TREL EL,TREL TREL

TDEL, TD-

CW:
depd

continuous wave; PL: photoluminescence; EL: Electroluminescence; TR: time-resolved; TD: tempera
ndent; and RTRM: room-temperature reference-point method
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Conventional IQE measurement methods: features and limitations

Calculation of the LEE

method based on calculation of the LEE [category (i) in 4.5indirectly measures the

surement of the absolute radiant power and the preciseé . knowledge of model param
LEE calculation. This method has been frequently appliéd due to its simplicity. But unwa
rs can be easily involved in calculation due to unclear model parameters such as chip sh
dimensions, fine textured structures in chip surfaces or substrate, epitaxial structures

material constants, e.g., complex refractivel/indices [30]-[41]. This method is aln
pssible to use without knowing the detailed structure and operating conditions. Theref
e are limitations to adopting this method as*an international standard for measuring the
ny LED chips. It is preferable to measure the IQE of an LED chip only from the st
inable experimental data.

Temperature-dependent photoluminescence (TDPL)

PL methods [category (ii) in_4-5] are nondestructive and the IQE of the active layers

be e¢valuated on an epitaxialkwafer without fabricating the actual devices. The most popu

utili
dep

red IQE measurement method based on the PL is the continuous-wave (CW) temperat
endent photoluminescence (TDPL) method [42]-[57].

An advantage of TDPL is that the IQE (7qg ) can be directly determined experimentally wit

the

nid of any calculations or physical-parameter assumptions.

erimentally the PL efficiency ( 7p ) is defined by the ratio of the integrated PL intensity (

edlaseér excitation intensity (Zj55¢r ), i-€. 7pL = IpL /ljaser - SOMetimes, 7p| is normalize

lividing the measured EQE with the calculated LEE. Thus;,it requires both the accgate

IQE
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) e 4 Iaser) is

linearly proportional to 7qg (7,/j5ser) @and the LEE (5 gg) is independent of temperature and

laser excitation intensity. In addition, the IQE is assumed as 100 % at the maximum PL
efficiency for various experimental conditions of environmental temperatures and laser

exci

tation intensities, i.e. nqe (T|OW,1|aser,maX) =100 %.

Following these assumptions, the IQEs from the experimental PL efficiencies measured at
various temperatures and laser intensities are obtained. Usually, the maximum PL efficiency
(7pLmax ) is found at a cryogenic temperature ( 7j,,, ) and a certain excitation level ( fjzser max )-

The

n, Mmqe (7. /jaser) is calculated by
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PL ( T, Ilaser) .
PL,max (]iow' Ilaser,max)

Qe (7 liaser )|-|-Dp|_ - (16)

In order to apply Equation (16), it is necessary to confirm 7 (TIOW’[Iaser,max) =100 % satisfying
IE = RE = 100 % at the maximum PL efficiency (#p_max ). One of the informative methods

investigating the carrier recombination processes only in the QW active layers is the resonant
PL. In the resonant PL, the photon energy of the optical pumping source is between the bandgap
enefgy of the well and that of the barrier to cplprti\/ply excite the carriers nnly inthe QWs_This
is intended to eliminate the influence of carries excited and transported in regions other, than
the [active layer. According to this idea, it is generally assumed that IE = 100 %, i.e, lall| the
carrfiers generated in the active layers recombine there. However, in contrast to this assumpfion,
it has been reported experimentally that the carrier escape from the QWs does take place with
a stfong dependence on the duration of excitation and bias conditions [57].

A technique confirming the IE of 100 % in the resonant PL has been\proposed, which is
comparing three characteristics, i.e., the PL efficiency and the open>circuit voltage in|the
resgnant PL experiment and the EL efficiency in the EL experiment! It was experimentally
reported that the efficiency droop behaviours of a 440-nm InGaN~based blue LED as funct|ons
of tgmperature and pumping level were quite similar in both the resohant PL and EL experiments
[55]l This observation strongly indicates that the carrier spillcover or carrier overflow from| the
QWE due to limited carrier recombination rates inside the<«QWs is considered as an important
origjn of the efficiency droop in both the resonant PL and EL experiments. As a result, it shpuld
be remembered that carrier overflow is possible even,atithe resonant PL experiments, resulting
in IE < 100 %.

To find the reference point satisfying RE = 100 %7 the second assumption is used. At cryoggenic
temperatures, the nonradiative recombination’ centres in the active layers, which induce|the
Shockley-Read-Hall (SRH) recombination,~are "frozen" and become inactive. Moreover,|the
direct Auger recombination rate in conventional semiconductors decreases exponentially with
decfeasing temperature so that the contribution of the Auger recombination rate can als¢ be
neglected at the reference point. By-assuming that both the SRH and Auger recombination rates
are |negligibly small at cryogenic temperatures, the RE is considered as 100 % [43],[44]. In
experiments, the assumption'@DRE = 100 % is confirmed from the fact that the peak EQEs at
cryqgenic temperatures do jhot increase further and maintain the maximum value pwith
decteasing temperatures.” On the other hand, the assumption of IE = 100 % is experimenially
confirmed from the factithat the peak PL efficiencies where the RE is considered as 100 % do
not vary and maintain-the maximum value with pumping laser intensity.

However, in nijany cases, it has been reported that the laser intensity is changed at a spegific
cryggenic temperature or vice versa [45]. It should be remembered that these experiments
canpot betused for the IQE measurement because the IE and the RE cannot be guaranteed as
100| % simultaneously at the maximum PL efficiency.

5.3 Intensity-dependent photoluminescence (IDPL) or simply photoluminescence (PL)

Another method based on the PL at room temperature for determining the IQEs has been
reported by fitting the laser pump intensity to powers of the integrated PL intensity. This is
named as the intensity-dependent photoluminescence (IDPL) or simply the PL in Table 3 [58]-
[61]. In the IDPL or PL method, the well-known constant ABC model for the carrier rate equation
is theoretically utilized.

The dependence of the PL intensity on the laser pump power is formulated by using photon and
carrier rate equations in the active layer with the assumption that both the optical absorption
coefficient of the pump laser light and the carrier recombination coefficients are independent of
the laser pump power or the carrier density there. In addition, it is implicitly assumed that the
IE is constant (a value of either one or less than one). This implies that all or a constant
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percentage of carriers generated in the active layers recombine there. The theoretical
background of the IDPL is described next.

The rate equation of the carrier density »(¢) in the active QW is written by the relationship
between the carrier injection rate G,; and the total recombination rate R as follows:

dn
— " i~ R (17)

A Igser pumping with the total generation rate of G is considered. Then, a part of the “{otal
genprated carriers in the active layers are recaptured and recombine there, which is thellE, (g :

Ginj = meG . (18)

The|total generation rate G is given by

G=(1-R ) olfser _ (1~ Reurtace ) Haser (19)
surface AspotthL Aspot th ,

where Rgyrface » &, v, and R,ee, are the refleCtivity on the semiconductor surface,|the

absprption coefficient in the active QWs, the photon energy, and the excitation laser poyer,
respectively [61].

Accprding to the well-known constant:ABC model, there are three main recombingtion
meghanisms, namely, the nonradiative’SRH recombination, the radiative recombination, [and

the JAuger recombination, the recombination rates of which are proportional to n, n?

respectively:

,and|n”,

R=An+ an + Cn3 , (20)

where 4, B, and C are the recombination coefficients representing the SRH, radiative, and Aliger
recgmbinationss.respectively.

At g steady.state where dn/dt =0 in Equation (17), the carrier injection rate is the same as| the
recambjnadtion rate, i.e., ij =neG =R . Then, Equations (18), (19) and (20) lead to the following:

Raser _ ASPOt (An LB+ Cn3) _ L(An L Bn? + Cn3) , (21)

hv e (1'Rsurface)a meL

where = (1-Rsurface)a/ASpot . The integrated PL power ( B ) over the wavelength is detected
by a photodetector and is given by

B _ 2 2
ﬁ-(ﬂdetﬂLEEVactive)Bn =npBn”, (22)
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where 7np = Hget/LEE  active - Mdet @Nd Vaaive a@re the total detector coupling efficiency and the
active volume, respectively.

The RE ( #rg ) is given by the radiative recombination rate over the total carrier recombination
rate in the active layers and the IQE (#qe ) is obtained by the radiative recombination rate to
the total generation rate (G ):

Bn?>  Bn® Bn?
IRE=——=—r= : (23)
Ginj R An+ Bn“ + Cn”
" Bn? " Bn® " Bn® " Bn® nen (24)
IQE = =Mme =ne =Me = ME'IRE -
G Ginj R An+ an + Cl’l3

The[PL efficiency ( 7p,_ ) is defined as the ratio of the radiative photon rate,to the excitation laser
photon rate:

_ 2
B /hV _ e (1 - Rsurface )aL (Wc’?LEEVactive )Bn Bn?

= Me’L"p
Raser /. Agpot (An +Bn® + Cn3) An+ Bn? + Cn® (25)

PL =

= NLYDMENRE = MLMDMQE

FroI-\ Equation (25), it can be seen that #p| ¢is not equal but linearly proportional to 7qg. In
r

order to find an exact value of 5, it is necessary to know ng and zrg separately.

Next, the experimental values of the [aser intensity are theoretically related to the PL intensity.
From Equation (22), the carrier_density » in the active layer is expressed by the PL intensity:

1
n=———R . (26)

(mB)hv

The|laser intenSity R, in Equation (21) can be rewritten by

h h
Faser = ——=—R =—=—( An+Bn® +Cn° |

Men Men

hv A hw 1 2 c 3
= — B +————— (/P + JR 27
wen T e i e st e

-

where

h h h
P = 7N A Pz_ L 1 ,P3_ N C

" men \/(’703)’57 e (o) men (18)° (i7)° '

(28)
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Then, yre in Equation (23) can be expressed by using Equation (27) as

Bn? ~ B[R )2

An+ Bn? + Cn® _HM+P2(\/T)2+P3( Pp )3

RE =

As a result,

021

(29)

It is

JH
and
carr

that|

proq
thern

In t
resy
is d
incr
the
eva
PL)
recq

5.4

The
resf
[76]
dets
carr
dep
dets
mes

2
Pz( PPL)
QE = ERE = "E 5 7
+P3< Pp )

Ayl +P2(\/_L)

expected from Equation (26) that R,s,, Ccan be expressed by the power-dependenc

| with P, B, and B as constant fitting parameters. In fact, many-parameters in B,

P; may be dependent on the laser power R, . There have been many reports on
ier-density dependent characteristics of 5g, 4, B, C, a, and #pgg. Thus, it should be n

the constant fitting parameters P, be much slowly vafying with Fp| . After the fi

ess, nre can be calculated as a function of R,q, fromEquation (29). Once the IE is kn
the IQE can be calculated from Equation (30).

ne fitting process, it is implicitly assumed that the IE is constant (approximately 1).
It, the RE is equal to be the IQE and the RlJefficiency degradation at high pumping r
e to the Auger nonradiative recombination process. However, it is not clear whether
ease in the Auger nonradiative recompination rate or the decrease in the IE is the origi
IQE degradation at high pumping rates. As a result, these assumptions make it difficu
uate the IQE with the PL method.©On the other hand, it is expected that the IDPL (or sin
method would be very helpful to estimate the active-layer quality as high radig
mbination rate.

