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Recent progress in lll-nitride LED modeling is reved with the focus on physical models that prodade
better understanding of such hot issues, as falitoiting the internal quantum efficiency of liglkmis-
sion and high-current efficiency droop, polarizatidoping in graded-composition llI-nitride alloyaca

its utilization in LEDs, current crowding in LEDa@# and its impact on the light extraction efficignand
optimal light conversion in white LED lamps. Spéciieatures of IlI-nitride materials, their impamt the
LED operation, and models accounting for theseufeatare considered. Insufficient understanding of
transport mechanisms of non-equilibrium electrond holes and their localization in InGaN inhomoge-
neous active regions are discussed along with atilelunsolved problems. Influence of technologica
factors on LED heterostructures and their operaisoargued in the context of further model develop-
ments.
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1 Introduction Demonstration of high-brightness lll-nitride blught-emitting diodes [1,2] (LEDs)

in 1994-1995 kicked out emerging development ofdpmion technology for visible and white LEDs
based on phosphor-conversion. To date, such LE®s bacupied the major sector on the market of
optoelectronic devices. This technological breakilgh was primarily made due to ever improving qual-
ity of lll-nitride epitaxial materials and increagi efficiency of light extraction (LEE) out of LEBice,
from ~25-30% at the earlier stage of developmehtfBto ~75-80% in 2003-2006 years [4,5]. Surpris-
ingly, the progress in the fabrication technologit far behind understanding of fundamental physica
properties of lll-nitride semiconductors and desick was recognized rather soon that localizetesta
formed in InGaN quantum wells (QWSs) due to compasifluctuations had a great positive impact on
internal quantum efficiency (IQE) of LEDs, suppiiagshe nonradiative carrier recombination at threa
ing dislocations (TDs) [6]. However, considerabpmistaneous and strong piezoelectric polarization in
nitride compounds was discovered only in 1997-2[069]. The bandgap of InN was reliably established
in 2002 [10]. And, the importance of Auger recongtion in wide-bandgap IlI-nitride compounds and
alloys has been just recently started to discusslp]. Many of the above materials properties were
unique and had no analogs among conventional kbpounds. Some of them, like polarization ones
or high threading dislocation density (TDD) inhdrénepitaxial heterostructures, made the operation
[lI-nitride devices quite peculiar, which requireal largely reconsider conventional approaches t® LE
design.

At the moment, the LED industry has entered onanthg of gradual improvement of LED characteris-
tics based on detailed optimization of every pat#c unit of the LED design. On the one hand, ttds
cessitates a deeper insight into fundamentals lyidgrthe LED operation and specific features of Il
nitride materials making them so different from eentional 111-V compounds. On the other hand, the
current trends in development of growth equipmentLfED mass production result in ever increasing
cost of their experimental optimization. In sucsitaation, the role of modeling and simulation hees
especially important, as they may save consideratiypey, man power, and time for optimization of
available and development of new types of LED. ®hé& question is, however, whether the modern
theory is capable of (i) predicting the main diress of further improvement of the LED performance
and (ii) estimating, at least roughly, the valueso§gested improvements.
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This paper is aimed at addressing the latter kesstipn. Here, the recent progress in modeling IlI-
nitride LEDs will be briefly reviewed and still esting problems are highlighted. Finally, possibiect
tions of further model developments are discussed.

2 Advancesin modeling I11-nitride LEDs Extensive modeling research of llI-nitride LEDsritd

in about 2004 [13,14], though first simulationstioé laser diodes were made some earlier [15]. Atcor
ing to the fabrication levels existing in the LEBJustry, one can distinguish three levels of sitioha
models: heterostructure, chip, and LED lamp oné& darrier transport and injection in the active re
gion, carrier losses, and radiative recombinatéwe,the primary subjects of study on the firsthef kev-
els aimed at maximizing IQE of an LED structure.ti®gation of current spreading in LED dice,
minimization of the diode series resistance, awdeiasing of LEE are the main goals of modelinghan t
chip level. And, improving the efficacy, optimizati of light conversion, and providing an appropiat
heat sink and stability of color characteristicsaofvhite-light LED lamp are the major aims of sianul
tions on the third level. Key physical models amgr@aches necessary for effective llI-nitride LED
simulations are discussed below.

2.1 Factor affecting IQE and its high-current droop Because of lacking native GaN or AIN sub-
strates, llI-nitride heterostructures are convergity grown on commercially available sapphire iir s
con carbide wafers being highly lattice-mismatcheath nitride semiconductors. As a result, a huge
amount of TDs normally appears in the epitaxiaklay Typical TDD in the epilayers grown by Meta-
lorganic Vapor-Phase Epitaxy (MOVPE) was 210" cri” in 1990s and has been reduced to ~4-8x10
cm? to date. Being nonradiative recombination cenirerél-nitride semiconductors, TDs lower IQE of
radiative recombination, control the electran, and holeg, , life times (Fig.1a), and determine the car-
rier diffusion lengthsL,, = (Dnpnp) > whereD, andD, are the carrier diffusion coefficients. The diffu-
sion coefficients are related to the electron aokk mobilities, 1, andy, , by the Einstein equation:
Dnp = (KT/Q)un, Wherek is the Boltzmann constant afdis temperature. The model of dislocation-
mediated carrier life times suggested in Ref. [i@jvides a pretty good agreement between the ttieore
cal and measured electron and hole diffusion lengitp-GaN andn-GaN, respectively (Fig.1c). The
model also predicts the carrier life times to bmperature dependent (Fig.1b) and to increase with |
ering the carrier mobility. The latter just explaithe difference between the electron and holeilfes
seen in Fig.1a,b.
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Fig.1 Electron and hole life times as a function of TDL) &4nd their temperature dependence (b)
calculated by the model of Ref. [16]. Comparisoregperimental (circles) and theoretical (lines)
electron and hole diffusion lengths, in moderatidpedn-GaN and lightly dopeg@-GaN (c). The
data on the diffusion lengths are compiled in RES].

