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The paper discusses various factors affecting natequantum efficiency (IQE) of state-of-the-ari Il
nitride light-emitting diodes (LEDs). A general dige of merit for LED heterostructures, namely toalg

ity factor, is proposed on the basis of a simpt®nebination model, which enables comparison of alver
performances of the structures either emittingtlaghdifferent wavelengths or having substantidiffer-

ent designs. The relationships between the qualiyr, maximum value of IQE, and IQE droop witle th
current density are revealed. Some ways for IQEromg@Ement and reducing its droop are considered.
Among them, the use of short-period superlattid@yl§ active regions is found to be quite promising.
The operation of such structures and their propedie examined in detail by simulations accourfting
quantum corrections to electron and hole transpibhin the quantum-potential concept.
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1 Introduction Nowadays, modeling and simulation of lll-nitride DE has become an important
stage of the device design and optimization atitgachdustrial companies and research centers .[1-5]
The simulations cover various aspects of the LEPraftion, considering electrical, optical, and tharm
phenomena in the devices with a certain degreewbling between them. The factors limiting the iinte
nal quantum efficiency and its droop with the ofieracurrent, as well as the emission wavelengih st
bility under current variations, are the major psiof interest for modeling of LED heterostructures
Suppression of current crowding, reducing the LEBes resistance, and accomplishing the higheist eff
ciency of light extraction from the LED die are hencipal goals of the chip design. Finally, aciiig
maximum efficacy at appropriate correlated colongerature and color rendering index and providing
high angular uniformity of white light produced pbhosphor conversion are the main directions for op-
timization of LED lamps. All this requires essefifianulti-scale and multi-disciplinary approaches t
modeling. In addition, non-ordinary properties bfritride semiconductors, having no analogs among
conventional IlI-V compounds, need to apply a nuntfespecific physical models in order to simulate
adequately operation of lll-nitride LEDs [6].

The progress in modeling of lll-nitride LEDs iretlast decade, problems arising from non-ordinary
properties of nitride semiconductors, and still mpgiestions have been recently overviewed in Ref.[6
In continuation of the review, this paper discuss@®sie new ideas and approaches largely suggested in
the recent year. The major focus of the paper iden@n the non-thermal efficiency droop in Ill-rilei
LEDs with current and promising ways for solving)east partly, this problem. Using a simplest ABC-
model of carrier recombination in the active regadnll-nitride LEDs, we will propose a general tige
of merit which enables comparing the LED structwesarious designs and those emitting light at dif
ferent wavelengths. Operation of the LED structuvél short-period superlattice (SPSL) active regio
that enable substantial reduction in the IQE draith current is considered by simulation. The impor
tance of quantum effects in the transport of nomiésgium electrons and holes in such heterostmastu
is also discussed in the paper.

2 Lessonsof ABC-model The simplest ABC-model is based on the followingumsptions: (i) there
is no electron and hole losses caused by the céedkage from the active region of an LED struetur
(ii) the non-equilibrium electron and hole concatitms, n and p , in the active region are nearly equal
to each other, and (iii) the recombination coeéfits A , B, andC (see explanation of their meaning
below) are weakly dependent on the carrier conagatrs. Then the current density in the structure
and its IQE# are determined by the equations:
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whereq is the electron chargé,= 1/ ,  is the Shockley-Read non-radiative carrier lifeej andB and

C are the radiative recombination and Auger recoatiin constants, respectively. The effective width
of the recombination regichis normally associated with the total width of tHetive region. This is
definitely correct for a wide active layer. In tbase of a single quantum well (SQW), is nearly equal
to the well width extended by the depths of theieawave function penetration in the layers claddi
the well. In a multi-quantum well (MQW) active regi, however, electrons or/and holes may be non-
uniformly distributed across the active regionpérticular, only one QW may provide a dominant con-
tribution to the carrier recombination in IlI-nitie LEDs [7,8]. In this case, the width corresponds just
to the effective width of the dominating well.