Temperature-dependént time-resolved photoluminescence (TD-TRPL)

time-resolved phételuminescence (TRPL) measurement, an observation of the temp
onse of the PL;-has been known as a useful experimental tool to study new materials |
This is because the temporal information combined with the spectral data can
rmine the-carrier dynamics involved in optical processes such as the lifetimes of min
iers, free\“and bound excitons, localized excitons, and tunnelling. The temperat
endent{ime-resolved photoluminescence (TD-TRPL) method has been widely use
rmine) the radiative and nonradiative carrier lifetimes separately in conjunction with
sufed IQE values. In the TD-TRPL method, measurement of the IQE follows the s

(30)

e of

the
bted
ting
bwn,

As a

ates
the
n of
It to
nply
tive

oral
62]-
help
Drity
ure-
l to
the
hme

pro

edure as the T DPLmethod previousty expfaimed:

The transient luminescence intensity I(T,t) obtained by the data of TRPL is analysed by using

the carrier rate equation in the active layer. As a very rough approximation, it is assumed that
all carriers generated in the active layers recombine there (i.e., IE = 100 %). Moreover,

radiative carrier lifetime 7,(7) and nonradiative carrier lifetime (T) are usually assumed to
be constant independent of carrier density n in the active layer. Then, the carrier rate equation

just

after the laser pulse is turned off (; = 0*) and its solution is obtained as follows:

the
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(31)
n(T) nO(T)exp(—T(tT)}
1, ort>0".
where T )_rr(T) () f 0
Then,
Ip (T0t) = Cc$= IpLo (T)eXp(—zﬁ] =IpLo (T)exp(—#m] (32)
”o(T)

where Ip o (T)=C,

and 7(7T)=2wp (T)-

In Hquation (32), ]PL’O(T) is the peak PL intensity at t = Q%integrated over the whole emisgion

speftrum and tp| (T)is the decay time of the PL intensity at a given temperature (T in| K).

Experimentally, the transient luminescence intensity I(T,t) of the TRPL is fitted to

Equiation (32) and zp|_ (7)) is obtained from its iitial slope in time.

Onge the IQE is known, then the radiative and nonradiative carrier lifetimes can be measyred
separately. The IQE in the TD-TRPL isVobtained from a procedure quite similar to that of| the
TDRL shown in 6.2. The pulse width used in the TRPL is so short that all the generated carfiers
are [fallen into the quasi-equilibrium state before starting the recombination. Then, thel PL

effigiency (#p ) is defined by.@p| = Ip o /liaser by using Ip o (T)in Equation (32). As in TOPL,
the |IQE is assumed as 100_% at the peak PL efficiency showing a constant value at ceftain
range of low temperature (7j,,) and laser excitation intensity (haser,max) . |i-e.,

MQH (T|0W, 1|aser,max):100 % . Then, nqe (T.l.ser) at any temperature 7 and laser excitgtion

intepsity is calculated by Equation (16), i.e.,
mag (7 haserdlysp, = PL ( T-liaser )/ oL max (Tiow: fiasermax ) - Then, the radiative and nonradigtive
carrfier lifétimes are measured separately from

11
Ty=—od®"t .
nae (T) T T (33)
o (T)= 2P and o, (1)=—2PL_ (34)
MQE 1-mqe

In summary, the TRPL measurement is a very useful tool to investigate the radiative and
nonradiative recombination processes in semiconductor materials. The analysis of the temporal
response of the luminescent intensity measured from various conditions of laser excitation
intensities and sample temperatures makes it possible to know the radiative and nonradiative
carrier lifetimes separately at room temperature. In the TD-TRPL, the IQE is separately
measured from a similar procedure applied to the TDPL. Then, the measured PL decay time is
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resolved to the radiative and nonradiative carrier lifetimes by combining the IQE with the PL
decay time. There are too many cases that the assumptions of the IE = 100 % and constant
carrier lifetimes are not appropriate. It should be checked in each case before applying the
aforementioned method.

5.5 Time-resolved photoluminescence (TRPL)

For practical IQE measurements, the IQE can be measured at room temperature where LEDs
are actually operating. A method of measuring both the carrier lifetime and the IQE at the same
time was reported by analysing the TRPL response at room temperature [77], [78]. The analysis
is theoretically based on the carrier rate equation. In order to measure the IQE from the TD-
TRRL method, the TRPL response has to be measured repeatedly at various temperatureﬁ as
preVyiously described, which requires a significant amount of measuring time and complicated
experimental setups.

The| TRPL measurement utilizes short pulse trains from a photoexcitation source, whose sipgle
pulge width is approximately a few hundred femtoseconds to a few picoseconds, and the pllse
peripd is long enough to measure the single pulse response without intef-symbol interference.
After a short optical pulse illumination, the electrons and holes are excited in the condudtion
and|valence bands, respectively, and are redistributed close to the band edges in the intraband
relakation time of less than a few hundred femtoseconds, which~is known as the quasi-
equllibrium distributions. The redistributed electrons start ,to lose energy within a [few
nanpseconds to a hundred nanoseconds by recombining with-holes to generate photong, or
with material defects to produce heat. Therefore, the optical pulse can be considered as a pimp
light source, with the same amplitude of the optical pulse;ywith a time-averaged optical pdwer

(Foymp ) as shown in Figure 2 a).

Furfhermore, the density of free carriers in theccohduction band can be assumed to be initjally
punjped to the steady state 1y by Ppump , and’the recombination processes begin just after| the

pulde has been turned off (¢t =07) as in_Figure 2 b). Here, Ppump is assumed to be sufficigntly

high so that the recombination of excitons can be ignored. The rate equation of the cafrier
denpity n(¢) in the active layer cafi-be written as

dn n (1 - Rsyrface )a 2 3
bl = ~ >~ R —(An+ Bn® +Cn” |;
dt \IE e AspothVL jaser ( ) )
1T 1 1
=t — = A+Bn+Cn? (36)

n P D H 4 VoW =AY 4 [T A £1 FERTY
Wh I'c /IlE, l\surface, U, I’lVL, altu 1pump I yuativur (oJ) 4darc uic 1, uUIc TTITUUVIlLy Ul the

semiconductor surface, the absorption coefficient in the active layers, the photon energy, and
the excitation laser power, respectively. z4is the carrier lifetime at the static state, which can

be separated into the nonradiative recombination carrier lifetime ( z,.), and the radiative
recombination carrier lifetime (7. ). 4, B, and C in Equation (36) are recombination coefficients
representing the SRH, radiative, and Auger recombinations, respectively.

Since the spontaneous light emission from an LED in Figure 2 c) is proportional to the radiative

recombination, the detected amount of light power fp| (f) is given by
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By (1) = (hVngetn eV active )an = ﬂcan

efficiency, the LEE, the mean photon energy, and the active volume, respectively.

Her

ratelis proportional to the cube of carrier density ( Cn3 ) and can be important at high laserp
powers. For laser powers far below the laser power at the peak PL efficiency, the A
recgmbination can be negligible. In usual TRPL measurements, the incident power density
a pump laser diode is as weak as a few W/cm?2, which corresponds to a current.density of
Alcm? in forward current injection. At this current density, the Auger recombination rat

exp

For

where n(t)=ny +An(t). Here, n(t) represents the time>dependent variation of the carrier der
when >0 and n, is the carrier density when ¢ <QxThen, the following differential equatior

n(t)

(37)

Ndet » MLEE » MV , and Vaeve are the total detector coupling

B, the Auger recombination process 15 negiected for simpticity. T he Auger recombin

bcted to be much smaller compared to the radiative recombination rate;

t > 0, the optical excitation is absent. Thus, the carrier rate equation is written as

is obtained:

d(4n)

= (A Bn3)—(A+2Bny)An— B(An)? |

tion
imp

ger
rom

sub
e is

(38)

sity
for

(39)
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Figure 2 — Theoretical modelfor analysing the TRPL experiment

The|general solution for Equation (39).i$ given by

A+2Bng A 1+ Ke ™

An(t) = — ,
n(t) 2B 2B1_ Ko Al

(40)

where K is an arbitrary constant. The arbitrary constant K can be found from the initial
congition, where An(0y=0, which is solved as

2
B
K=—"2"0

-0 (1)
Ang + Bnj

The coefficient K happens to be the same as the definition of IQE when ¢r<0. To check the
validity of Equations (40) and (41), the physical condition of An(x)=-ny can be shown to be

satisfied for self-consistency. Therefore, the time dependent carrier density n(¢) is finally
obtained to be

n(t) = FYSEESYTE (42)

Furthermore, the detected radiant power can be calculated from Equations (37), (41), and (42).
The detected radiant power normalized with its maximum ( R (1 =0) = y,Byné ) is given by
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2 2 24
A] noe € "

Fﬁor(t)=(
B 4\
no (1_77|QEe At)

(43)

(¢) derived above is more complicated than a simple single exponential function with time.
However, it can be approximated as a single exponential function at the initial and final stages,

Pror () = !/ PLinitial ast—0: (44)
y 2
Pror (1) =| —5— | PLinal agy o0 (45)
A+ Bno
In Elquations (44) and (45), each lifetime is given as
1 =2(A+Bn0)=2(i+i} (46)
TPL,initial Tar Tr

1 2
—— m24=— (47)

TPL final Tnr

Not
the
be
non
resf

recq
whe
stag
con
timd
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lifet

pther hand, for the case of the\final stage in the TRPL response (7 >> zp|_jnitial ): PL final
approximately given only(Cin terms of the nonradiative recombination coefficient.
radiative carrier lifetime 7, is twice the carrier lifetime of the final stage in the T

reas the nonradiative recombination process mainly determines the lifetime at the

pete with.each other at the initial stage in the PL decay when the radiant power is high

nme.

b that at 1=0", TpLinitial 1S One half of the carrier lifetime 7 defined in Equation (36){ On

can
The
RPL

onse (7p| fng ). Equations (46) and (47) mean that both the radiative and nonradigtive
mbination processes determine the lifetime of the TRPL response at the initial stage,

inal

e. This cantbe understood as both the radiative and nonradiative recombination procegses

. As

progresses to the final stage in the PL decay, most of the radiative recombination progess
taken,place, and the PL decay curve is mainly governed by the nonradiative recombingtion
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TRRL response at room temperature.sFurthermore, one can expect intuitively that the san
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to Equation (48). Figure 3 summarizes the theory described thus far. The following ig

exp

The
diffe
vap
stre
othd
way|
TRH
san
con

-32 - IEC TR 60747-5-12:2021 © IEC 2021

Mainly by radiative = 4 t
recombination 8 /7N = exp| - =exp| - ——
UL Y PL,initial 1/2(44 + BoNy)
2\
‘@
o
Q
E
oY =exp !
e TPL final 1(24,)
o Mainly by SRH nonradiative
B .~ recombination
t=0 Time ¢

IEC

can be obtained directly from the measured tp| jnitial @nd tp|_ final BY

_ TPL final — TPL,initial
MQe = ;
TPL final

1_1[ (P J
& 2\ TpL initiak “@PL final )

fefore, one can find the IQE, the radiative recombination carrier lifetime (z, ), and

radiative recombination carrier lifetimg, (z,,) simultaneously by a single measurement of

brimental example of the . TRPL analysis.

measured TRPL_fesponses are examined for three InGaN-based LED samples
rent QW structures-grown on c-plane sapphire substrates by the metal-organic chem

pk scope. The wavelength of the pump light source is 405 nm in order to avoid excitg
r than iR 2QWs. AIll measurements are performed at room temperature. Their ¢
elength$ are 460 nm for both sample 1 and sample 2, and 480 nm for sample 3. Normal
L responses measured for these samples are shown in Figure 4. As time progres
ple,4‘and sample 2 show very similar characteristics and have a relatively long life
pared to sample 3.

jure 3 — Schematic TRPL response and its interpretation in terms of various Jifetimes

ime
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Figure 4 — Temporal responses of the TRPL for three samples

analysis, the measured data is fitted by the least-mean-squaredmethod, with a combing
hree-exponential functions to minimize the fitting error, and. subsequently drawn o

pnential function. 7p| jnitial @Nd 7p_fing represent the lifetimes at the initial and final sta

Tp final @re approximately 13,6 ns and 55,6%s from the slope of In A, (¢) curve, respecti
refore, the IQE, 7 , and r, for sample }are found to be approximately 75,6 %, 35,9 ns,

final stage is shown as a straight lineé for each sample. From the figure, it may be intuiti

v very similar initial slopes, whereas the slope of the final stage is much smaller for san

roximately 35,9 ns) 26,6 ns, and 74,3 ns for the same samples. From the obtained res

Ve.

tion
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rithm scale in Figure 5. The fitted result of sample 1 in Figure’5 a) shows a short time range
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hich represents t,,. Estimated IQE values for samples 1, 2, and 3 are approximately 75,6 %,
78,4 %, and 32,6 %, respectively. Also, the lifetimes 7, are found to be approximately 111
96,6 ns, and 34,0 ns for'samples 1, 2, and 3, respectively, whereas the lifetimes =,
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b) Fitted results of samples 2 and 3 with their final decay slopes drawn in straight lines

Figure'5 — Fitted results of the measured TRPL response

So [far, the SRkh‘recombination has only been considered as a dominant nonradidtive
recgmbination/process. However, as the number of carriers increases, the nonradidtive
recombination due to the Auger recombination or carrier overflow is expected to become yery
large. Therefore, it should be noted that the analytical model presented here is applicable [to a
situgtion'where a relatively low density of carriers exist in the active layers at room temperature.