In addition to the nonradiative electron and heleombination at TDs, one more origin of the carrie
losses is Auger recombination intensifying at higinrier concentrations in the LED active regionse T
importance of Auger recombination in lll-nitridensiconductors has been in doubt for a long time be-
cause of the well known trend of the Auger recoratiim coefficient to decrease with the materials
bandgap in most of conventional IlI-V compoundsefgline in Fig.2a). However, detailed examination
of experimental data has revealed the existenchffefent trend for the Auger coefficients of AIGaA
GaP and some group-lIV semiconductors [11] (blank in Fig.2a). It looks like there is a universal
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lower limit for the Auger recombination coefficieaf these materials, ~5x82x10% cnf/s, irrespec-
tive of their bandgap. Experimental data obtaingglotoluminescence and other techniques, reported
in Ref. [12] and following publications, have showmGaN to obey rather the latter trend (stars in
Fig.2a). The Auger coefficients measured for InGahl found to weakly depend on the alloy composi-
tion and to range between ®t@nd ~16° cnf/s. To obtain such a value theoretically, one shaoin-
sider the Auger processes involving not only theagypal conduction and valence bands but also upper
and lower ones [18], i.e. to make full-band analysiall possible recombination channels.
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Fig.2 Experimental data on the Auger recombination coigffit (symbols)ersus energy gap in
group-1V and IlI-V semiconductors (a): lines areted for eyes to demonstrate different trends
for direct- and indirect-bandgap materials [11}tadior InGaN are borrowed from Ref. [17]. IQE
of 3 nm InGaN SQW as a function of current densétlculated by ABC-model for various nonra-
diative carrier life times (b). LED efficiency adunction of operation current measured in the di-
odes with different materials quality [19] (c).

Detailed understanding of recombination mechanisngsiite critical in light of continuing discussio
on the origin of high-current IQE droop that occpractically in all visible IlI-nitride LEDs at theur-
rent densities of ~0.3-30 A/Cnirrespective of particular structure design, einissvavelength, and
crystal orientation. In other words, the efficierdipop seems to be a universal phenomenon which in-
vokes a universal mechanism to be explained. Auger recombination that may be such a universal
mechanism capable of explaining the efficiency groissuming the electrom,, and holep , concen-
trations in the LED active region to be nearly dqaaeach other and neglecting the carrier leakegma

the active layer, one can estimate IQE and resmectirrent density by using the simple so-called
ABC-model:

j=qd(An+Bn*+Cn% , IQE=Bn/(A+Bn+Cn®) , A=1/rg (1)

whereq is the electron chargeis the active region widthg is the Shockley-Read nonradiative carrier
life time, andB andC are the radiative recombination constant and Augeombination coefficients,
respectively. Fig.2b plots IQE as a function ofrent density calculated by the ABC-model for vasiou
values of zsr . The model predicts (i) considerable IQE droophim case of high-quality materials (long
7er ) caused by intensification of Auger recombinatidiinigh current densities and (i) strong shifttod
IQE maximum to lower current densities, while irasgig the carrier life time. These predictions eorr
late well with available observations (see, fotanse, Fig.2c). It is interesting that no noticeaéffi-
ciency droop may be clearly observed in the caslwi{quality LED structures (see lower curves in
Fig.2b and Fig.2c). So, the droop should be alveayssidered in context with the absolute value ef th
LED efficiency being the measure of materials dyali

Auger recombination is not, however, the only naébm controlling IQE of lll-nitride LEDs. Re-
cently, a dramatic IQE rise in the low-current dgnsange has been observed in green SQW LEDs at
temperatures as low, as 4-250 K, which could noagsociated with any simple recombination model
[20]. To explain this observation, the idea of mardocalization in InGaN QW due to its composi-
tion/thickness fluctuations can be invoked [21]isltassumed the ensemble of free and localized elec
trons/holes to have a smooth density of stategitbescby the sigmoid function

g(E) = (N, /KT) [J1+ exp(E - E,/U)] ™ (2)
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whereN,p= (mkT/zh?) is the 2D effective carrier density of statess the electron/hole effective mass,
7 is the Plank constark, is the carrier energ¥y is the energy of the ground electron or hole statel

U is the specific energy corresponding to the extensf density of states tails in the bandgap. The
states withE < Eq are considered as localized ones, while those BvithE, are delocalized, belonging
to either conduction or valence band.lAt- 0, g(E) becomes a conventional step-like function typical
for 2D density of states.

Since localized carriers cannot move laterallghi@ QW, they do not participate in nonradiative re-
combination at TDs. This can be accounted for i tABC-model by using the constant
A=fnfo/(fazp+fern) in Egs.(1) [21], wheré, andf, are the fractions of delocalized electrons aneéol
dependent on the quasi-Fermi level position redator the energy levet, and the strength of fluctua-
tions accounted for by the parametergFig.3a). Since the fractiorfg andf, can be much less than
unity atU > kT, the fluctuations are capable of considerable g3ing the dislocation-mediated non-
radiative recombination in InGaN with regard to ematls having no such fluctuations, like GaN (see
Fig.3b). Just the availability of fluctuations hdstermined the advantage of using InGaN as the basi
materials for active regions of IlI-nitride LEDs.
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Fig.3 Fraction of delocalized states in a QW as a functibthe Fermi level position (a). Calcu-
lated IQE of InGaN and GaN as a function of TDDa@gtting for the effect of localized states in
InGaN; here the equal electron and hole conceatratf 137 cmi® is assumed (b). IQE of a green
SQW LED in a wide range of current density and terafure variation: comparison of experi-
mental data [20] (symbols) and theoretical prediti[21] (lines) (c).