2.1 Interplay between various recombination chansellf the light extraction efficiency (LEE) of an
LED is estimated independently either theoreticallyon the basis of measurements, one can obtain an
experimental dependeng€j) from the measured external quantum efficiency EE@s a function of
operating current. An amazing feature of the ABCdelais that it enables estimating contribution of
every particular recombination channel in a widege of the current density variation. Indeed, & th
LED structure satisfies the basic assumptions @ ABC-model, the total current density is the suUm o
the partial current densities related to radiaffyg), nonradiative jgg) and Auger j) recombination.
The radiative-recombination current density cardivectly obtained from the experimeniglj) curve

as the produgt.q=j# , since its fraction in the total current densfty; = j.d/j IS just equal toy . By
plotting # versusj.g, one can determine the radiative current dengjtgorresponding to the maxi-
mum value of the internal efficiency, (j,=qdB/zC within the ABC-model). Then the fractions of
Shockley-Readfgr) and Auger fia) recombination currents in the total current dgnsan be found
from the equations

m+Jrad Jm+Jrad

fon = Jor/ | =0 (1=1p) , fo=julj =m0 (1-p) (2)

It is interesting that there is no need to knogs.(2) the width of the recombination regidnin order
to determine the fractions of various recombinatibannels in the total current density.
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Fig.1 Contributions of various recombination channelshte total current density obtained from
the data reported for (a) green SQW structure([9],blue LED structures with MQW (open cir-

cles) and SPSL (closed circles) active regions,[a0i super-high efficiency blue LEDs operating
in CW (circles) and pulsed (squares) modes [11].

Dealing with observable parameters only, Eqs.@) be used to estimate contributions of various
channels to the total recombination current. Figuisplays the fractions of the Shockley-Readiarad
tive, and Auger recombination currents obtainednftbe reported data [9-11] for the LED structurés o
rather low (a), intermediate (b) and super-highdiiciency (in the latter case, the compilationtioé
data for two different LED structures and chips ratiag at low and high current densities under con-
tinuous-wave (CW) and pulsed current pumping, respely, was used). Such plots are especially help-
ful for comparison of different structure desigh®r instance, Fig.1b provides the results obtaifoed
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two blue LED structures having either MQW or SPStive regions [10]. One can see from the figure
that contributions of the radiative recombinatioe eomparable with each other in both structufeel
current density is low enough. In contrast, thefedisignificantly at high current densities whekager
recombination is considerably suppressed in thecttre with the SPSL active region, as compared to
the MQW one. The mechanism responsible for sucpraggion is discussed in Sec.3 in detail. As a re-
sult, one can expect a smaller efficiency droophwitirrent in the case of the SPSL structure, wiich
actually observed [10].

2.2 Estimation of recombination constantslf one of the recombination constants is known frexa
periment or calculated theoretically, the ABC-modehbles one to find other constants from the ex-
perimental dependencgj). We will show this, assuming the recombinatiomstantB to be known,
since more or less reliable measurements or thHeaketstimates are frequently available just fds th
parameter. Manipulating with Egs.(1)-(2), one catam for the carrier life time and Auger recombina
tion constant:

12 1/2
T= rBfFA , C=B’r, fgz , Whererg = % (3)
fSR frad JB

Figure 3 shows the carrier life times and Auger recontimnaonstants calculated by Eqgs.(3) using the
data on four LED structures considered above [9-11¢. diculations accounted for the difference in the
recombination region widthsl of the structures (in particulad,= 15 nm was assumed for the structure
with the SPSL active region, slightly exceeding the total widttheir five QWSs) and variation of the
recombination constam with the emission wavelength and QW thickness related tovidapping of
the electron and hole wave functions in the wells.
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Fig.2 Carrier life times and Auger recombination constants etadafrom the data reported for
(a) green SQW structure [9f € 2.5 nm,B = 1.4x10™ cnt/s), (b) blue LED structures with
MQW (open circlesd = 3 nm,B = 2.0x10" cni¥/s) and SPSL (closed circles;= 15 nm,B =
2.6x10™ cni/s) active regions [10], and super-high efficiency blDk operating in CW (cir-
cles) and pulsed (squares) modes [H1F 8 nm,B = 2.6x10" cni/s).