In summary, a simple theory of carrier dynamics from the TRPL measurement at room
temperature has been presented to obtain the carrier lifetimes and the IQEs of LEDs. The
implications of the measured TRPL response curves have been discussed rigorously by solving
the carrier rate equation in active QW layers. It has been shown that the radiative and
nonradiative recombination processes compete with each other at the initial stage in the TRPL
and is gradually dominated by the nonradiative recombination at the final stage. Furthermore,
it has been found that the measured TRPL lifetimes differ from the carrier lifetimes by a factor
of 2. In addition, the IQE has also been obtained from the room-temperature TRPL response
without performing low-temperature measurements.

5.6 Time-resolved electroluminescence (TREL)

The TREL is reported for estimating the IQE based on data of EL decay times measured as a
function of current in the pulse injection [79],[80]. With the Auger nonradiative recombination
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n(t) in the active layer
can be written as

dn 1 n 1 2
—=nE -— =7 —(A”+B" ) ; (50)
dt 9Vactive s 9Vactive

i = 1 + = A+ Bn, (51 )

s Ts(nr) _ Ts(r)

where n, 7, g, Vauive,» @nd mg are the carrier density, the forward current, the elemenitary

chafge, the active volume, and the IE into the active volume, respectively. 4)and B|are
coefficients of the SRH nonradiative recombination and the bimolecular radiative recombinafion,

respectively. g, Ts(nr), and [s(r) are total, nonradiative, and radiative carrier-lifetimes in|the

stegdy state, respectively. It should be noted that carrier lifetimes in the steady state|are
diffgrent from those in dynamic states.

Consider that the forward current is step-likely modulated from-/, + 4/, to I, at =0 as shpwn
in Fjgure 6. Equation (50) can be rewritten with the time evolution as

d(no +An) I

=NE 0 —A(nO +An)+B(no +An)2 with An(t =0") = 4n, fort>0, (52)
dt 9Vactive
Iy + 41
o=,7lEu_[A(no+Ano)+B(no+Ano)2} fort <0, (53)
9Vactive
Iy 2
0 = —(Ano+Bno ) as t — o, (54)
9Vactive
dAn 2 . +
= —[AAn ' 2Bng An+B (An) J with An(t = 0%) = Ang, Ant = 0) = 0 for £ > 0 (55)
S A
3
I+ Al p— An
o . I ______ I e
' >
0 Time

IEC

Figure 6 — Schematic diagram of the pulse current injection

The steady-state carrier density ( 1, ) at a bias current I, and a variation of carrier density ( 4n,)
resulting from a small current pulse ( 41,) are obtained from Equations (53) and (54) as follows:
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I
Ny =i —A+\/A2+4B(77|E o ] ,
2B 9V active
I+ 41
ny + Ang =i —A+\/A2 +4B[;7|E ot OJ ,
2B 9V active

021

(56)

(57)

By
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Ang :(no +Ano)—no = An(tzO)

2B 9Vactive qVactive
-] —1+\/1+4(’7IE4”0/ szg ,
2By qVactive

I
i:A+2Bno :\/AZ +4B(;7|E 0 j .

Td 9V attive

inear fitting of the 1/13 versus [, the coefficients. of 4 and B in Equation (59) carn
rmined with the known values of 7g and V,e< Finally, the IQE (g ) is obtained frg

o) =B _18llo) Y Yo
RE \*o Al’lo+Bn§ 1+A‘L’d([0) st(r)+']/1's(nr) 1/_[5 )

MQe = "E " "RE -

heasuring the differential carrier lifetime 7, as a function of bias current [, the IQE ca
ulated from Equatjons (59), (60), and (61) if mg and Ve are known. In general,
sidered that the-lE (77,7 ) is not constant but varies with the bias current, i.e., ng(/,), W
bias curreft:becomes high. Thus, an assumption of 7;; =100% may not be valid at s
currentevels.

In o

(58)

(59)

be
m

(60)

(61)

h be
it is
hen
uch

rder to find the differential carrier lifetime at an initial time of t=0+, i.e., tq(t=0"),

it is

necessary to relate the experimentally measurable time-resolved EL signal, B (¢), to the

theoretically analysed temporal decay of the carrier density, 7(¢). Finally, the time-dependent

PL decay signals, | (¢), and its normalized PL signal at 1 =0, B g (¢), are obtained as

2 2
B (1) = Rep o + AR (1) = nget/ILEE active B1” (1) = NetILEEVactive B (1 + 4n(1))”

ARy (1) = nget gV active B(2n, + 4n(t)) An(7),

(62)

(63)
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AR (1 = 0) = ngetEEVactive B (2116 + Ang ) Ang, - (64)
Then,
AR (¢ 2n, + An) An
APnor,EL(t): EL( ) = ( £ ) . (65)
4B (0) (2no+An0)Ano
TheAnitial anpn of Apnor,l:L(f) at +—Q is nyprncend h‘,’
dABore ()] 2(ng +4n)  dan(r)| 56
di | _g (2n6+4ne)dng di | _ (66)
The|time-dependent carrier density 4n(f) is found by solving Equation (55)as
1 1
dn(t)=——F— |, 67
(1) By ol 7 (67)
1+ Bry4
where C:#. Td(]o) is the differential carrier lifetime at current [, defineq in
Tqdng

Equlation (59) and is different from the static carriérlifetime TS(IO) = 1/(A+Bn0) in Equation (51).
By differentiating 4n(t) in Equation (67) with respect to time,

dan(r)] 1 -Ce%r, | 1 C  (1+BrAn)An, o8
dt - B (Cet/fd —1)2 BT; (C_1)2 Ty . (69)
t=0
Finally, Equation (66) can' be theoretically rewritten as
dAPnor,EL(t)| _ 2(’10 + An) dAn(t)| __ 2(710 + Ano) (1 + BrdAno)Ano
ut 2ny + Ang ) Any  dt 2n, + Ang ) 4n, T

|,:0 ( (o} o) 0 |t=0 ( 0 o) (o] d (69)

_2(110 + Ano) (1 + BrdAno)

- (2ng + 4ny,) T4 ’

where n,, 4n,, and t; are in Equations (56), (58), and (59), respectively. There are three
unknown constants in Equation (59), namely, the recombination coefficients, 4 and B, and the
IE, mg . mg is usually assumed as 100 % for all current ranges. But this assumption is

reasonable only when the carrier recombination rate in the active layer is sufficiently high so
that the carriers accumulated in the active layer does not overflow above the potential barrier.

Here, the IE of 100 % is assumed when the current injection is so low that the carrier overflow
from the active layer to the outside is negligible. In Equation (69), since the term on the left-

hand side, dPnor,EL(t)/dtL:O, is the experimental value, all the values of 4, B, and t4 can be

found if either 4 or B is known. An approximate solution to Equation (55) is derived by
assuming ngy >> 4n and ng =1:
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ddn _ 1y
e
t 4V active

- Ano+Bn§ )—(A+ZBnO)An=—(A+ZBnO)An=—f—: fort>0 (70)

where n, and t4 are in Equations (56) and (59), respectively. Then 4n(t) is obtained as

An(z)=Anoexp[—L] , (71)

Td,0

where

y [ Al j 1 [ Al J
o = | ME =1 Mme d-
qVactive ) A+ 2Bng 9V active

The|time-dependent PL decay signals and its normalized PL signal at(#=0 are obtained ag

2 2
B (1) = PEL,o + AR (1) = ”detWLEEVactiveB(”o + A"(t)) ~ ”detﬂLEEVactiveB(”o + 2”0A”(t)) » |(72)

t
AR (1) = (2’7det’7LEEVactiveB”o)A”(t) = (zﬂdet”LEEVactiveB”o)Ano exr{_;j ’ (73)
APpor et ()2 2ELD._ exp(—ij (74)
nor,EL APEL(O) 74

The]initial slope of 4R, g (¢) at »£0 is expressed by

=0 'd td

As B result, the-time-dependent PL decay signal can be expressed by single exponential
fungtion with-the decay time of 74(/,) as a first approximation. Then, the coefficients of 4 |and

_ dAPnor,EL (t)

2 S (75)

=0 'd

B in Equation (59) are known by the linear fitting of 1/15 versus I, and the IQE is finally
obtained by Equation (60). As described previously, it is necessary to solve Equation (69) for a

Sontirata ol ALt T MY na ~Affbhn A~ A At e o dhio 1ot Sooiiman thot o potis A th
more-ageeufrate—varde-ortheram—ohe-o+the Yoot OpPtUTTS U o 1o toasourmocaiata rauau o e

recombination coefficients 4 and B obtained from Equation (69) is constant and taken as
A/B =kpp and find kpg by solving Equation (73) with 7 =100 %. Then, all the values of 4, B,

74, and nqe are known. It should be noted that this analysis can be applied only to the case

of mg =100 % . Therefore, it is necessary to develop the TREL method that can include the
effect of the IE change.

Here, an example of the TREL in reference [79] is shown. In this study, the time decays of the
EL were measured on the pulse current injection with the bias voltage. The emission peak
wavelength of the LED was 460 nm. With the amplitude of the pulse current set as constant,
the bias current I Jo Figure 8. As a first
approximation, the time decay of the EL in the pulse injection is approximated as a single
exponential shape in Equation (74) and the current IE of 100 %. Then, the coefficients of 4
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and B in Equation (59) are found from the linear fitting of 1/r§ versus J, and the IQE is finally
obtained by Equation (60) as shown in Figure 7 and Figure 8, respectively.

(1/7g)? [ns™2]

40 50 60
Current density [A/cm?]
IEC

The|solid line is a fit by Equation (59).

Figure 7 — Square of 1/rE|_ as a function of current.density for a bias voltage
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Figure 8 — Estimated IQE (left axis) and measured EQE (right axis)
versus current density

5.7 Constant ABC model

The simplest and the most popular method of the IQE measurement satisfying all the conditions
of (i)-(iv) mentioned in 4.4 is the constant ABC model [81]-[104]. The model is based on the
carrier rate equation for the LED. Assumptions behind the model are as follows:

a) All carriers are injected into the active layers and recombine there. Thus, the IE is implicitly
assumed as 100 % with a well-defined active volume 7, - In this case, the IQE becomes

identical to the RE.

b) Nonequilibrium concentrations of electrons and holes in the active layers are nearly equal
to each other.

c) Three recombination processes, i.e., the nonradiative SRH, radiative band-to-band, and
nonradiative Auger recombinations, are considered and their recombination rates are
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expressed with the recombination coefficients 4, B, and C, respectively, and carrier
concentration n. Note that 4, B, and C coefficients are considered as certain constants.

d) The LEE is independent of the injection current. Thus, the IQE has the same shape as the
EQE as a function of current.