Accounting for the localized states effect on thte of nonradiative carrier recombination at TBs i
combination with the IQE droop caused by Auger mgigsimation enabled a clear interpretation of the
data reported in Ref. [20] (see Fig.3c). At lowrent densities, IQE is largely affected by fillitige
localized states, which strongly depends on tentpezaln particular, almost total carrier localipat at
a low, less than 200 K, temperature results in rkaide improvement of the low-current LED effi-
ciency. In contrast, high-current IQE is rather tcolted by Auger recombination weakly affected by
temperature, producing a nearly universal IQE driaapis current density range.

The above approach provides a more or less coatpiecombination model for the active regions of
[lI-nitride LEDs capable of describing rather coeplQE behaviour observed in experiments, including
the high-current efficiency droop. An alternativédely discussed explanation for the droop considers
electron leakage in theregion of LEDs. This model is discussed in detaRef. [17].

2.2 Polarity effects and polarization doping Polarization charges induced at the interfacedl-wiitride
device heterostructures affect dramatically theieration. In particular, separation of electron aote
wave functions in LED QW active regions producedttuy charges is commonly considered as a nega-
tive effect, resulting in a lower light emissioropability. On the other hand, polarization charges

vide remarkable impurity-less doping in heterojimefield-effect transistors (FETS). The latter pios
effect is undervalued by LED developers and, heitge@otential is not yet utilized in full measure.

It has been recognized already in earlier stuttias N-polar LED structure provides a strong ndtura
carrier confinement in the active region, includB@W, suppressing any electron and hole leakade [22
This fact can be clearly illustrated by Fig.4 comipg the electron and hole current densities in 406
laser diode structures on Ga-polar and N-polartsaties. The Ga-polar structure exhibits strongtedec
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leakage (Fig.4a), which is completely suppressethénN-polar structure (Fig.4b). As a result, the N
polar structure shows exceptionally high injectédficiency (IE) not degrading even at the currean-d
sities as high, as ~10-20 kA/érfFig.4c). A similar but slightly weaker effectadso predicted for non-
polar [22] and semipolar structures. The reasorstmh a drastic difference between the Ga-polar and
N-polar structures is the polarization charge irtliat the spacer/electron blocking layer (EBL)rinte
face. Being positive in the case of Ga-polaritg folarization charge moves down the potentialiéarr
formed in the EBL. In contrast, the negative cheayened in the case of N-polarity provides the tearr
moving up. As a result, EBL works much better ia Npolar laser diode structure compared to the Ga-
polar one.

An interesting and important opportunity for desigy LED structures can be opened by distributed
polarization doping (DPD) in graded-compositiorrlitride alloys. Experimentally, DPD has been used
for the first time to form high electron concenimatin bulk-AlIGaN/GaN FETs with graded-composition
AlGaN cap layer [23]. For LEDs, much more temptiaghowever, utilizing DPD to form in the struc-
ture regions with g-type conductivity. In particular, it has been shotheoretical that a graded-
composition EBL withp-type DPD is capable of considerable suppressiagtbctron leakage in a UV
laser diode [24].
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Fig.4 Room-temperature band diagrams and partial eleendnhole current densities in 405 nm
laser diode structures on a Ga-polar (a) and NrgblaGaN substrates, simulated for the current
density of 14 kA/crh Injection efficiency (the fraction of current mrobined in the active re-
gions) of the structures as a function of curretgity (c).
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Fig.5 Room-temperature band diagrams and distributiorsanfer concentrations in a deep-UV
LEDs with graded- (a) and constant-compositiond®&3igns computed for the current density of
85 Alcnt. Predicted IQBversus current density of the graded-composition LED esponding to
TDD of 5x10 cm? (c).

The feasibility ofp-type DPD has been recently demonstrated experaitgrty growing N-polar
graded-compositiop-Al,Ga, 4N with x linearly increasing from zero to 0.16 or 0.3Gha top of the
alloy [25]. A temperature-independent hole conaatitin of ~0.7-1.5x1¥ cm® and a room-temperature
Hall mobility of ~5-15 cri/VV-s were obtained in these graded-composition layiérs.absence of tem-
perature dependence of the hole concentrationdgalthe fact that DPD does not involve any acaepto
impurities having a certain activation energy. Hfiere, holes cannot be frozen in the DPD compounds
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at low temperatures, in contrast to materials dopittd impurities. These and other advantages-type
DPD are still waiting for their wide utilization ibED and laser diode heterostructures.

2.3 Current crowding in LED dice and its effect on LED performance Current crowding in LED dice,
i.e. current localization near the edges of metalectrodes, is the phenomenon historically ostgd
from utilization of insulating sapphire substrafes growth of LED structures. This required usitng t
planar chip designs with on-one-sigeandn-electrode configurations. The current crowdingegligi-

ble in vertical LED dice fabricated on thick contlue SiC substrates. However, recent trends in the
LED design based on a substrate separation aftevirgy heterostructure, using solid highly refleetiv
p-electrode, and deposition of a small-aneglectrode on the back side of the LED structuteacaew
interest to analysis of the current crowding intsdize.

Earlier simulations have shown the current crogdinbe of essentially 3D character [13] and to de-
pend on temperature via thermal activation of dereord acceptors in the contact layers [26,27]. More
recent studies have found that analysis of theeatirspreading in LED dice should be coupled with
simulations of light extraction in order to undersd better particular mechanisms of the currentdro
ing impact on the LED performance [28]. These maidms are considered below in more detail.