One can see in Fig.3 a wide ranges of the currersitgemhere the carrier life times and Auger coef-
ficients are nearly constant, as it is assumed in the ABBeinBeyond this range, both recombination
coefficients vary with the current density, and the ABGdel becomes no longer applicable to analysis
of the LED structures. Indeed, the elongation of thetmleand hole life times at low current densities
can be explained by the impact of carrier localization duedium composition fluctuations on the rate
of non-radiative recombination at threading dislocations [tRontrast, decrease of the Auger recom-
bination constant at low current densities cannot be attributeshytgohysical reason, so it is rather
caused by violation of the internal relationships betweenttbagths of various recombination channels
that are inherent in the ABC-model. At high current densitiesh recombination constanBand C
start to depend on the carrier concentration [13] and,ehencthe current density but there are no evi-
dent physical reasons for the carrier life time variation wiftrent.

The range of the ABC-model applicability seen in evdoy pf Fig.3, where the recombination con-
stants do not vary remarkably with current, correspamel$ to the practically important range of the
current density variation. This enables comparison of #heeg of recombination constants for different
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LED structures. For instance, the carrier life times andeAuwpnstants of blue LED structures with
SPSL and MQW active layers are nearly the same debpiteetry different widths of the recombination
regions. Moreover, the values of the carrier life timas Auger constants correlate well with the results
of differential life time analysis [13,14] reported for thED structures emitting light in the spectral
range of 415-470 nm. Comparison of the blue and gs&estures (see Fig.3b and Fig.3a, respectively)
demonstrates about three times shorter life time in the @gerwhich may be attributed to degradation
of the materials quality with indium content in the InGaN QWste, that there is no remarkable differ-
ence between the Auger recombination constants of tieeaid green structures. In the case of super-
high efficient blue LEDs (Fig.3c) the calculated carrieg liimes is nearly four times longer than in the
cases of conventional MQW or SPSL structures, which nlighexplained by a better materials quality.
However, the calculated Auger recombination constant i8 tifhes lower than in other cases consid-
ered. The latter result looks somewhat strange, so moegierpe of ABC-model application to analysis
of the recombination constants is required for understgmafi the latter result.

2.3 Quality factor as a figure of merit for LED hetostructures One more important feature of the
ABC-model is the universal analytical dependence of tkdipted IQE on the radiative current density
jrad .

- Q (4)
T Q4 Gl 1) + (il 1) ™

where Q is the so called quality factor, the dimensionlpssameter which is generally defined as
Q=j ./ (iAisp)"? - This parameter is independent of the currensitierand equal td(</C)** within

the ABC-model. The quality facto® increases with the rate of radiative recombimatand decreases
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Fig.3 IQE (top) and quality factor (bottom) as a functafrcurrent density obtained from the data re-
ported for (a) green SQW structure [9], (b) blueDL&ructures with MQW and SPSL active regions
[10], and super-high efficiency blue LEDs operatingCW (circles) and pulsed (squares) modes [11].
Lines in top plots show the theoretical curves w@aled by Eq.(4) with the constant values of thality

factor indicated in bottom plots by dash-dot lines)
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with those of Auger and Shockley-Read recombinationaddition, Eq. (4) shows that not only the
maximum IQEn,=Q/(Q+2) , but also the whole IQE dependence onjthé ., ratio is entirely de-
termined by the value of the quality factor. Theref this parameter may be considered as a figure o
merit for LED structures of various designs or/anditting light in different spectral ranges.

Top plots in Fig.3 demonstrate that the analytdgbendence (4) reproduces quite well the experi-
mental IQE variation with the current density in Etructures of various designs. Both maximum effi-
ciency and its droop with current are found to elate with the particular value of the quality farct
indicated in every plot. This factor varies fron7®.(low-efficiency green LED structure) to 18 (supe
high efficiency blue LED structure), speculating thverall performance of every structure design and
materials quality.

Let us come back to the ABC-model applicability émalysis of experimental IQE dependence on the
current density or current. The bottom plots in.Fidisplay the quality factors of the above mergibn
LED structuresversus current density calculated from the fractions lué total recombination current
displayed in Fig.1. An evident criterion for applixlity of the ABC-model is independence of the lgqua
ity factor of current. One can see that such a&oh is well satisfied by most of the structureghie
practically interesting range of the current dgnsiriation (~5-100 A/cR). The deviation of experi-
mental points to higher values of tQefactor observed in Fig.2a,b at low current deasittan be attrib-
uted to longer carrier life times due to indium gasition fluctuations in InGaN QWs [12]. An oppa@sit
deviation of the quality factor from the constaatue seen in Fig.2c at low current densities caiveot
explained at the moment. However, one should keemind that the experimental points plotted in
Fig.2c compile the data from different LED chipsadamaybe, different heterostructures) operating un
der either CW or pulsed injection pumping. Thistfamy also contribute to the above discrepancy. A
slight reduction in th&-factor at high current densities at every bottdat pf Fig.3 may be associated
with the device self-heating which is not accourftadn the analysis.