With the electron and hole concentrations in the active QW region nearly equal to each other,
the carrier rate equation is written as

dn
— = Ginj ~R=ngG - R =g —
o 17 actlive

—(An+Bn2 +Cn3), (76)

where n, ng, I, g, and Ve are the carrier density in the active layer, the IE, the-inje¢ted
currient, the elementary charge, and the active volume, respectively. For the steady/state where
dn/dt =0, the carrier injection rate is equal to the recombination rate, i.e., Ginj =neG=R. Then,

Vo . _
/= 4 Y active (An + Bi? +Cn3); P, = nchvl/;mive (an) and (77)
ne

Bn2

— 2% (78)
An + Bn2 + Cn3

mQE = "MEe

where K, hv, and 7, are the measured EL power, the mean photon energy, and the light
coupling efficiency between an LED and an optical detector, respectively. Knowing Ve [and
assiming 7, the electron density n and.the’IQE #5qe can be calculated from Equations [77)

and|(78) with respect to current by using\4, B, and C coefficients as fitting parameters to| the
experimental EQE curves. In this fittingzprocess, the IE is 100 % and the carrier recombindtion
coefficients 4, B, C are certain constants and independent of one another. Generally, the 4|and
B coefficients are found in the current region smaller than the EQE peak current. And the C
coefficient is fitted in the current-region greater than the EQE peak current.

Herg, a few noticeable theoretical results behind the constant ABC model are discussed. Hirst,
the IQE or the EQE dependence on the injection current I is analytically expressed with|two
fitting parameters, the maximum IQE value, nqg max » @nd the current at nqe max s /I max|> @S

follqws [84]:
_ (1-maemax) ,, — I _ e .
MeQe =1-—— (14 gqE WEQE — o ; (79)
277IC)E,max IIQE,max I

TeQE = Qie—/] , (80)
®e,max /IIQE,max

where &g and &, .., are radiant powers measured at currents / and Jiqg max . respectively.

Note that Equation (79) has no explicit dependence on 4, B, and C coefficients and is
unambiguously determined only by Iiqg max @nd mqe max Values where g max @and  ige max

satisfy the condition of dyqg/dl =0. Since Iqg max is easily found experimentally by using the
EQE vs. current relation, Iigg max is the only fitting parameter in Equation (79) in practice.

Second, 7qe.max @nd Igemax are explicitly expressed by using the carrier recombination
coefficients 4, B, and C as follows:
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B kA
= ] =2 (B+2J40), 81
MQE, max B1odAC IQE,max C ( ) (81)

where k = qVactive /ME - By @assuming ng =1, k is determined directly from the active volume
Vactive - From Equation (80), the 4, B, C coefficients are related to each other through 7qg max
and g max as follows:

4MQE,maxk A2 . 4~

B= 5
[IQE,max (1- MQE,max )

- A2, (82)
2 2
IIQE,max (1- QE,max )

Thind, each recombination current can be calculated from ’11QE(1) as follows:

2 \j MQE,max/
Irag = mqels (83)

(1-moE,max) "MioE noe!
Thuger = : I =npauger!-
9 2 MQE,max \ MQE,max/IQE;max 9

It ig| interesting to note that the SRH, radiative, and” Auger recombination currents have no
explicit dependence on the 4, B, C coefficients and-that they can be expressed as a functign of
current from the known quantities, 7qe max 5, /IQEmax> flqe» @nd 1. At sufficiently high current

| 1= mQE,max /’7|QE1|QE,max N
IsrH = I =nsrul,

where 7 >> e max s Iauger 1S much higher than Isgy and the nonradiative current 1, is

congidered dominated by the Auger regombination current /pger -

—

The| next task is to determine the-maximum IQE value, nqg maxin Equation (79). Here, |two
appfoaches are introduced, The first is to select 5qg nax that gives the best fit between| the

experimental EQE and the simulated curves by Equation (79). The first fitting procedure i$ as
follqws: (i) Experimentally measure a relative EQE curve as a function of current 7, normglize
the lexperimental EQE)curve by the peak EQE value, and find /g nax - (ii) Simulate curves of

nqe [versus [ for different nqe max satisfying Equation (79). (i) Select nqe max that gives| the
best fit between the experimental and simulated curves from the step (i) and the step|(ii),
respectively. (iv) Calculate k:anctive/’lIE by assuming # g of unity and Ve - Finplly,

estimate™4y B, and C coefficients from Equation (82) by assuming one of them, for examplg 4.
At Ierst, calculate each recombination current in Equation (83).

Now the theoretical analysis of the IQE is compared with experimental efficiency curves. A
commercial InGaN-based blue LED sample is used for the measurement of the output power
as a function of current at room temperature. The peak wavelength of the emission spectrum is
460 nm. fioE max

Figure 9 and Figure 10, respectively.
The theoretical IQE curves obtained by solving Equation (79) for different ;¢ .. are overlaid
on the measured result of the EQE curve versus current. For this sample, a quite good
agreement is observed up to 100 mA when 75 max 1S 79%. USiNg 7qg max » liqe,max» @nd & of
the LED sample, the relation between 4 and C coefficients can be found from Equation (82).
Figure 11 shows the nonradiative carrier lifetime (rggry ) that is the inverse of the 4 coefficient
as a function of the C coefficient. Recently reported A coefficient values of InGaN LEDs are
between 0,5 x 107 s-' and 2 x 108 s*', which correspond to tggy of 5 ns = 100 ns. In Figure 11,
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however, when 4., lies between 5 ns to 200 ns, the corresponding range of the C coefficient
is around 1022 cmb/s - 102 cm®/s. To date, there are no theories explaining such large C
coefficients. Thus, it is plausible that a carrier loss process with the n3-dependence, obvious in
the InGaN-based QW LEDs, may not represent the Auger process.

EQE
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0457 1

04
0,35 B g
B
|
|
0,3 B 5 " ag 1

¥
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Figure 9 — Experimental EQE curve of a blue LED
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=1,66 mA B Experiment
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) 20 40 60 80 100
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Figure 10 — Normalized EQE curves (solid lines) and experimental data (rectangular
symbols) for different IQE peak values as a parameter for a blue LED emitting at 460 nm
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Figure 11 — SRH nonradiative carrier lifetime rgz/\(=1/4) as a function
of the C coefficient calculated from Equation (82)

MQEMmax)

Bl Experiment

Normalized IQE (

o
|

0 20 40 60 80 100
Current [mA]

IEC
Figure 12 — Experimental EQE curve of a blue LED

Figure 12 shows another example of the normalized EQE curves (solid lines) for different IQE
peak values as a parameter and an experimental data (rectangular symbols) for a 460-nm
InGaN LED. In this sample, no 5qe max Value giving a good fit between the experimental data

and the theoretical prediction can be found. This result implies that there would be a different
nonradiative recombination mechanism at high injection current that cannot be described by n3-
dependence.

The second approach of finding #qe max is similar to the first: Equation (79) is rewritten as
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=12 =12
1 ®/2 + Y

—— =MQE,max T

N 7 84
NMEQE 0+2 e

;7 :L
» "IQE,max Q+2
where 56 :(pe/q’e,max is the radiant power normalized by the peak EQE value. The factor

Q:B/\/AC is a dimensionless invariant parameter and simply called the Q-factor. ﬁEQE and

&, are experimental values of the EQE and the radiant power normalized by respective peak

. V2 | =12 . . . .
valyes. Plotting 1/ﬁEQE versus ‘15@ +q5e , approximating the plot by a linear functiony Jand

find|ng the intercept point of the line with the vertical axis and the slope, one can)det|the
maxyimum IQE, #qg max - and the O-factor [85]-[87].

However, the theoretical IQE, nqg , written as Equations (80) or (84) often deviates from| the

experimental IQE curve, ’7IQE(e) , Which is defined as

Dy /1

(pe,max /IIQE,max )

MQE(e) = MQE,max (85)
where nqe max 1S known from the fit of Equations (80) or (84) and the other parameters|are

experimentally measurable. It is thought that the difference of the experimental IQE, ’7IQE(e in

Equjation (85) and the theoretical IQE, HQE , satisfying Equations (80) or (84) results from an
addftional nonradiative recombination curréqt, /igakage - for the very high current range. By uging

Equation (76), ligakage is calculated as

llgakge =1 — (WSRH T MQE t MAuger )1 (86)

The| accuracy of the eaonstant ABC model largely depends on the finding an exact valug of
Niofmax SO that a bestfitting is usually taken around the EQE peak or /igg max - However, fone

can|often see that the data deviations from the ABC model predictions occur either at lowgr or
highler currents “from /jqg max - The mechanisms tentatively responsible for low- and high-

currient deviations from the ABC model predictions are introduced in detail in Refererjces
[98],[99})-

Apa thUIII CI\}JCI:IIIUIItG: d;oulcpallu;co, thc II'\\BC IIIUdU: hGO d fGVV thc\uctlua: :illl;tat;ullo tU e a
reliable IQE measurement method. It should be remembered that this analysis is extremely
dependent on many assumptions that are unverified in real-world devices. Some neglected
complications can significantly alter the shape of the EQE curve and consequently the
parameter determination. The most suspicious assumptions are the following:

— A, B, and C coefficients are not really constants but dependent on carrier concentration n
and

— the IE, ng, is not 100 % but a function of current.
Therefore, it is necessary to overcome theoretically and experimentally these technical hurdles

arising from the constant ABC model for a consistent and reliable measurement of the IQE
value as a function of current.


https://iecnorm.com/api/?name=d7ea02e6c4b01a267347eb38bd948f04

IEC TR 60747-5-12:2021 © IEC 2021 - 45—

In summary, a very simple fitting method based on the constant ABC model in the carrier rate
equation has been introduced. The method utilizes just two parameters of current at the IQE
peak and the IQE peak value itself. It is possible to find the IQE and the carrier recombination
currents simultaneously without any knowledge of 4, B, and C recombination coefficients. In
some InGaN LED, a good agreement has been obtained between the experimental and
theoretical data with an Auger coefficient a few order of magnitude higher than the actually
found. In another sample, the experimental data could not be well fitted with the theory. These
experimental results imply that the constant ABC model is not suitable to be a standard IQE
measurement method for InGaN LEDs. .

5.8 __Constant AB model

Twq types of carrier losses related to the IE have been known: (i) nonradiative recombindtion
throjugh defects in the bulk active layer and at all the boundaries of the active layers(interfgces
and|surfaces) and (ii) leakage out of the active region, i.e., carrier overflow. Usudally, the|two
losses become important at low current levels far below the EQE peak and at high current lepels
arolind the EQE peak, respectively. In order to estimate the IQE exactly, each carrier loss ndeds
to be identified quantitatively or at least relatively. However, separation of \the carrier logses
into|these two types is usually very difficult [89],[105]-[107].

The|restriction of the universal usage of the constant ABC model,.tomes from the fact that the
donjinant nonradiative recombination process considered in the model at high current leyels
includes only the Auger recombination without identifying the/influence of carrier overflow, |i.e.,
the |IE of 100 % with a well-defined active volume [80],[89]. Unfortunately, a method of
experimentally discriminating between the Auger recombination and the carrier overflow is|still
confroversial [83],[97],[100].

The| constant AB model has been developed in order to eliminate such an unclear problem of
the |E at high current levels involved in the constant ABC model [105]-[117]. The constan{ AB
model is applied at low current levels around/the onset of spontaneous emission in which| the
carrfier loss of type (i) mentioned above becomes much more important than the carrier logs of
typg (ii). The crucial point is that all the lasses of type (i) are thought to be directly proportipnal
to the carrier concentration n in this regime. This implies that all these losses can be lumped
together in a single overall proportienality constant, or in a single effective nonradiative cafrier
lifetime r,., which is independent of n. A simple theory shows that this approximatiop is

reagonable when all the carrier recombination losses of type (i) have constant "saturafted"
recombination velocities with’a well-defined active volume. In this AB model, only an effegtive
nonfadiative recombination with a constant recombination coefficient A and the radidtive
recgmbination with g-eonstant coefficient B are accounted for, assuming an IE of 100 % at{low
currients.