Because of current crowding, the LED series rasts#R; is quite sensitive to electrode geometry and
properties of a thicln-contact layer normally used in almost all Ill-ide LEDs. Results of full 3D
modeling are found to agree well with a simplersate for the series resistan&g=p,L,/(Pd,) where
pn andd, are the specific resistance and thickness oftbentact layerP is the total perimeter of the
electrode neighbouring upon the active region, aggis the current spreading length that can be found
from coupled current spreading/thermal simulatiofbe latter parameter is mainly determined by
nonlinear characteristics of tipen junction and, to a lesser extent, by other fa¢toduding resistances
of then- andp-contact layers. The above estimate leads to arziamaonclusion: the stronger the cur-
rent crowding the smaller s, and, hence, the lower is the LED series resistaBoge the crowding
cannot be considered as a negative factor in tefrtiee LED series resistance.
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Fig.6 Advanced vertical (a) and planar (b) LED dice vatiparated substrates and current density
distributions in the active regions of the dice pated with SimuLED package [29] (c,d), corre-
sponding to the mean current density of 96 AlcBomparison of LEE from the vertical, im-
proved vertical, and planar dice (e). DecreaseEit lwith current in the case of vertical dice is
caused by current localization under and near tloglp reflective metallia1-electrodes [28].
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On the other hand, high current density produgedusrent crowding results in a lower IQE in the
regions of current localization because of enhaagger recombination (see Sec.2.1), which negativel
affects the LED performance. Additionally, in somertical LED dice with separated substrates and
n-electrodes deposited on the back side of thetsii¢Fig.6a) the current tends to localize undher t
electrodes and, especially, undepad (Fig.6¢). Since the reflectivity of the metaklectrodes may be
insufficiently high, such a current localizatiorsudts in the losses of the emitted light via itsomplete
reflection from the metal. The effect becomes estevnger with the LED operation current, making the
LEE from the dice to depend on the current (Fig.8&}ually, this is one more mechanism contributing
to the overall droop of the LED efficiency origirdtfrom the current crowding [28]. This effect da:
suppressed by inserting a thin insulating film unithe n-pad and using narrower strip electrodes with
reduced spacing (improved die design suggestedein[B8]). Complete removal of the-electrodes
from the back surface of LED structure, as it wasdey for example, in the planar (with on-one-side
electrode geometry) LED die shown in Fig.6b, enalaleoiding the LEE dependence on the operation
current (Fig.6e). In the latter case, however cimgent crowding is more pronounced because ofallsm
n-electrode perimeter (Fig.6d), which may give tis¢he long-term device degradation.

(b)

Fig.7 Current density distributions in the active regiofig square-shape LED dice with different
thicknesses of ITO spreading layer deposited ondpefp-GaN contact layer: (a) 20 nm, (b) 50
nm, and (c) 100 nm [30]. The LED operating curisr20 mA. Markers at isolines correspond to
the current density measured in Afcm

One of the approaches to reduce current crowdimgiés deposition of a current spreading layer
made, for example, of transparent conductive indiumoxide (ITO) on the top of thp-GaN contact
layer. The spreading layer forms also a tunneltjancat thep-GaN/ITO interface, which can be used
instead of the conventional metalfiecontact formed to the LED structure. It is comnyoinélieved that
such a spreading layer is capable of making moi®mm current density distribution in the LED die.
Our simulations have, however, revealed quite oppésndency [30]. In the case of the ITO film with
low lateral conductivity (Fig.7a), the current igdlized next to thp-electrode edge. Increasing conduc-
tivity (Fig.7b) leads to switching of the localizat area towards the-electrode edge rather than to ho-
mogenization of the current density distributioheTswitching is found to depend on the LED opegatin
current, indicating the nonlinear character of¢berent crowding. Further increase in the latecaduc-
tivity of the ITO film results in ever stronger cant localization at tha-electrode accompanied by low-
ering of the LED series resistance.

At the moment, the problem of current crowdinqnig yet satisfactory solved and the ways for the
crowding reduction are still under investigatiomding such ways is just the task for researchensgu
LED simulations.

2.4 Light conversion in LED lamps Light conversion in white LED lamps is a comparabbyel issue
for modeling. The final goals are here: (i) estimatof the LED efficacy and colour quality in ther{
field radiation zone in terms of chromatic coordéw correlated colour temperature (CCT), and ¢olou
rendering index (CRI) and (ii) optimization of thenversion medium position inside the lamp, itspeha
and phosphor properties to provide uniformity ofiteHight characteristics. An important intermediat
step is modeling of light scattering, absorptiamj asemission by the phosphor particles dissentnate
the conversion medium [31]. Conventional approachrtalyze the interaction of light emitted by LED
with the phosphor particles is based on the Mi®theapable of predicting the impact of anisotropic
light scattering by the particles on the white tigharacteristics in the far-field zone [32]. Thexnhstep
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to be made in future is accounting for dispersibthe phosphor particle sizes, as the dispersioitrob
may become an effective way for optimization ohtigonversion [33].

Up to recently, simulations of light conversionliBB lamps were primarily focused on their optical
design, including remote [34,35] and multiple [3d,Zonversion media, omni-directional reflectors
[37], and high-reflectivity cups with controlledr§ace roughness [38]. Investigations into the iefice
of thermal and electrical conditions of LED opewation the white light characteristics has beertesiar
just recently [39,40].

A common problem of the light conversion modeliaghe lack of experimental data on such impor-
tant properties of phosphors, as the internal qumargfficiency and its dependence on temperature, ab
sorption coefficient of the phosphor material atsdspectral dispersion, and temperature dependsgfnce
the phosphor excitation and emission spectra. Bsamme the problem, researchers frequently use spe-
cial experimental procedures enabling indirect aotion of the lacking information [31,41]. For this
simulations of the corresponding experimental setpd modeling of the LED lamp operation should
be coupled with each other.