2.4 ‘Green gap’ in the emission efficiencyThe fact that the green LED structure exhibitsaeioQ-
factor compared to blue structures (Fig.3) is diyaelated to the so called ‘green-gap’ problemakih
implies the IQE reduction in lll-nitride LEDs witime emission wavelength in the range from ~400 to
~600 nm. Figure 4a demonstrates this trend by #ta dn maximum EQE collected from various
sources and processed in such a way, as to ettteotspective IQE values. The data were obtaioed f
C-plane LED structures, except for those grown @6B on semipolar planes. The quality factor calcu-
lated from the IQE data is plotted in Fig.vdsus emission wavelength.
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Fig.4 Maximum IQE of various LED structures (a) and cepending quality factor (b) as a func-
tion of LED emission wavelength. Symbols are expental points compiled from various
sources. Line in (a) is a reasonable approximaifche data. Solid lines in (b) are the recombina-
tion constant® computed for 2.5 nm and 3.5 nm InGaN SQWs. Ddttedlin (b) shows the con-
stantB obtained by differential life time measureméh{®LTM).

Up to now, the mechanism responsible for the I@&uction withi (or indium content in InGaN
QWs) is not yet completely understood. In this gtug have made an attempt to clarify the nature of
the ‘green gap’. First of all, we noted that a veonsaterials quality (shorter carrier life time) sad by a
higher indium content in the InGaN QWs cannot h@iacipal reason for a lowep-factor and, hence,
lower IQE. Indeed, this would immediately lead t@ager values ofj,, in green LED structures, as
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compared to blue ones. In practice, however, thmsipe trend is observed [14]. Then we compared the
wavelength variations of the estimated quality da@nd calculated recombination constBrib which

the Q-factor is proportional. The constaBtwas calculated for 2.5 nm and 3.5 nm InGaN SQWcstr
tures operating at the low current density of 26n&/with account of the overlap of electron and hole
wave functions (solid lines in Fig.4b). One can §ee this comparison that thi@-factor decay withA

can be explained by the respective decrease irettmenbination constarnB in the range of 400-510 nm.
Such an explanation is consisted wjth reduction upon increasing the emission wavelengththe
wavelengths longer than ~510 nm, however, @hfactor starts to drop faster than the calculaied
constant, which may be the evidence for existericdditional mechanisms lowering the quality factor
and, hence, IQE.

Two observations are in conflict with the abovlaration. First, the recombination constBresti-
mated from the differential life time measuremgdts] (dotted line in Fig.4b) deceases with the wave
length much faster than it is predicted theorelfjcahd even faster tha@-factor does by itself. Second,
the recombination constaBtin semipolar LED structures should exhibit muctaler dependence oh
, since there is no built-in polarization field time QWSs, separating the electrons and holes. Tbis;
ever, is not seen from Fig.4b where fRdactor of the semipolar structures decays veryilartg to
those of C-plane structures. The discrepancy betwlee observations and given above explanation of
the quality factor dependence an points out to some obscure factors limiting IQfBre LED struc-
tures at long wavelengths and requiring carefultifieation in future.

2.5 Ways to improve LED structure performanceéds shown above, both the maximum IQE of an LED
structure and the IQE dependence on the currertitgiesre controlled by two parameters: the quality
factor Q and the radiative current densify, . So, to achieve the highest IQE of an LED stnecione
should either increase tl@factor or/and to shiftj,, into the practically important range of the cutren
density variation.
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Fig.5 IQE as a function of current density calculateddBC-model at varied carrier life time (a),
radiative recombination constant (b), and recomimnaegion width (c).