Therefore, methods based on the simpler AB model have been investigated to fit a low-current
range far below the maximum EQE without considering the high-current region [105]-[117]. In
theqe conventional constant AB models, the EQEs are fitted over a current range below a
certpin small current by assuming IE = 100 % with a constant LEE. The IQEs of some AlGa|nP-
basedvred LEDs could be successfully obtained by using the conventional constant AB modfels
[109],[112]. However, many realistic LEDs usually show a certain amount of leakage currents
of different nature in the low-current region. The surface current and the defect-related
tunnelling current are also considered as possible leakage currents at low-current levels below
the current at the maximum EQE. Thus, the EQE curves cannot be described by the
conventional simple AB models with IE = 100 % over a wide current range.

The fitting procedure from the experimental EQE curve as a function of current has been
reported originally in Reference [105] and recently in Reference [112]. The IQE of an LED can
be estimated by
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12
_ @e,12
mQE = 12 172 (87)
Po5 + Pei2
where
o - NEQE,2 ~ EQE o= Ter T Pe2
05 = /—’ el2 =5 (88)

2 V) 2, Ve
EQET Ve MEQE2] V6.2

In Elquations (87) and (88), &, = n ge/hWaciveBn is the radiant power of the LED with the agtive
volyme V,4ve @and nonequilibrium electron/hole concentration n. &5 = gehWaclve A28~ is|the
radignt power corresponding to an IQE of 50 %. #gqg; and D » where j 5,1,-2, are the EQE

and|the radiant power of the LED measured at two different driving currents: Just for an IQE, it
is njot necessary for ngqejto be absolute values. However, if the LEE)is to be found, then

absplute value of the EQE is required.

The|constant AB model works well in some advanced LEDs where all the carrier losses of {ype
(i) gre so small that they are easily saturated at very small cufrents [109]. In reality, howejver,
thene are still many LED chips that have a large and @nsaturated carrier loss of type| (i).
Therefore, it is necessary to check the assumptions |[E<= 100 % and the constancy of 4 and B
recombination coefficients before applying the constant AB model [110].

6 [Standard IQE measurement method.I:* TDEL

6.1| Temperature-dependent electroluminescence (TDEL) method

The| separate and accurate measurément of the IQE as a function of injection current 7 pt a
certpin temperature T has been a*constant challenge since the advent of LEDs in early 1960s.
For|a generally acceptable measurement method of the IQE at a certain temperature, |t is
desjrable to use experimentally measurable quantities such as the forward current and output
radipnt power without assuming any physical parameters, e.g., the chip size, epitaxial layer
structures, carrier recombination rates, and complex refractive indices. Moreover, the [QE
megsurement methodology can be greatly simplified and improved in view of accuracy [and
repnoducibility if the relative radiant power is used instead of the absolute radiant power. Two
IQE[measurementimethods as a function of forward current are considered as the standard |QE
megsurementimethods. The one is the temperature-dependent electroluminescence (TQEL)
described inthis section and the other is the room-temperature reference-point method (RTRM)
based on the theoretical semiconductor carrier rate equation in Clause 7.

The TDEL IlICthUd hclb bCCII IIIUOt pupu=a|=y ut;“LUd vv;th thc :Ullycbt hlat\uy ;II thc _ED
community and recognized as a standard method of IQE determination for LEDs [118]-[131].
This is partly due to the fact that it needs only a set of experimental data composed of the
relative radiant power vs. forward current (&, —7) at various temperatures including cryogenic

temperatures. The disadvantage of the TDEL method is that it requires an expensive and very
stable cryogenic system with a long measurement time.

6.2 Temperature-dependent radiant power

Figure 13 a) shows the radiant powers of an LED at several temperatures from room
temperature to low temperatures as a function of forward current. It is shown that the radiant
power increases with decreasing temperature. This phenomenon is related to the deactivation
of defects with decreasing temperature. Since the number of activated defects is a strong
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function of temperature, the defects become deactivated as the temperature is lowered. It is
called the defect "freeze-out". The number of activated defects can be expressed as

E,
number of defects o exp[——a] (89)
kg T

where FE, is the activation energy of defects and kg is the Boltzmann constant. Since the

defects are nonradiative recombination centres, the EL properties are strongly affected by
temperature. With lowering temperature, the nonradiative recombination rate decreases,
resylting in an increase of the radiant power.

Figure 13 b) depicts the relative EQE curves as a function of forward current measured inf the
wide¢ range of temperature. Note the log scale for the x-axis. The relative EQE means|the
effigiency of the radiant power, i.e., a radiant power over a forward current. Al the EQE cufves
exhibit similar shapes. However, the widths of the EQE curves gradually’ increase with
decfeasing temperature. It is noted that the maximum values are shifted \to'lower currents at
the same time. The EQE peak also begins to form a plateau below a specific temperature.
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Figure 13 — Temperature characteristics of an LED

6.3| Evaluation.of the IQE

Twq important*assumptions are introduced in the TDEL method. The first is that the LEE is
consgtant,independent of forward current 7 and temperature 7, so that the EQE should be lindarly
proportiopal to the IQE for any 7 and 7. This assumption enables finding the IQE atany 7 and T
only bycomparing the EQE in question with the EQE at a so-called reference current jand
temperature, I and T, at which the IQE is exactly known as nqg - In general, the

reference point /s and T is selected for 5qe s =1 such that both the IE and the RE are

100 % there. To find the reference point satisfying 7g =#rg =1, the second assumption is used.

At cryogenic temperatures, the nonradiative recombination centres in the active layer, which
induce the SRH recombination, are "frozen" and become inactive. Moreover, the direct Auger
recombination rate in conventional semiconductors decreases exponentially with decreasing
temperature so that the contribution of the Auger recombination rate is also neglected at the
reference point. By assuming that both the SRH and Auger recombination rates are negligibly
small at cryogenic temperatures, the RE is considered as 100 % [43]-[45]. In general, the
assumption of nrg =1 is experimentally confirmed by the fact that the peak EQEs at cryogenic

temperatures do not increase further and maintain the maximum value with decreasing
temperature.
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With the RE of 100 %, the EQE is linearly proportional to the IE so that the peak of the EQE
should correspond to the maximum IE. In this method, the IE is also taken as 100 % when it is
experimentally confirmed that the peak value of the EQE does not vary with current in a limited
range [123],[124]. As the reference point corresponding to an IQE of 100 % is decided this way,
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IQEs at other operating conditions is determined by taking the ratio as shown below:

i 1,T

nae (17) - L)

neQe (IrefsTref )

e that 7eqg can be a refative EQE obtaimed fronT the Tetative Tadtant power simce orty
is taken to obtain the IQE.

hod: (i) The LEE is assumed as constant for all operating conditions. (ii),The IQEs
imed as 100 % for the limited condition of 7{t and [y, Where the maximum value
tive EQEs are saturated. (iii) At the IQE of 100 %, both the IE and the'RE are also assu
00 %, implying that all carriers are injected into the active layers-and that they recom

radiatively, because the IQE is a product of the IE and the RE, (iv) The LEE is assu
he same for all temperatures and constant independent of the‘forward current.

igure 13 b), the IQE maximum is shifted towards lowerfotward currents with decrea
perature. The peak values of the IQEs are eventually saturated and form a plateau.

considered corresponding to an IQE of 100 % (alse IE and RE of 100 %). As the refere
t corresponding to an IQE of 100 % is decided in this way, the IQEs at other operg
Jitions can be determined as shown in Equation (91):

neqet? Ir)
neqetLT Ipeak )

mae (T, g )= = ne(T, I )< nre (T, Ig),

re mae(T.Ir) » 7neqe (TAR) MEQE (TLTJpeak) » me(T.p) » and yre(7T.IF) represent
blute IQE at T and /g, the‘relative EQE at T'and /i, the relative EQE at the lowest cryog
perature 7| 1 and the peak current /., showing the maximum EQE, the IE at 7 and /¢
RE at T and /i, respectively.

re 14 is redrawn from Figure 13 b) after converting the relative EQE into the IQE as outl
ve. Thelrelative EQE curve is divided by the value of the maximum EQE, and then

max
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Figure 14 — IQEs as a function of current at various operating temperatures
from room to cryogenic measured by the TDEL method

6.4| Validity of the TDEL: examples of blue LEDs

In the TDEL method, one should be careful whether/the relative EQE curves at cryoggnic
temperatures can be applied to determine the IQE curve at room temperature. The limitatign in
applying the TDEL method is discussed. Figure 15 a) and (b) show different shapes of| the
relative EQE curves as a function of forward current for various temperatures for two blue LED
saniples. The samples are commercial LEDs_from two different companies, both with lateral
eledtrodes. The chip sizes and dominant wavélengths are 290 x 590 um2 and 458 nm for| the
sample shown in Figure 15(a) and 280 x 550 ymZ2 and 447 nm for the one in Figure 15 b). Figure
15 g) shows that the relative EQE maximum does not increase further at temperatures below
50 K. In this case, the IE and RE (thus IQE) can be assumed to be 100 % and the IQE at
operating conditions can be determined by Equation (91). However, some samples do not show
such behaviours at cryogenic temperatures. In Figure 15 b), the relative EQE maximums Keep
varying with decreasing temperature: the maximum of the relative EQE curves occur at 100 K
and|then starts to decrease-at temperatures lower than 100 K. In this case, the assumpt|ons
merjtioned above are net satisfied: the TDEL method is not applicable to the LED samples
showing this kind ofsbehaviour. This kind of behaviour is caused by the carrier leakage [still
rempining via pracesses like tunnelling even with decreasing temperature, making |the
assumption that the maximum IE at the lowest cryogenic temperature is 100 % invalid [1[23].
Thup, it is verylimportant to note that the IQE determination by the TDEL method is not always
possible: one)need to confirm whether the validity criterion with the relative EQE curves with
temperature;, as outlined above, is satisfied to apply the TDEL method to the LED sample under
test

This behaviour shown in Figure 15 b) is often observed with highly defective samples, but the
physical reason for this is still controversial. Here, the following explanation is presented.
Carrier leakage due to the tunnelling process is more dependent on the electric field than
temperature. Thus, it is expected that the amount of leakage would not change significantly with
temperature. In addition, the SRH nonradiative recombination rate monotonically increases with
increasing temperature. Therefore, the increase of the EQE peak with increasing temperature
as shown in Figure 15 b) is hardly understood only by the temperature dependence of the
nonradiative recombination rate. But it is natural to think that the radiative recombination rate
increases as the temperature increases at cryogenic temperatures. The radiative recombination
rate is directly proportional to the distributions of electron-hole pairs that can recombine in real
space as well as in energy (or momentum) space. The highly defective InGaN/GaN QW samples
are thought to have quantum-dot- or quantum-disk-like active areas due to the random
fluctuations of composition and stress field, resulting in a lower electronic density of states
(DOS) compared to an ideal two-dimensional QW. A LED device having a small DOS exhibits
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a rapid increase in the radiative recombination rate even at small currents at cryogenic
temperatures, but easily saturate with increasing current levels. [118],[132]. Figure 15 b) is
thought to show the EQE characteristics for these kinds of samples.