3 Unsolved problemsand future developments

3.1 Overestimated operation voltage and search for extra conductivity channels Practically all the
engineering approaches used for modeling llI-nitrlidEDs are based on a drift-diffusion model of car-
rier transport in heterostructures. This model d@asntrinsic drawback: it predicts remarkably oatire
mated operation voltage of LEDs with a large numifedeep InGaN QWSs. The reason for that can be
understood from Fig.8a where the band diagramatqd for an MQW LED structure emitting light at
515 nm. Because of large band offsets at the Q&/fates, every well is surrounded by potentialibarr
ers where the electron/hole concentration becomiesreely small, ~18%10° cmi® and lower, next to the
barrier/QW interfaces. A low electrical conductyvitf these regions results in a ladder-like conidact
and valence band alignment shown in Fig.3a andhtaa#ly, in unrealistically high operation voltage,
greater than 5 V at 30 mA (Fig.3c). Besides, thedbalignment like that shown in Fig.8a implies a
strong ballistic electron leakage to occur in sactructure [42].
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Fig.8 Room temperature band diagrams of an MQW LED airecémitting light at 515 nm com-
puted for the current density of 35 A/tmmominal structure (a) and the structure with ¢aerier
mobilities artificially increased by five orders magnitude near the tops of barriers surrounding
QWs (b);F, andF, are the electron and hole quasi-Fermi levels. &tvoltage characteristics of
the nominal structure and that with increased nitidsl (c) calculated for the active region area
A= 10% cnf and LED series resistanBg= 3Q.

On the other hand, the operation voltage of lbas 3 V experimentally observed in some green
LEDs points out the existence of additional tramspgechanisms, apart from those included in thi-dri
diffusion model, that would provide a higher elaxl conductivity in the barriers adjacent to th&/Q
Possible candidates for such mechanisms are dirégtpurity/defect-assisted carrier tunnelling tigo
the barriers, TD-mediated conductivity, incompleggture of non-equilibrium carriers in the QWs, and
local reduction of the potential barrier heighte da fluctuations of InGaN composition in the QWSss
not clear at the moment what particular mechaniamtze responsible for the enhanced LED structure
conductivity. However, if the mobilities of electr® and holes in the barriers are artificially irased to
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imitate the still unknown conductivity mechanisndditted to get a reasonable operation voltage (see
Fig.3c), this produces the band alignment in th® ldructure (Fig.8b) quite different from that show
in Fig.8a. In particular, the EBL is capable harestippress completely the electron leakage in &@ L
p-region.

Identification of the basic mechanisms that wauidvide a sufficiently high electrical conductivity
the MQW barriers, development of the respectivesptay models for them, and incorporation of the
model to the drift-diffusion approach seems to lohallenging task for the nearest future.

3.2 Emission spectra shape, broadening, and blue shift Another problem is related to calculations of
the emission spectra from lll-nitride LEDs with a8 QW active regions. Since an ideal QW composi-
tion profile and a lorentzian broadening are comimassumed for the spectrum calculation, the shape
of the predicted emission line becomes normallyfiam that observed experimentally. The predictabil
ity can be improved by accounting for the ensendlbllecalized and delocalized carriers both parttip
ing in the light emission [43]. Figure 9a,b plot temission spectra calculated with the same nafdel
localized electrons and holes, as was used forysigabf IQE in IlI-nitride QWs (see Sec.2.1). The
model predicts the shapes of the emission speatlatleir variation with temperature to be in good
agreement with observations. However, it also pisdi rather complex behaviour of the spectrum blue
shift with the non-equilibrium carrier concentration the well, depending on the ratio of localipati
energyU,+U, to KT (Fig.9c). So, detailed validation of the model laggbility to the spectra calcula-
tions is an important issue for future developments
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Fig.9 Emission spectra of an InGaN/GaN QW with composifiactuations atJ, = 35 meV, and

U, = 15 meV: (a) at various sheet concentrationdexftens/holes and room temperature and (b)
at different temperatures and sheet carrier coraon of 5x1¢? cm? (photon energy is counted
from the transition energy in the QW without compiosal fluctuations). Blue shift of the peak
photon energy as a function of carrier concentnati@).

The extension of the localized states model taliptig the optical characteristics of InGaN QWs is
expected to have some other consequences. Festathier recombination rate may now depend on the
electron and hole concentrations and temperatuaenianner different from the conventional one due t
modified carrier density of states in the QW. Sel;additional spectrum broadening related to the ca
rier localization should affect the optical gainlaser diode heterostructures. All these aspeqisine a
careful examination by comparison with availablsetations.

3.3 Cavity effects  Strong modulation of LED external quantum efficigmupon increasing thickness of
the p-GaN contact layer separating the active regiontagtly reflective metalliqp-electrode has been
demonstrated experimentally [44]. The effect org@s from self-interference of the emitted photon
caused by its reflection from the electrode and &akial manifestation. First, the probability afhi
emission goes up due to increasing magnitude oplisdon electromagnetic field in the LED active re-
gion. Second, the interference results in an angutzdulation of the emission pattern from the activ
region, affecting overall LEE [44]. Consistent mbdgthis cavity effect is not yet developed despts
importance for correct predicting of the devicereleteristics.