One of the evident ways for getting higher IQEhis improvement of materials quality, which leads
to a longer carrier life timer . In terms of the above critical parameters, thiseases th&-factor but
shifts the current density,, toward lower values. As a result, the maximum lgEeomes remarkably
higher but the efficiency rise in the high-currelensity region is much less pronounced because-of e
hanced efficiency droop (Fig.5a). The latter effeah be explained by a rather small contributiothef
Shockley-Read channel to the total recombinatida e high current densities (Fig.1). Actually, the
improvement of materials quality is more or lededfve in the case of initially low IQE, i. e. than
~0.4-0.5 . At higher initial values, a longer carriife time produces a rather minor effect on 1Qmis
means, in particular, that further materials qyatitprovement cannot be considered as an effeatase
for the performance improvement in violet and Hl&Ds already having a rather high IQE.

Much more remarkable IQE improvement in a widegeaof current density variation can be provided
by increasing the radiative recombination consBifgee Fig.5b). In practice, this can be done bggusi
bandgap engineering of the LED active region [1bdr7exploiting the optical-cavity effects capaloie
enhancing the spontaneous light emission [18,1B¢ fbrmer approach seems to be more straightfor-
ward and reliable. However, it is interfered byiumd surface segregation during MOVPE growth of
InGaN QWs, modifying considerably their compositibprofile [20] and, eventually, optical properties
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[21]. As for the cavity effects, their impact on EBas been proved experimentally [22] but the fnilssi
ity of controlling the spontaneous recombinatiote rstill requires experimental confirmation. Itims-
portant that an increase in the consnésults not only in a high&-factor and, hence, in a higher IQE
maximum but also in a greatgy, , which reduces the efficiency droop (see the uppeve in Fig.5b).

The shiftj,, to the practical range of the current density atésh can be most easily achieved by
enlargement of the recombination region width This produces a lower carrier concentrationaegi
in the active and suppresses Auger recombinatidngét current densities. As a result, the IQE droop
becomes much less pronounced at nearly the same ohthe IQE maximum (Fig.5c). One of the ways
to enlarged is the use of a wide InGaN active layer, as detnatesl in Ref.[23]. Unfortunately,
MOVPE growth of thick InGaN layers still remainsoptematic because of tendency of this materials to
phase separation. Therefore, the above approamit iget utilized in the LED industry. Generally MQW
active regions might provide a wider recombinatiegion but it does not occur because of non-uniform
electron/hole injection in the structures with mtlthick (larger than ~6-8 nm) barriers separatnti-
vidual QWs [7,8]. To overcome this problem, the a6&PSL active regions, utilizing very thin barsie
between the QWSs, has been recently suggested [1@2thiled discussion on advantages of such an
approach is given in the next section after shariewing of quantum corrections to the transpomai-
equilibrium electrons and holes.

3 Carrier transport in superlattice active regions and suppression of efficiency droop Conven-
tional drift-diffusion model of the electron andl@dransport neglects such quantum effects as tigne
which may become important in thin barriers sepagainGaN QWs in the SPSL active layer and/or in
the space-charge regions cladding the SPSL layes. ffequently results in underestimated electrical
conductivity of MQW LED structures and some othexdictions that are not actually take place in prac
tice [6]. On the other hand, application of rigasayuantum-mechanical approaches to the carries-tran
port based on statistical operator or density madrhardly feasible at the moment because ofdbstill
unsolved problems related to non-locality of eleesr and holes, self-consistent description of many-
body effects, insufficiently developed quantum tiyeaf carrier scattering, and solution of the gaweg
equations by themselves. So, to improve the abamtioned drawback of the drift-diffusion model we
have employed the quantum-potential approach iotiogy some quantum corrections to the carrier
transport model in a simplest way.