. IQE = IE=RE =100 % _ IQE # IE # RE # 100 % (?) at peak EQEs
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Figure 15 — Two different cases of normalized EQE curves
as a function of current at various temperatures

6.5| Sequence of IQE determination by the TDEL

Figdyre 16 shows the sequence of the IQE determination by the TDEL method. Firstly, the radiant
powers are measured as a function of forward_current at various temperatures including|the
cryqgenic temperature. Then the curves of radiant power versus forward current are conve[ted
to the relative EQE curves. Before proceeding further, it is very important to confirm whether
the |validity criterion is satisfied: if the peak EQE saturates with decreasing temperature,|the
TDEL method is applicable to this LED sample. Then, normalize the EQE curve by the maximum
EQE value in the measurement and ebtain the IQE curves at various temperatures. If the geak
EQE does not saturate, one should stop the IQE measurement using the TDEL. The methqd is
not ppplicable to this kind of LED-sample.
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Figure 16 — Sequence of the IQE measurement by the TDEL method

6.6 Summary of the TDEL

Thel TDEL method has been described as a standard IQE measurement method with|the
disqussions of basic postulations andvalidity criterion. Since the TDEL method does not require
any|values of material and structurdl parameters as well as the absolute radiant power, it|has
been widely utilized to measure the IQE of LEDs in the community. While there |are
disgdvantages with the TDEL}such as requiring an expensive and very stable cryogenic system
during the long measurement time, the IQE measured by the TDEL can still serve as a ugeful
reference value if the validity criterion is met.

7 [Standard IQE measurement method Il: RTRM

7.1 Room-temperature reference-point method (RTRM)

Although-the TDEL is a generally accepted method of measuring the IQE as a function of current
Only fram the experimental FQF curves measured at different temperatures r.'—mging from robom
to cryogenic, it is very time- and labour-consuming. Lowering the temperature to cryogenic ones
as low as approximately 20 K takes several hours using a helium-closed cycle system. Including
preparation and actual measurements, the total testing would take a few hours. Moreover, one
should be careful of the fundamental assumption used in the TDEL method that the LEE is
independent of the temperature from the cryogenic to room temperatures. Sometimes, the LEE
seems very dependent on the temperatures especially for narrow-bandgap semiconductors
such as GaAs- or InP-based material systems. Thus, the needs for a method that can measure
the IQE just at room temperatures arise.

Here, an IQE measurement method for an LED as a function of current at a fixed operating
temperature is demonstrated without assuming IE =100 % and the constancy of the
recombination coefficients for a wide current range, different from the conventional AB(C)
models. No material or structural parameters of an LED are used. The approach is called the
room-temperature reference-point method (RTRM) [133], [134]. It utilizes a relative EQE curve
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mae.ref 1S €Xactly known.

Unlike the TDEL, however, a reference point satisfying g =#grg =1 cannot be sought because

the experimental temperature is not cryogenic but a higher operating temperature. Thus, it is
necessary to develop a unique strategy to overcome such a hurdle.

7.2 Recombination coefficients, 4, B, and C in semiconductors

Before the semiconductor rate equation applied to the IQE measurement, the carrier
recgmbination processes in the active layer are revisited [135]:

R(n,p) = RsrH + Rspon *+ Rauger

(”P‘”opo)
= +B(np—nypy )+ Con+ Cyp |(np — nyp,
rp(n+n1)+rn(p+p1) ( o o) ( n p )( 0 o)

(92)

Whe¢re n and p are electron and hole densities, respectively. .z,~and z, are the $RH
recgmbination lifetimes for electrons and holes, respectively. B is\xthe radiative recombingtion
coefficient. The Auger coefficients C,, and Cp account for theltwo possible Auger procesges,

tranjsferring the recombination energy to an electron in the conduction band and a hole in[the
valgnce band, respectively.

Usugally, the active layers of modern LEDs are udinténtionally doped. Thus, the equilibfium
carrier density product n,p, is much smaller thanyzp even at low current injection levels. [The
defg¢ct parameters 7, and p, are also often neglected. In the case that g is almost upity,

mogt of the carriers injected into an LED recombine inside the active layer and the charge
neutrality condition is satisfied there. Avnearly intrinsic active layer is considered such that
n~|p>>ng, po, ny, and py. For simplicity; the carrier capture times are set as constant, fi.e.,

th 5 7p = (1/2)7sry = 1/ 4srn - Then, the final result of the SRH recombination is asymptotigally

written as Rgry = Asry” - In fact, this approximation is valid theoretically under low-level

injection or small deviation(from electrical equilibrium. Under high-level injection near the peak
of 1qe, however, it is more reasonable that Agry is dependent on the carrier density #, |i.e.,

Asgn (n) , rather than-constant.

The| radiative récombination rate Rg,,, is fundamentally determined by the Fermi golden fule,

i.e.,|the i-selection rule between electrons in the conduction band and holes in the valgnce
banf. It(is*typically approximated as Rgpon = Bnp for np >>nyp, as written in Equation (92).
The| ‘Bvcoefficient is usually approximated as constant under low-level injection, byt it

monotonically decreases when the carrier density deviates from the Maxwell-Boltzmann
distribution. Thus, the B coefficient is taken as a function of carrier density, i.e., B(n) even for

current levels less than the peak of ngqe.

The Auger recombination rate Rpyger in Equation (92) is simplified as Rpyger = cn® with n = p,

np >>ngpo, and C=C, +C,. The Auger coefficient C takes into account all the possible Auger

recombination processes such as the band-to-band, phonon-assisted, and defect-assisted
Auger processes. In the band-to-band Auger process, C decreases exponentially with
increasing bandgap energy and decreasing temperature, which arises from the conservation
laws of energy and momentum among the four particle states. Consequently, the band-to-band
Auger process is negligibly small in visible InGaN-based LEDs due to their wide bandgap
energies. On the other hand, the phonon- or defect-assisted Auger process satisfies the
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momentum conservation law through phonon or defect participation, respectively, making
second-order Auger process. It is theoretically known that recombination coefficients C for
phonon- and defect-assisted Auger processes are similar but less sensitive to temperature
carrier density than that for the band-to-band Auger process.

Based on these discussions, many variations of the ABC model have been proposed in

it a
the
and

the

literature [81]-[104]. The IE accounts for recombinations outside the active layer (carrier
leakage). Most of the ABC models neglect the IE so that all the energized carriers are assumed
to be injected and recombine only at the active layer. Moreover, their recombination coefficients
A, B and C are assumed to be constant in the whole experimental current range. With such ABC

models, the Auger process is only responsible for the efficiency droop at high current dens

ties

singe the recombination rate Cn3 is the only one that rises faster than the photon emission fate

Bn2|with increasing carrier density.

There have been many different reports on procedures of fitting experimental EQE.cUrves uging
congtant recombination coefficients 4, B and C. In fact, various 4, B and C parameter sets give

identical IQE characteristics and a large variation in the extracted Auger parameter is poss
if the carrier density in the active QW is not precisely known. The carriet, density n is typic

ible
ally

detgrmined by carrier-lifetime measurements with the same assumption of g =1. Spme
reports specially prepare a single QW LED in order to avoid thedssue of nonuniform cafrier
distfibutions in multiple-quantum-well (MQW) regions. Nevertheléss, the popular ABC modegl is
not |sufficient to obtain consistent values of 4, B and C coefficients, especially the Auger

coefficient C. Also, the curve fitting based on the ABC model<often shows significant devig
fromp the measured efficiency. It is believed that these discrepancies mainly result from

tion
an

appfoximation ng =1 for all current ranges. Therefore it is necessary to confirm that IE can be
apploximated as unity before calculating 4, B and~C.coefficients from the experimental EQE

and|the carrier density from the carrier lifetime curves.

7.3 | Strategy of the IQE measurement just at an operating temperature

Figure 17 schematically compares the conventional ABC model with the improved AB m
that the RTRM is based on. Following~ah approach similar to the TDEL method, the AB m

bdel
bdel

alsq finds the reference current /.« at which g of can be known exactly. Then, 5qg at an

arbifrary current / can be obtained from the relative ratio of ygqe (7)/neqe (Iref ) - AS €Xpecte

d, it

is npt possible to find nqerer satisfying 7 =7re =1 at room temperature. But there exislts a

curnent at which g is most probably considered as 100 %. This current is the reference cur

Iief|in this method. However, nrg at I is less than 100 %.

rent
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Figure 17 — Comparison between the conventional ABC model
and the improved AB model

Figyre 18 shows a conceptual illustration of the RTRM. OncCe the absolute nqg (o at Igs is
obtgined from the experimental nzqe , nqe at an arbitrary driving current 7 is obtaineq by
mad ref TeqE (1)/7eqe (Iref ) - Here, no material or structural parameters of an LED is required.
The|detailed explanation on how to find 5 qg (f iS€Xplained later with a blue LED sample

From a relative EQE curve to an IQE curve
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Figure 18 — Calculation procedure from a relative EQE curve
to an IQE curve with the RTRM

7.4 Theoretical background of the RTRM

The RTRM is a method to solve the technical problems in the constant ABC and AB models
[133]. This improved model includes the following elements: (a) the recombination coefficients
A, B, and C are not constant but depends on the carrier density n; (b) the nonradiative Auger
recombination is negligibly small at low currents far from the maximum EQE current, 7,54 In

this current range, the AB model instead of the ABC model is possible; (c) the IE is a function
of current 7 or carrier density » so that there is a certain current, called the reference current
Lo, Where the IE is maximized; (d) the LEE is assumed as constant so that an experimentally

observed EQE curve is the same as the IQE curve. Thus, the IQE dependence on current can


https://iecnorm.com/api/?name=d7ea02e6c4b01a267347eb38bd948f04

IEC TR 60747-5-12:2021 © IEC 2021 - 55 -

be obtained once an IQE is exactly known at one point of the reference current /.. This

approach is very similar to the TDEL method where operating conditions of current and
cryogenic temperature are searched for the IQE to be assumed as 100 %; and (e) the IE at [ 4

is considered as high as 100 % if any special attentions are not required.

In this improved AB model, the spontaneous radiant power detected by a photodetector &g
and the injection current [ are formulated as follows:

gDn:(n) = Ncq Vnr-ﬁ\/nB(n)nz ) (93)

2
e ("I = qVactive R(n) = @V active [A(n)n +B(n)n } (94)
where . is the detector coupling efficiency, g is the elementary charge\ and Ve is|the
actiye volume of the LED device. 4(n) and B(n) are the SRH and radiative recombingtion

coefficients, which are functions of carrier density n. As in typical rateyequation analyses,|the
elegtron and hole densities are assumed to be approximately equal-at the active region. [The
EQE is expressed as

B(n)n2

_. 95
A(n)n JrB(n)n2 ©9

neqe (1) = nee - me(n) 71re (1) = nLee <ne(n)-

Note in this AB model that any leakage other than the SRH recombination, such as the surface
leakage and the defect-related tunnelling, contributes to making the IE less than unity.

Equjations (93) and (94) are normalized-by their corresponding values at the peak EQE in ofder
to gliminate ambiguous constants of\7. and Ve . The carrier density, radiant power, [and

current at the peak EQE are deneted as n,, @e(np), and I(np), respectively. Then, a Very
simple quadratic equation is obtained:

Y = a1 X +arX?, (96)

whelre Y:[/Ip =I(n)/1(np) and x- /o(")/Po(”p)- Both X and Y are experimentally measurable

parameters/The o, and 4, coefficients are

l’ anE(nD)\'/B(nD) —| 1 An)

A(n)

1
e L‘l(ﬂp Yy + By ) J JB(n) ng(n) K1(np)\/3(n) me(n) @7
2
az(n): B(np)npﬂlE(np)2 1 K (le) 1 (98)
A(ng )ny + B(ny )ng ne(n) me(n)

where Ky(ny) and K,(n,) are constants, but «(n) and ay(n) are functions of carrier density n.
The radiative efficiency at a carrier density n is expressed as
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IRE=—"—"7>5. (99)

As in the following example, & (n) and ay(n) vary very slowly compared to x and y. Thus, the
functions ¢(n) and ay(n) are obtained by solving two simultaneous equations from Equation (96)

with two nearest experimental data (.;, ¥;) and (X, ¥,q). It should be noted from Equation (98)

that ay(n) is inversely proportional only to mg(n). Thus, ng(n) would be the maximum when

as(n} is the minimum. It is reasonable in modern LEDs that there exists a current I(n,ef) where
e (res) is 100 % in a range of I(nf) < I(ny). It should be noted that although the carrier,der}sity

n is|used in the formalism, it is purely symbolic: any knowledge of the functionahrelationghip
between the carrier density and the forward current is not required.