3.4 General factors affecting predictability of LED simulations Except for the model improvement
required for more adequate LED simulations, theeeadher factors affecting the model predictabhility
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First of all, some important materials propertiédibnitride compounds, like conduction and valenc
band offsets, spontaneous electric polarizatiofgrdetion potentials, ionization energies of donamsl
acceptors, hole effective masses, Auger recombimaiefficients, etc., are still known with insgfént
accuracy. In addition, the necessity of using adedrphysical models requires knowing additional pa-
rameters related, for instance, to TDs or localigkttron/hole states. The properties of accompanyi
materials used for LED fabrication also need afohee/aluation. For example, the optical propertés
metals used as electrodes have a strong dispénsiba visible and UV spectral ranges, which shdéd
accurately considered to predict properly LEE framLED die. Another example is ITO having interre-
lated electrical and optical properties. Making @imtions, one should specify the electrical coniditgt
of the ITO film, as well as the electron mobility, order to estimate the materials optical charattes
depending on both parameters [30].

Not only the reliable materials properties bubaleme additional information on the LED structigre
frequently needed for accurate simulations. Firg,LED band structure is quite sensitive to disttion
of polarization charges depending on particular mposition profile and strain. Because of indium sur-
face segregation, the InGaN QW profile may by mdifferent from the nominal one, providing consid-
erable broadening and smoothing of the QW intedfeared penetration of indium in the QW barriers
[45,46]. Second, the strain in the well may dependoth the composition profile and stress relaxati
occurring in the layers preceding the QW. And, aerable Mg redistribution next to the active ragio
during growth of various LED structures has begored, eventually affecting the emission efficignc
[47,48]. All the above effects are crucial for LEPeration and can be allowed for in simulation loa t
basis of additional experimental information or adeed theoretical studies.

4 Conclusion As discussed above, there is still a big room fgpriovement of the existing physical
models and building up new models accounting facH properties of IlI-nitride materials and de-
vices. In addition, much effort should be made ndarstand better effects of Ill-nitride compound mi
crostructure on the carrier transport and recontimingorocesses. Such developments are expected to
form the main stream in the future research. Howeteés will not provide any guideline for undensta

ing the impact of technological factors and, fasall, of heterostructure growth conditions on tpera-
tion and characteristics of IlI-nitride LEDs, despits evident importance. On the other hand, itasd

to expect a rapid progress in experimental studiesich issues, as strain relaxation and impuetjs-
tribution in LED structures during growth, modiftean of the QW composition profile and instabilay

the QW thickness caused by indium surface segmygatis well as other technological factors. In this
respect, coupled modeling of heterostructure groavtti device operation would be a solution to this
problem. The analysis of indium incorporation dgrapitaxial growth and optical transitions in sted
InGaN/GaN materials and QWs [49] provides an exangbla small first step forward in this direction.
Alternatively, detailed experimental informationsh@ be invoked to highlight the contribution oftie
nological factors to formation of the compositiaipping, and defect density profiles in LED het-
erostructures.

Acknowledgment: | am grateful to my colleagues, I. Yu. Evstratéd,,A. Bulashevich, V. F. Mymrin, M. S.
Ramm, M. V. Bogdanov, and A.l. Zhmakin, contributedch to development, numerical implementation, and
validation of models for Ill-nitride LED simulation

References

[1] Nakamura, S., Mukai, T. and Senoh, M., "Caadgbss high-brightness InGaN/AlGaN double-hetevostre
blue-light-emitting diodes", Appl. Phys. Lett. 63)11687-1689 (1994).

[2] Nakamura, S., Senoh, M., lwasa, N. and Nageha.-1., "High-power InGaN single-quantum-wehusture
blue and violet light-emitting diodes", Appl. Phy®tt. 67(13), 1868-1871 (1995).

[3] Krames, M. R., Shchekin, O. B., Mueler-Mach, Ryeler, G. O., Zhou, L., Harbers, G. and Craford,®/,
"Status and Future of High-Power Light-Emitting Bés for Solid-State Lighting”, J. Display Techn@&i(2),
160-175 (2007).

[4] Harle, V., Hahn, B., Kaiser, S., Weimar, Kisert, D., Bader, S., Pléssl, A. and Eberhard;lkght extraction
technologies for high-efficiency GalnN-LED deviceBtoc. SPIE 4996, 133-137 (2003).

[5] Shchekin, O. B., Epler, J. E., Trottier, T., Margalith, T., Steigerwald, D. A., Holcomb, M. ,QJartin, P. S.
and Krames, M. R., "High performance thin-film fighip InGaN-GaN light-emitting diodes", Appl. Phys.
Lett. 89(7), 071109 (2006).

10



=

Published in: “Gallium Nitride Materials and Devices VI”, Ed$.-l. Chyi, Y. Nanishi, H. Morkoc,
J. Piprek, and E. Yoon, Proc. of SPIE, V839 (2011) 79391CDOI 10.1117/12.872842

[6] Chichibu, S. F., Marchand, H., Minsky, M. &gller, S., Fini, P. T., Ibbetson, J. P., Fleiscl&rB., Speck, J.
S. J.,, Bowers, E., Hu, E., Mishra, U. K., DenBa&sP., Deguchi, T., Sota, T. and Nakamura, S., SBimin
mechanisms of bulk GaN and InGaN quantum wells gnexp by lateral epitaxial overgrowth”, Appl. Phys.
Lett. 74(10), 1460-1462 (1999).

[7] Bernardini, F., Fiorentini, V. and Vanderbil,, "Spontaneous polarization and piezoelectritstants of IlI-V
nitrides”, Phys. Rev. B 56(16), R10024-R10027 (1997).

[8] Bernardini, F., Fiorentini, V. and VanderbiD., "Accurate calculation of polarization-relatgdantities in
semiconductors”, Phys. Rev. B 63(19), 193201 (2001).

[9] Bernardini, F. and Fiorentini, V., "Nonlinearacroscopic polarization in IlI-V nitride alloysPhys. Rev. B
64(8), 085207 (2001).