3.1 Quantum-potential approach In one of the possible formulations, the quanturteptial approach
takes into account the non-local character of thetmn and hole interaction with the actual patdnt
formed in a heterostructure (see Fig.6a where déingets in the conduction and valence bands are-sch
matically represented by wave packets). This caddre by substituting the potential energy of elec-
trons/holes in the conduction/valence bahd) (hereafter referred to as potential) by the éffecpo-
tential energyJes(2) having a general form [25-27]

Uy (2= Td“"k dZ [G(z-Z,k;0,T)U(Z) (5)

where k is the carrier wave vectoiG is the core accounting for the carrier interactigth the poten-
tial U(z) and being a Gaussian in the simplest case [25p26hmeter = y%/8mckgT is the specific
length related to the thermal de Broglie waveleraftithe carriers,7 is the Plank constanty is the
electron/hole effective masss is the Boltzmann constant, alds temperature. The length appears
in the Bohm quantum potential and Wigner-Kirkwoogb&nsion, while the correction factomay vary
from 2/3 to %, depending on particular way of derivation of theantum potential. Therefore,is fre-
quently used as adjustable parameter in practicallations [26]. We have obtained the vajue 0.7 for
electrons and holes by fitting their tunneling emts through triangular barriers of various heightg-
ures 6b,c show that the quantum-mechanical turmelimrent may be well approximated by the quan-
tum-potential model with the correction factor of Qif the barrier is not so high and temperatsraadt
so low.

The effective potential used in the transport &igua differs remarkably from the actual one. Fegur
7a compares the actual conduction and valence batashtials (solid lines) with the effective potei
(edges of the grey shadow in the plot, which ingisahe bandgap) obtained by self-consistent swiuti
of the transport and Poisson equations for 2.5rypda, gN/2.5nm GaN superlattice. One can see that
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the effective potential is much more smooth comghdoethe actual one. Another feature is that the-mi
ima in the effective conduction band edge lie nexthe ground electron states in the QWs calculated
rigorously by quantum mechanics. A similar but Islig less pronounced correspondence is also ob-
served in the case of holes (the separation ofthend-state energy levels of heavy and light hides
undistinguished in the plot). This fact shows tHa# quantum-potential approach accounts approxi-
mately not only for the carrier tunneling throudie tMQW barriers but also for the carrier confinemen
effects in the QWs.
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Fig.6 Schematic delocalization of electrons and holemihED structure where the bandgap pro-
file is shown by grey shadow (a). Electron tunrglourrent flowing through the triangular poten-
tial barrier with the basd as a function of the barrier height (b,c) caltadaat various tempera-
tures by quantum mechanics (solid lines) and bgguihe quantum-potential approach with the
correction factoy = 0.7 (dash-dotted lines).
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Fig.7 Room-temperature band diagram of the 2.5 ngpGi, gN/2.5 nm GaN SPSL: grey shadow
indicates the quantum-potential bandgap profilelusethe transport equations, while solid lines
show the actual conduction and valence band aligtinggound electron and hole states obtained
from the quantum-mechanical calculations are matikgdorizontal lines (a). Distributions of
electron (b) and hole (c) densities in the SPSlaiokd by quantum mechanics (solid lines), quan-
tum-potential approach with the correction fagter 0.7 for both electrons and holes (dash-dotted
lines), and conventional drift-diffusion model (that lines). The grey shadow shows here the ac-
tual SPSL bandgap profile.

Additional advantage of the quantum-potential apph is more accurate prediction for distributions
of electron and hole densities in the LED structuFégure 7b,c compares the electron and hole tiensi
in the 2.5nm Ip,Ga gN/2.5nm GaN SPSL structure obtained by rigorousijua mechanics, quantum-
potential approach, and drift-diffusion model. Qram see that the carrier penetration from the QWs t
the barriers caused by tunneling is rather weltadpced by the quantum-potential model, while the
drift-diffusion (classical) approach provides mutiore sharp carrier density distributions in thelsvel
and extremely low carrier concentrations in theribes. This is very important for accurate estimasi
of the radiative and Auger recombination rates tlegtend non-linearly on the local carrier densities

Immediate output from the quantum-potential modeinore adequate predictions for the current-
voltage characteristics of MQW LED structures wifgh indium content in the QWs. Indeed, the band
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diagram of the MQW structure emitting light at 50® obtained by conventional drift-diffusion model
exhibits a large voltage drop inside the activame@ccompanied by a step-like band alignment, whic
favors ballistic electron leakage into th@egion of the structure (see Fig.8a). In contrimt,quantum-
potential approach provides much more flat bangnatient in the heterostructure which would avoid
such a leakage (Fig.8b). As a result of the scedifit band alignments, the 1-V characteristicshef t
LED predicted by drift-diffusion and quantum-potehimodels differ considerably (Fig.8c). The latter
approach provides much more realistic turn-on gata
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Fig.8 Room-temperature band diagrams of an MQW LED arecemitting light at 500 nm
computed by using conventional drift-diffusion &)d quantum-potential (b) approachEés;and

Fp are the electron and hole quasi-Fermi levels. &iitvoltage characteristics of this structure es-
timated by these approaches, assuming a certaindtE8A and series resistandg, (c).