Twq paths of carrier losses recombining outside the active layers are considered: (i) defect-
related leakage current [y Via surface, hetero-interface, or other defective areas and (ii)

ovefflow leakage current Iy,omow SUrpassing the active layers. These-leakage currents rgsult

in the IE not being ideal. As the forward voltage increases, the defect-related leakage current
l4efdct @ppears at low bias voltages and saturates at a finite density of trapping centres. After

then, most of the carriers begin to inject into the active layersvand recombine there with thg IE
incrpasing. As the bias voltage increases further, I,qmofy) Starts to flow at a certain bias [and

becpmes a dominant leakage-current component over et , Which in turn decreases the IE

agaj|n. In this picture, there should be a certain cutrent, called the reference current /.o, at
whigh the IE is maximized.

The| idea to find I is as follows: As the“current I increases, a4 and a, generally vary yery
slowly compared to X and Y. Thus, the functions a4 and a, are obtained by solving [two
simyltaneous equations from Equation (96) with two nearest experimental data (Xx;, ¥) fand
(Xi1» %4+q) - In Equation (98), the u, coefficient is inversely proportional only to the IE. Thus,
Iot|is selected as a currentat-which a, is the minimum. Once a set of a4 and a, is found @s a
fungtion of / or X, then the RE at a current / is calculated by Equation (99).

As p first step, ng=100 % is assumed at [ =1l since Iyt Saturates at a much smaller
curflent than Ige €., Iyefect < ref » @Nd Ioyerfiow iS NOt so large yet. nre(Zef) is then found for the
set Pf (Xief, anfer. anrer) At Iref . USING ﬂRE:azXZ/(a1X+a2X2)' Subsequently, nqe(mer) at It fi€.,
Maeler 18 Obtained by using already known values of #g(/e)=100% and #Rre(nef) from
NQE|ref ENE ref *IRE ref - ONCE N ref IS KNOWN, poe (1) can be calculated at any current 7 from

neqe (/)

. (100)
1eQE (Iref)

mae (1) = mqe (fref)

Note that the RTRM method does not presuppose any initial value on the IQE at the reference
current: the IQE is purely calculated by using Equation (99) and the assumption IE = 1.

7.5 Example of the RTRM

Figure 19 shows a flow chart of calculation procedure of the IQE based on the proposed AB
model at a fixed temperature of room temperature. For demonstration of the method, a
commercial lateral-type InGaN/GaN MQW blue LED is utilized, which was grown on a c-plane
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sapphire substrate. The chip size of the device is 740 ym x 600 ym. Its peak emission
wavelength is approximately 450 nm at room temperature. The LED was driven by a Keithley
semiconductor parameter analyser and the light output power was collected by a Si photodiode
under the pulsed current driving condition (pulse period: 100 us, duty cycle: 1 %) for minimum
self-heating effect. Experimental curves obtained at each step of Figure 19 are shown in Figure
20.

Calculation procedure of proposed AB model

Measure @, at I¢ Figure 20 a)
Find Zyjax and ngqe max from EQE curve Figure 20 b)
Convert to X-Y curve Figure 20,c)
Calculate a4 and a4 as a function of X Figure 20 d)
Find fres and Qg ref Figure 20 e)

Find IQEs a function of /g by using njqE e Figure 20 f,)EC

Figure 19 — IQE calculation procedure as a function of current based on the RTRM
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Figure\20 — Example of the IQE calculation based on the RTRM

7.6 | Comparison of IQEs by the TDEL and the RTRM

For|ensukingthe reliability and accuracy of the RTRM, both the TDEL and the RTRM were
applied and compared experimentally. In the TDEL experiment, the LED was cooled down from
300|Ktor 50 K in a helium closed-cycle cryostat.

mqe(/) by the RTRM is compared with the ones from the TDEL method for the blue LED as

shown in Figure 21 a) and b), respectively. In the TDEL measurement [Figure 21 a)], the
maximum zeqe at the cryogenic temperatures (100 K and 50 K in this case) represents

maeref =100 %  and  nqe(7,/) at any temperature 7 is  calculated from
mQe(T Iref) = neQe(T51)/neqe ref - IN Figure 21 b), the reference I at each temperature T is
calculated by the RTRM assuming that ng(T,ler) =1 and yre(7,lrer) = mqe ref (T) - moe(7.1) is
calculated from Equation (100). The peak values of 7qg(Z,) at 300 K estimated by the TDEL

and the RTRM are 82 % and 80 %, respectively. It is thought that the measurement results by
both methods are quite consistent, considering the assumptions behind the two methods.
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Figure 21 — Comparison of the IQEs evaluated by (a) the TDEL and'(b) the RTRM

7.7| Summary of the RTRM

In sjummary, a simple and unique IQE measurement method at“any operating temperature T
has|been presented and demonstrated. The RTRM is theoretically based on the semicondulctor
ratel equation with 4 and B recombination coefficients depending on the carrier density |and
utilizes only experimentally measurable quantities of radiant ‘power, current, and voltage. [The
megsurement procedure of the RTRM is quite similar to the TDEL method where 5o aff the

maximum ngqe is considered as 100 % and the ratio.of EQEs is linearly proportional to #jqg -
The| RTRM also finds the reference current o @t which nqe o is exactly known. Then, gqe
at ah arbitrary current / can be obtained from the relative ratio of ngqe(/7)/7eqe (e ) - Unlike the
TDHEL, however, the reference current I, g¢is found at which #g is considered as 100 %| but
Re |is less than 100 %. With ng of 100°% at /s, 7Re at Ier @S ngerer Can be calculated by
usirlg infinitesimal changes of 5qe . Once nqe(fef) is found as yoe of, Mmoe(/) at any curpent
| is|easily calculated from the experimentally measured ngqe(/). The proposed method of
megsuring nqe(/) has been applied to the InGaN-based blue LED and compared with|the
resylts by the TDEL.

8 |The RTRM versus the TDEL and the constant ABC model: comparisons

Threée IQE measurement methods of the TDEL, the constant ABC model, and the RTRM|are
applied tosa-same blue LED chip and the results are compared. A commercial lateral-{ype
INGEN/GaN MQW blue LED grown on a c-plane sapphire substrate with a chip size of
1 19J0< B50 um? has been selected.

The LED was driven under the pulsed-current driving condition (pulse period: 1 ms, duty cycle:
1 %) for minimum self-heating effect. The LED sample was cooled down from 300 K to 20 K in
a helium closed-cycle cryostat.

Radiant powers from the sample measured at various temperatures are shown in Figure 22.
The maximum radiant power at 250 mA is obtained at a medium temperature of 200 K, not at
the lowest cryogenic temperature of 20 K, which is due to the efficiency droops acting differently
with current and temperature. Shown in Figure 23 a) are emission spectra on a linear scale at
a current of 250 mA for various temperatures. As temperature decreases from 300 K to 200 K,
100 K, and 20 K, the peak wavelength shows the U-like shift from 448 nm to 445 nm, 444 nm,
and 445 nm, respectively. It is believed that this U-like shift of the peak wavelength is due to a
trade-off between the bandgap widening and the thermal heating by increasing resistance. It is
also seen that a subpeak around 460 nm becomes more pronounced. Actually, there are a
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series of subpeaks when the emission spectra are plotted on a log scale [Figure 23 b)]. The
more pronounced subpeaks with decreasing temperature have been reported as the
longitudinal-optical (LO) phonon replicas of the main peak [56], [57]. On the other hand, an LED
chip has finite reflectivities at the interfaces between metallic surfaces, epitaxial layers, and
substrate surfaces. Since the optical losses are reduced with decreasing temperature, the
Fabry-Perot effect is another possibility of the subpeaks. More investigation may be necessary
to further identify the exact cause of the subpeaks.

The I-V characteristics measured at various temperatures are depicted in Figure 24. It is seen
in the reverse-bias region that the generation currents via defects at reverse biases less than
-5\ _are negligible at all temperatures and becomes smaller with decreasing temperature. On
the |other hand, it is not easy in the forward-bias region to identify the amount of leakage
currents that do not recombine in the active layers. Here, the RTRM is used to find the.leakage
current at relatively low current levels.
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Figure 22 — Radiant power versus current of a blue LED
sample measured at various temperatures
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Figure 24 — I-V characteristics at various temperatures

Figure 25 depicts a, obtained by solving two simultanecus equations for two nearest
experimental data from the converted X-Y graph according to Equations (96), (97), and (98).
Forthis sample, the obtained a,’s are not constant, implying that yg #1 over the current rarjges
invgstigated. At 300 K, a, decreases for currents beyond ~10-% A, approaches a minimum at
2 x 103 A (=15 ), and then increases. This indicates that the IE, inversely proportional tq a,,

appfoaches a maximum, which is consideredyas 100 %, and then decreases. For very small
currents below ~10-° A denoted as region I.the rapid change in a, could be due to the leakage

curnent Iyeeet Defore the onset of the radiative current flowing into the active layers. It should

be noted that such a leakage current-is different in each device and operating condition thaf the
inflyence of the leakage on the IQE calculation should be carefully considered in every [QE
megsurement. For a current range of 10-° to 2x10-3 A, denoted as region Il, a, decreases [and

the |E increases. This is dug to'the saturated gt @and the monotonic increase of the radigtive
curnent. For I > I, denoted as region lll, the carrier overflow from the InGaN QWs to the p-
GaN clad layer should™be responsible for the increasing a, and decreasing 7 . As temperature
is decreased, it is s€en that a, becomes flattened near the minimum, indicating that g does

not vary as much' as at room temperature. This is reasonable because g is not expected to

chapge much) at cryogenic temperatures with vanishing leakage paths owing to the ddfect
freefze-outi This trend is confirmed later with the TDEL measurements (Figure 26).

F|gl. rav2Qn olf\r\\Au\ tho manciirad INEc Ao A 'Fllnr\l';r\n of currant hyy nnn \unn tho TNEL (conlid It ]es)
VAV JTTUTWO LTTU TTTUUVOUT UV T U G TurliuvuviIir vrourreoTit IJ '.I'.I y I are LI~ \UUIIU L
and the RTRM (symbols). The IQEs at the reference currents from Equa tlon (99) are estimated

to be 0,876, 0,959, and 0,978 for 300, 150, and 20 K, respectively, and other IQE values are
calculated by using Equation (100). The maximum EQE at the cryogenic temperature is selected
as IQE of 100 % ([rgf = 2 x 10° A, T\o¢ = 20 K in this case) and yqg (7, T) at any temperature
T is calculated from Equation (90). In the TDEL, one should pay attention to experimentally
confirming the saturation characteristics of the maximum uzqe at the reference point by

changing both temperature and current. As shown in Figure 26 by solid lines, 5o >99 % are

measured at certain current ranges [(7 x 106) — (2 x 104) A for 20 K and (2 x 10-%) - (5 x 10"
4) A for 50 K).
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Figure 26 — IQEs obtained by the RTRM (symbols) and
the TDEL (solid lines) at various temperatures

The calculation procedures of the two methods, the RTRM and the TDEL, are very similar once
nqe at areference pointis found. 5o values at other currents are then calculated from #qe

at the reference point by taking the relative ratios from the experimental 7-qe values. Thus, the

shapes of the IQE curves at a certain temperature by the two methods are identical to each
other except the peak IQE values. The maximum 5o values by the TDEL and RTRM at 300 K

are almost the same as 0,941 and 0,943, respectively. The maximum IQE values by the two
different methods agree very well within 2 % for all temperatures. The small discrepancy in the
maximum zqe obtained by the two methods could occur from the measurement inaccuracies


https://iecnorm.com/api/?name=d7ea02e6c4b01a267347eb38bd948f04

IEC TR 60747-5-12:2021 © IEC 2021 - 65—

in radiant power as well as the temperature dependency of the LEE [27]. The LEE can vary with
temperature especially when the energy of the spontaneous emission from the active layer of
an LED is close to the bandgap energy or absorption edge of the surrounding materials.
Variations in LEE with InGaN-based LEDs have been reported to be as much as 4 % to 6 %
over temperatures from approximately 10 K to 300 K [27],[58],[59].