[10] Davydov, V. Yu., Klochikhin, A. A., Emtsev, .W., Kurdyukov, D. A., Ivanov, S. V., Vekshin,V..A
Bechstedt, F., Furthmuller, J., Aderhold, J., GrdylMudryi, A. V., Harima, H., Hashomoto, A., Yameato,
A. and Haller, E. E., "Band Gap of Hexagonal InN &m@aN Alloys", Phys. Stat. Solidi (b), 234(3), 7895
(2002).

[11] Bulashevich, K. A. and Karpov, S. Yu., "Is Aergrecombination responsible for the efficiencyawér in IlI-
nitride light-emitting diodes?", Phys. Stat. Solid), 5(6), 2066-2069 (2008).

[12] Shen, Y. C., Mueler, G. O., Watanabe, S., GardN. F., Munkholm, A. and Krames, M. R., "Augecombi-
nation in InGaN measured by photoluminescence" | Apipys. Lett. 91(14), 141101 (2007).

[13] Piprek, J., Katona, T., DenBaars, S. P. andS.j "3D Simulation and Analysis of AIGaN/GaN @kiolet
Light Emitting Diodes", Proc. SPIE 5366, 127-136(2).

[14] Karpov, S. Yu., Bulashevich, K. A., Zhmakin,A., Nestoklon, M. O., Mymrin, V. F. and MakaroYu. N.,
"Carrier injection and light emission in visible atl}/ nitride LEDs by modeling”, Phys. Stat. Solidi),(
241(12), 2668-2671 (2004).

[15] Piprek, J. and Nakamura, S., "Physics of Higlwer InGaN/GaN Lasers", IEE Proc. Optoelectrodi¢s(4),
145-151 (2002).

[16] Karpov, S. Yu. and Makarov, Yu. N., "Dislomat Effect on Light Emission Efficiency in Galliuiitride",
Appl. Phys. Lett. 81(23), 4721-4723 (2002).

[17] Piprek, J., "Efficiency droop in nitride-bakéght-emitting diodes", Phys. Stat. Solidi (ap7210), 2217-2225
(2010).

[18] Delaney, K. T., Rinke, P., and Van de Walle,GC, "Auger recombination rates in nitrides fromsffiprinci-
ples", Appl. Phys. Lett. 94, 191109 (2009).

[19] Chernyakov, A. E., Sobolev, M. M., Ratnikov, V., Shmidt, N. M. and Yakimov, E. B., "Nonradiative-
combination dynamics in InGaN/GaN LED defect systeBuperlattices and Microstructures, 45(4/5), 301-
307 (2009).

[20] Laubsch, A., Sabathil, M., Bergbauer, W., Sstaurg, M., Lugauer, H., Peter, M., Lutgen, S.,dein N.,
Streubel, K., Hader, J., Moloney, J. V., Pasenowari8l Koch, S. W., "On the origin of IQE ‘droop’ inGaN
LEDs", Phys. Stat. Solidi (c), 6(S2), S913-S918&0

[21] Karpov, S. Yu., "Effect of localized statea mternal quantum efficiency of IlI-nitride LEDsRhys. Stat.
Solidi RRL, 4(11), 320-322 (2010.

[22] Karpov, S. Yu., Bulashevich, K. A., Zhmakin,A., Nestoklon, M. O., Mymrin, V. F. and MakaroYu. N.,
"Carrier injection and light emission in visible attV/ nitride LEDs by modeling”, Phys. Stat. Solidi)(
241(12), 2668-2671 (2004).

[23] Jena, D., Heikman, S., Green, D., Buttari, Coffie, R., Xing, H., Keller, S., DenBaars, S., Spet S. and
Mishra, U. K., "Realization of wide electron slabg folarization bulk doping in graded 1lI-V nitrideemi-
conductor alloys”, Appl. Phys. Lett. 81(23), 43987 (2002).

[24] Bulashevich, K. A., Mymrin, V. F. and Karpa8, Yu., "Control of electron leakage in llI-nitridieser diodes
by blocking layer design, using distributed polaftian doping", Proc. 3rd Asia-Pacific Workshop ofidégap
Semiconductors, 192-1944 (2007).

[25] Simon, J., Protasenko, V., Lian, C., Xing,dtd Jena, D., "Polarization-Induced Hole Doping\iide-Band-
Gap Uniaxial Semiconductor Heterostructures", See327(5961), 60-64 (2010).

[26] Bulashevich, K. A., Evstratov, I. Yu., Mymri¥, F. and Karpov, S. Yu., "Current spreading aretrial ef-
fects in blue LED dice", Phys. Stat. Solidi (c) %(45-48 (2007).

[27] Lopez, T. and Margalith, T., "Electro-ThernMbdelling of High Power Light Emitting Diodes Based Ex-
perimental Device Characterisation”, Proc. Comsol &mmfce 2008, Boston MA, October 9-11 (2008).

[28] Bogdanov, M. V., Bulashevich, K. A., Khokhle®, V., Evstratov, I. Yu., Ramm, M. S. and Karpov,Y$.,
"Current crowding effect on light extraction effinigy of thin-film LEDs", Phys. Stat. Solidi (c), 78, 2124-
2126 (2010).

[29] http://www.str-soft.com/products/SimuLED/

11



=

Published in: “Gallium Nitride Materials and Devices VI”, Ed$.-l. Chyi, Y. Nanishi, H. Morkoc,
J. Piprek, and E. Yoon, Proc. of SPIE, V839 (2011) 79391CDOI 10.1117/12.872842

[30] Bogdanov, M. V., Bulashevich, K. A., Khokhle®, V., Evstratov, I. Yu., Ramm, M. S. and Karpov,Y$.,
"Effect of ITO spreading layer on performance afielight-emitting diodes", Phys. Stat. Solidi (2)7/8),
2127-2129 (2010).