3.2 Operation of LED structure with SPSL active ieg The quantum-potential model of the carrier
transport implemented in the SILENSe 5.2 simul§®®&] has been applied to comparative analysis of
blue LED structures with either conventional MQWSSL active regions [29]. The former one con-
sisted of five 3 nm InGaN QWs separated by 10 niN Garriers. The SPSL active layer contained five-
period 2.5 nm InGaN/2.5 nm GaN superlattice. Batliva regions were unintentionally doped and
sandwiched between thick-GaN andp-GaN contact layers. In the case of the MQW stmagta 20 nm
p-Alo16Gay g\ electron blocking layer (EBL) was additionallysérted between the active region @ad
contact layer.

Figure 9a-d compares the band diagrams and disbiis of electron and hole densities and radiative
recombination rates computed for both LED structussing the quantum-potential approach. In line
with the results reported earlier [7,8], electramsl especially holes are very non-uniformly distréal
among the individual QWs in the MQW structure, #sg in the fact that only the well adjacent t@th
p-AlGaN EBL gives the major rise to the radiativeagmbination, i.e. to light emission. This is be@us
of rather wide GaN barriers hindering the hole dtijn in the remote QWSs. In contrast, holes easily
penetrate in all the wells in the SPSL active rediaving much narrower barriers. Moreover, the hole
density near the-GaN contact layer is higher than near th&aN one, while the opposite trend is pre-
dicted for electrons. This fact can be explainedibgompensated charges, negative antaN/SPSL
and positive at the SP§i-GaN interface, induced due to the difference betwihe electric polarization
of GaN materials and mean macroscopic polarizaifdhe InGaN/GaN SPSL. The effect is quite simi-
lar to that recently studied in the case of a logtieiction formed by two different superlattices J.3De-
spite the electron and hole density non-uniforntitg rates of the radiative recombination are yethd
same in all QWs of the SPSL structure. As a reslllthe wells provide very comparable contribuson
to the light emission.

A more uniform distribution of the recombinaticate in the SPSL structure (not only of radiativé bu
also of total recombination) actually means angase of the recombination volume in this structase,
compared to the MQW one. At the same current dgrsits should lead to lower electron and hole con-
centrations in the active region. Indeed, the ebectensity in the SPSL active region is ~1.5 times
lower than in the MQW active layer, while the hpleak density differs from that of the MQW structure
by a factor of three (see Fig.9a,b). The processfrihe experimental data on EQE as a functionpsf o
eration current (Fig.9e) in a way discussed in Zehows the parametgy to be ~4.5 times greater for
the SPSL structure than for MQW one. This is a moee evidence for enlargement of the recombina-
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tion volume in the former heterostructure. Accogdia the conclusion made in Sec.2 this should plevi
a lesser IQE droop at high operation current, wisckctually observed experimentally (see Fig.9e).

In addition to the IQE droop suppression, ano#ttBrantage of the SPSL active region is much higher
stability of the emission wavelength with curreaported for the first time in Réf.and recently con-
firmed by simulations [29] (see Fig.9f). Detaileddeling has shown that the major reason for strong
blue shift of the emission spectra observed inMI@W structure is the shape modification of the QW
adjacent to th@-AlGaN EBL upon the bias applied. As just this walimarily contributes to the light
emission and lies within thp-n junction space-charge region, its shape is largéfiscted by the bias
variation, eventually controlling the emission wiaveth. In the case of the SPSL structure, onlyahne
five QWs effectively emitting light, which is plagdeclose to thgp-GaN contact layer, is influenced by
the bias variation. This provides a better stabditthe emission wavelength of the SPSL structure.
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Fig.9 Band diagrams, distributions of carrier densiteed) and radiative recombination rates (c,d)
in blue (450-460 nm) LED structures with MQW (aae)d SPSL (b,d) active regions at the current
density of 200 A/crh IQE (e) and peak emission wavelength (f) of sithctures as a function of
current: symbols are experimental points [29], eihihes are simulations.

3 Summary Using a simple ABC-model, we have suggested a géfigure of merit, the quality
factor, which enables one to compare performantearmus LED structures. This parameter is disectl
related to the maximum value of IQE: the greaterQHactor, the higher is IQE. Much more interesting
is that the quality factor also determines the whH@E dependence on the current density, along with
the parametej,, which is the radiative current density correspagdio the IQE maximum. In other
words, theQ-factor can be also employed to quantify the IQBogr with the current density, as dis-
cussed below.

Commonly the droopsk—7(j)]/7m, is measured with respect to IQE/EQE maximppat a certain
currentl or current densityj chosen rather arbitrarily (in the case of comia¢dcEDs, the operation
current normally serves for this purpose). Sucha@ae may be reasonable for optimization of a parti
lar device structure and chip design but it becoradiser useless for comparing performances of diffe
ent heterostructures and chips, first of all, beeaof the difference in the recombination volunies t
are specific for each kind of LED. On the otherdathere is a natural measure of the current deosit
current used for the droop estimation, namglyor the current,, corresponding to the IQE/EQE maxi-
mum. The droop estimation at a certgif),, or I/1,, ratio allows one to exclude the recombination vol-
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ume from consideration, thus comparing differenDL&ructures under quite similar operation condi-
tions. In this case, i.e. at a chosen r&ioj/j., , the efficiency droop is entirely determinedthg value
of the quality factor, as it can be seen from tipgagion

/7m _,7(R) _ Rl/Z + R—l/Z -2
n - Q+ RY2 4+ RV2

, R=jlj. =1/1, (6)

The higher theQ-factor, the lower is the efficiency droop, accoglio Eq.(6). So, in view of the droop,
the quality factor also serves as a figure of nferithe LED structure performance.

Analysis of theQ-factor constituents enables assessment of vawiays for IQE increasing. We have
argued that improvement of the materials qualigutting in a longer carrier life times, is noteffec-
tive approach in the case of violet and blue LEPsrating at the current densities higher than ~30-4
Alcm?. This is because Auger recombination rather tHaocEey-Read recombination is the mechanism
limiting IQE under such operation conditions. Inntast, enhancing the radiative recombinatiom
proper bandgap engineering and enlarging the reicatibn volume in the LED structures may be quite
promising for the IQE improvement. In particuldretlatter approach can be applied by using an SPSL
active region with ultra-thin barriers separatinGaN QWSs.

To account, at least approximately, such effesttuaneling and quantum confinement essential for
operation of LED structures with ultra-thin bardeand QWs, a quantum-potential approach has been
invoked. Compared to conventional drift-diffusiorodel, this approach provides more accurate predic-
tions for the overall band alignment and electrod hole density distributions in the LED structuras
well as for their current-voltage characteristics.

Using the quantum-potential approach, we have ewetpthe operation of LED structures with con-
ventional MQW and SPSL active regions. Design efltiter structure is found to provide effective in
crease in the recombination volume due to moreoumifredistribution of electrons and holes injedted
the active region among the individual QWs. As &teé, this results in suppression of the efficiency
droop with current. Additional advantage of the SRED structure is better stability of the emission
wavelength under current variations.

‘Green gap’ in the efficiency of lll-nitride LEDBas been considered in terms of @dactor. We
have found a correlation between dactor reduction and decrease in the calculatdthtize recom-
bination constant with the emission wavelengthhia spectral range of ~410-510 nm (at longer wave-
length, theQ-factor decayed faster than the recombination emstThe correlation found implies that
the slowdown of the radiative recombination witk thavelength caused by the quantum-confined Stark
effect may be a mechanism responsible, at leadliypfor the ‘green gap’. The above interpretation
on the one hand, in conflict with tig@-factor reduction observed in semipolar LED struesuwhere the
built-in polarization field is absent. On the othmnd, it is supported by the differential life-drmeas-
urements [14] provided much faster decrease ofrdkéative recombination constant with the wave-
length than it has been predicted theoreticallyesehcontradictions require more detailed and sysiem
studies, both experimental and theoretical, to tstdad better the nature of the ‘green gap’.
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