Finally, the error involved in the RTRM by assuming g =1 at I is discussed. Using the data
obtained at 300 K, the left axis of Figure 27 shows ay(l,s)/ax(I), which represents the IE. On
the right axis, the theoretical IE, that is, (7— /g )/1 is given for a constant leakage current

L\ JxNaturattythetheoreticattEquickty approachesunity asthe totatcurrentincreasesFrom
the |various ratio of /g to I, it is seen that the IE from a5 roughly follows the functipnal
shape of the theoretical IE between the leakage of 0,4 % and 0,6 % of /. This indicates [that
at ks the IE is considered to be 99,4 % in the worst case. From this exercise, it\is considIred

that|the assumption 7 =1 is reasonable, with only a minimal error included.,On-the other hand,

sanples with very high leakage currents should be treated carefully as theyxmay not satisfy the
assymption 7 =1 at /¢ .

In fact, theoretical background of the constant AB model is quitessimilar to that of the RTRM
except that the former utilizes a wide range of relatively low current levels with g =1 and| the

lattgr selects one reference current with g =1. Thus, the kéy is to find the current at which

assuming the IE of 100 % is valid. In this sense, a lot of information can be obtained from| the
calqulation of a, as a function of current as demonstrated in Figure 27.
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Figure 27 — Comparison of the IE obtained from 4, at 300 K (left axis)
and the theoretical IE for constant I, (right axis)

The experimental data measured at 300 K is also fitted by using the constant ABC model
[Equation (81)]. The sample under test has /5, =15 mA so that the normalized EQE curve is

theoretically calculated with 7,5, as a fitting parameter. Figure 28 shows the calculation results
in comparison with the experimental data. It is seen that 75,5 =90 % gives the best fit for the
data near I, . Still, deviations from the experimental data are observed for lower and higher
currents than 7,5 -
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Figure 28 — Normalized EQE and the fitting by the constant ABC model

With #max =90 %, the relative ratios of the SRH, radiative, 'and Auger recombination currents
to the total current can be plotted as shown in Figure 29. At I.os =2 mA of the RTRM, den¢ted

by the dotted line, it is seen that the Auger recombindtion current in the constant ABC modegl is
1,6 o of the total current. With this level of conteibution by the Auger recombination, |t is
considered that the Auger recombination term ¢an be neglected when finding the refergnce
point in the RTRM. In fact, the Auger recombination current in the constant ABC model|can
correspond to the current leakage via carrier6verflow in the RTRM for certain constants 4 [and
B. Ip this picture, this negligible Auger recombination current at /.. can be considered as

another vindication that the carrier leakage can be neglected at the reference pointin the RTRM.
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Figure 29 — Ratio of the SRH, radiative, Auger recombination
currents to the total current

Three IQE measurement methods of the RTRM, the TDEL, and the constant ABC model have
been compared. All three methods utilize the experimentally measured EQE curve. In the TDEL,
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ne =nre =1. The IQE at room temperature is then calculated

by the relative ratio of the EQE values at room temperature to the cryogenic reference point
under the assumption of a constant LEE for all temperatures. In fact, the LEE of an LED may
not be constant: it typically becomes smaller at higher temperature. Moreover, its temperature
dependence becomes larger as the emission wavelength of an LED becomes longer from visible
to infrared spectral ranges, which results from the increase of optical losses in epitaxial layers
whose bandgap energies are not so much different from that of the active layer. Therefore, the
TDEL can be recommended to be used for InGaN-based visible LEDs rather than longer-
wavelength GaAs- or InP-based LEDs. On the other hand, the RTRM and the constant AB(C)-

models_under a gi\/pn temperature assume nnly the constant | EE with current _which is more

reagonable than the TDEL.

The| conventional constant AB(C)-models roughly assume the IE of 100 % for certain current
ranges near the onset of light emission or the EQE peak. In real LEDs, howeveryit is hdrdly
true| that the IE is ideal since the leakage current via defects near the onset®f’light emisgion
and|the carrier overflow near the EQE peak are frequently observed. The /RTRM avoids quch
technical concerns in the conventional AB(C)-models. In this consideration, it is thought fthat
the RTRM is the most accurate and reliable of the methods considered(herein.

9 |LED performance issues related to the IQE measurement

9.1| Various LED efficiency measurement

The| PE can be obtained in a straight-forward way by using Equation (1). Measuring methods of
the [radiant power @, and the electrical V¢ and [F“aré already defined in IEC FDIS 6074[-5-

6:2016 (see Table 1). In order to define the EQE,yone needs to find the average photon eng¢rgy
hv |using Equation (3). Once the average photon energy is defined, the EQE can be obtajned
by the definition given by Equation (4). Using the obtained PE and EQE, the VE can now be
caldulated by using Equation (5) as nyg-5"pg /7eqE -

To peparate the efficiencies further, the IQE is required. Methods of obtaining the IQE|are
disdussed in detail in sections6-and 7. Once the IQE is determined by a certain method|like
the RTRM, the LEE can now'he obtained by using Equation (8): # gg = 7eqE /7qE -

Herg, it is demonstrated-how one can measure various LED efficiencies constituting the PE|. As
indiyidual efficiencies-represent different physical processes, separating various efficiencigs is
very beneficial inncemedying any problems and enhancing the performance of LED chips further.
For|this purpose;*a commercial lateral-type InGaN/GaN MQW blue LED grown on a c-plane
sapphire substrate with a chip size of (740 x 600) ym? is utilized. The peak wavelength is
approximately 450 nm at 293 K. The LED is driven under the pulsed-current driving condition
(pulse period: 1 ms, duty cycle: 1 %). The pulsed-current driving is for avoiding the self-hedting
and|is'not essential for the IQE measurement by the RTRM: measurement of the radiant pgqwer
by the CWcurrent injection is also OK even though the chip is heated at high currents. The IQE
measured under CW current injection may reflect the IQE in real operating conditions. If one
wants to measure the intrinsic LED characteristics at a given chip temperature, however, the
pulsed-current driving is recommended. The response of an LED operated under this pulsed-
current injection is still considered as steady state since the pulse is relatively long (in the order
of 1 ms).

In the following example, the absolute radiant power, not the relative radiant power, is measured
since the PE, EQE, and LEE measurements require the absolute radiant power. If one wants to
measure the IQE only, the measurement of the relative radiant power is sufficient.

Figure 1 in 4.3 has shown the sequence of measuring various LED efficiencies separately and
quantitatively. Each step in Figure 1 can be followed to demonstrate the measurement of each
efficiency.
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First, the PE should be obtained from the radiant power (voltage) versus current measurement
(Figure 30). Once the radiant power and forward voltage are obtained as a function of currents,
the PE can be evaluated by taking the ratio of the radiant power to the input electrical power,
as depicted by line 1 in Figure 32.

Second, the emission spectra is measured and the mean photon energy is calculated as given
by Equation (3). Figure 31 a) and b) show the emission spectra at various forward currents and
the mean photon energy thus obtained. Using definitions given in Table 1, the EQE is calculated
by taking the ratio of the number of photons emitted to free space per second to the number of
electrons injected into the LED per second. The result is shown as line 2 in Figure 32.

Thind, the VE is then calculated by taking the ratio of the PE to the EQE, whose result is,sh

as |
indi
sup
acc

inte

elegtroluminescent refrigeration, opto-thermistic cooling, or thermo-photonic cooling as

coo
get

Foufrth, now one needs to measure the IQE accurately. Using the RTRM, the IQE is obta
as ghown by line 4 in Figure 32.

Las

plied by the power supply, the fact only possible when one includes thermallenergy

festing phenomenon has been reported elsewhere by varioys* hames such

ing of the lattice occurs when the carriers take away the thermal.energy from the lattice
njected into the junction [136]-[138].

pwn

ne 3 in Figure 32. Note that at currents below approximately 20 mA, the VE exceeds, 100 %,
cating that the mean photon energy is actually larger than the mean electrical eng¢rgy

into

bunt. At low voltages below the mean photon energy divided by the elementary charge | the
carrjiers are still injected into the active region with the help of thermal energy, inthe lattice.

Ihis
as
the
and

ned

ly, once the IQE is obtained, the LEE can be obtained by taking the ratio of the EQE to the
IQE{ The LEE thus obtained is approximately 66 %*(line 5 in Figure 32).
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Figure 30 — Radiant power and forward voltage as a function of forward current
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Radiative and nonradiative currents

curve of total forward current versus applied voltage (/-V) of a pn junction diode is typid

ally

elled by the Shockley equationmy The Shockley equation was originally developed for a pn

ojunction diode based on-Si or Ge, where most of the carriers under forward bias
sported and diffused to thé_pn junction and recombine there by either the band-to-ban
SRH recombination pfocesses. Note that both processes are nonradiative in indin
Hgap Si or Ge semigonductors. Such carrier transport and recombination processes in
ckley equation are‘represented by the diode ideality factor, the reverse saturation curr

are
d or
ect-
the
ent,

the junction potential drop. However, in LEDs made of /I/I-V heterojunction semiconductors,

e exist a number’of carrier transport and recombination processes much different from th
i homojunetion pn diodes. Contrary to the Si pn diode, the total forward current in the
be divided into two distinct current components representing different carrier recombing
esses,nhamely, the radiative recombination current, I.,4, and the nonradis
mbjination current, I ,.aq- In this sense, the conventional Shockley equation is
uate to describe the /-V characteristics of the LED accurately. While there have

ose
| ED
tion
tive

not
een

ade

frequent investigations of total forward current / vs. applied voltage V' by the Shockley equation,
the data of /.54 and /,,,,,5q VErsus V still requires a deeper analysis for the LED devices.

Here, it is attempted to understand the physical interrelationships of current, voltage, radiant
power, and eventually, the PE of the InGaN-based blue LEDs at high injection currents. The
separation of the total forward current into the radiative current, I,,4 and nonradiative current,

Ionraqg 1S a@chieved by utilizing the experimental IQE curve. Then, each current is carefully

investigated as a function of applied voltage. This approach can enable to conclude later that
the IQE and the operating voltage at high forward currents are physically related with the phase-
space filling by the accumulated carriers in the active MQW region.

The total forward current /r supplied to an LED can be decomposed into radiative and
nonradiative currents:


https://iecnorm.com/api/?name=d7ea02e6c4b01a267347eb38bd948f04
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Ie = Itaq + Inonrad - (101)

Using the radiative and nonradiative currents, the IQE can be re-expressed as follows:

Irad Irad
MQE = = : (102)
Ie Itad + Inonrad
With-the above relation the radiative and nonradiative currents can be nyprneend'
Iraq = mqelF » (1103)
Inonrad = IF = Irad = (1= moe )F - (104)

Eleq

whe

Eleq
exp

The

con

Sind

trical power consumed by the radiative process ( 54 ) in the LED;can be expressed a

Bad = Irad’F = Maelr/F = mael, (
re P is the total electrical power dissipated by the LED: P = IglE .

trical power consumed by the nonradiative_processes ( Fnraq ) in the LED can
[essed as

Fronrad = Inonraghe = (1= mae MFVe = (1-mqe)P - (

power efficiency (7pg ) represents how much electrical power dissipated by the LE

berted to the radiant power (@, ):

De = npeP. (

& P=Raq/mge-and npg = Ve *MLEE MQE -

"PE 'I'VE "TILEE " QE
=——Rgqy=—"—"""7527NHh

@ tad = IVE "ILEE “ Fad - (
mQe mQe

e

105)

be

106)

107)

108)

Figure 33 shows the measurement sequence of radiative and nonradiative currents when a
specified forward current is applied.
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