[31] Linder, N., Eisert, D., Jermann, F. and Berhen "Simulation of LEDs with Phosphorescent Meftia the
Generation of White Light", in: Ed. Piprek, J., fide Semiconductor Device: Principles and Simolai
WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim, 327-3%2007).

[32] Sommer, C., Wenzl, F.-P., Hartmann, P., PacRle Schweighart, M., Tasch, S. and Leising,"Gajloring of
the Color Conversion Elements in Phosphor-Converigti-Rower LEDs by Optical Simulations", IEEE Pho-
ton. Technol. Lett., 20(9), 739-741 (2008).

[33] Sommer, C., Krenn, J. R., Hartmann, P., PacRlerSchweighart, M., Tasch, S. and Wenzl, F*Fhe Effect
of the Phosphor Particle Sizes on the Angular Hamegy of Phosphor-Converted High-Power White LED
Light Sources", IEEE J. Selected Topics in Quanlettronics, 15(4), 1181-1188 (2009).

[34] Zhu, Y. and Narendran, N., "Optimizing therfdemance of Remote Phosphor LEDs", J. Light & \Eswv.
32(2), 115-119 (2008).

[35] Zhu, Y. and Narendran, N., "Investigation Rémote-Phosphor White Light-Emitting Diodes with HKitul
Phosphor Layers", Jpn. J. Appl. Phys. 49(10), 16Qq2010).

[36] Won, Y.-H., Jang, H. S., Cho, K. W., Song,S(, Jeon, D. Y. and Kwon, H. K., "Effect of phosplgeometry
on the luminous efficiency of high-power white liggmitting diodes with excellent color renderingperty”,
Optics Lett. 34(1), 1-3 (2009).

[37] Chen S.-W., Su J.-C., Lu C.-L., Song S.-F. an@rChl.-H., "Phosphors-conversion white light LEDthwi
omni-directional reflector”, Proc. SPIE 7138, 71B82008).

[38] Xi, Y. Li, X., Kim, J. K., Mont, F., GessmaniTh., Luo, H. and Schubert, E. F., "Quantitatigsessment of
diffusivity and specularity of surface-texturedleetors for light extraction in light-emitting died", J. Vac.
Sci. Technol. A 24(4), 1627-1630 (2006).

[39] Fan, B., Wu, H., Zhao, Y., Xian, Y. and Wafi, "Study of Phosphor Thermal-Isolated Packagiaghfolo-
gies for High-Power White Light-Emitting DiodesEEE Photon. Technol. Lett. 19(15), 1121-1123 (2007)

[40] Khokhlev, O. V., Bord, O. V., Bogdanov, M. \Bulashevich, K. A, Ramm, M. S., Evstratov |. Yuddfar-
pov, S. Yu., "Effect of Temperature and Currentigtéon on the Color Quality of White Light-EmittinDi-
odes", Proc. 12Int. Symp. On the Science and Technology of Lightrces & %' Int. Conf. on White LEDs
and Solid State Lighting, FAST-LS Ltd., SheffieR8-30 (2010).

[41] Sun, C.-C., Chen, C.-Y, He, H.-Y, Chen, C.-C., Ghi/.-T., Lee, T.-X. and Yang, T.-H., "Precise opti
modeling for silicate-based white LEDs", Optics Eegs 16(24), 20060-20066 (2008).

[42] Kisin, M. V. and EI-Ghoroury, H. S., "Inject characteristics of polar and nonpolar multipMt®tructures
and active region ballistic overshoot", accepteBhiys. Stat. Solidi (c)

[43] Jacobson, M. A., Nelson, D. K., Konstantin@, V. and Matveentsev, A. V., "The tail of loca&li states in
the band gap of the quantum well in thg & N/GaN system and its effect on the laser-excitestgdbmi-
nescence spectrum”, Semiconductors, 39(12), 1410-12D05).

[44] Shen, Y. C., Wierer, J. J., Krames, M. R., Lwd®, M. J., Misra, M. S., Ahmed, F., Kim, A. Y.,udller, G.
O., Bhat, J. C., Stockman, S. A. and P. S. Martinptigal cavity effects in InGaN/GaN quantum-well-
heterostructure flip-chip light-emitting diodes"p@l. Phys. Lett. 82(14), 2221-2223 (2003).

[45] Kisielowski, C., Liliental-Weber, Z. and Nakama, S., "Atomic Scale Indium Distribution in a
GaN/Iny 4Ga sAN/Al g 1Gay N Quantum Well Structure”, Jpn. J. Appl. Phys. P3f(11), 6932-6936 (1997).

[46] Talalaev, R. A., (a), Karpov, S. Yu., Evstratd. Yu. and Makarov, Yu. N., "Indium SegregationMOVPE
Grown InGaN-Based Heterostructures”, Phys. StatdiSa) 0(1), 311-314 (2002).

[47] Kbhler, K., Stephan, T., Perona, A., Wiegdrt, Maier, M., Kunzer, M. and Wagner, J., "Conwbithe Mg
doping profile in 1lI-N light-emitting diodes andsi effect on the electroluminescence efficiency"Agpl.
Phys. 97(10), 104914 (2005).

[48] Kbhler, K., Perona, A., Maier, M., Wiegert, Kunzer, M. and Wagner, J., "Mg doping profilelilr-N light
emitting diodes in close proximity to the activgion", Phys. Stat. Solidi (a) 203(7),1802-1805 @00

[49] Durnev, M. V., Omelchenko, A. V., Yakovlev, E., Evstratov, |. Yu. and Karpov, S. Yu., "Indiuntorpora-
tion and optical transitions in InGaN bulk matesiaind quantum wells with arbitrary polarity”, Appihys.
Lett. 97(5), 051904 (2010).

12



