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Practically all Ill-nitride light emitting dioded_.EDs) suffer from the efficiency rollover that ocsuat
high electric currents in the devices and limitsitiperformance. At the moment, the mechanismsoresp
sible for the rollover are not yet confidently idiéied despite the crucial importance of this peohl for
the LED production. On the basis of simulation, suggest that the Auger recombination is a likely me
chanism, producing the efficiency reduction at haghirents. Using an empirically estimated Auger re-
combination coefficient, we argue for significanalethis mechanism under practical operation condi-
tions.
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1 Introduction Already in the beginning of research and develogmémigh-brightness llI-nitride
LEDs it had been recognized that the external qumargfficiency (EQE) rollover was the major factor
limiting the device performance at high currenteeTollover was commonly observed in blue, green,
violet, and ultraviolet LEDs at the current deresitof ~1-30 A/c resulting in the EQE decrease by a
factor of ~1.5-2.5 at 300-500 A/érfil-5] (Fig.1a). Since EQE is controlled by botle fight extraction
efficiency weakly dependent on current and therirgequantum efficiency (IQE)in: , the EQE reduc-
tion was entirely attributed to the IQE behaviomone recent studies identified the LED self-heatisga
mechanism producing the efficiency decrease withect [6]. However, observation of the EQE roll-
over in the flip-chip LEDs [1,2,5] having a lowdrermal resistance and under pulsed operation [1,5]
(see also Fig.1a) suggested that the self-heatasgynet the only reason for the efficiency reductibn
high current densities. Comparison of EQEs of tE®lstructures obtained on sapphire substrates with
and without lateral epitaxial overgrowth had dentiaied the efficiency rollover to be independent of
threading dislocation density [7].

To explain the non-thermal IQE reduction at highrents, very popular is the model invoking the
localized electronic states formed in the InGaNvactayers due to composition fluctuations [8]. The
basic idea of the model is that electrons and hmdgsured in the localized states do not contrilbuteh
to the non-radiative carrier recombination at thieg dislocations, in contrast to delocalized elats
and holes that are quite mobile and, hence, maly esproach the dislocations to recombine thertea A
low current density, i.e. at a low non-equilibriwzarrier concentration, almost all electrons/holes a
captured by the localized states, providing a W@B of an LED. Increasing current density givesreve
growing rise to the concentration of delocalizettieas in the conduction and valence bands, thssltre
ing in the IQE reduction. Then the IQE maximumpected to be reached at the current density nearly
corresponding to complete filling of the localizetdtes with non-equilibrium carriers.

In our opinion, the above model cannot interpatectly the efficiency dependence on the current
density in a wide range of its variation. Indedtk tate of the non-radiative carrier recombinatidn
point defects and threading dislocatioRs,=N/z,, , whereN is the non-equilibrium carrier concentra-
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tion in the LED active region and,, is the effective carrier life time. In turn, thediative recombination
rate R,.=BN?, whereB is the bimolecular recombination rate constamc&iin=R:ad (Rn+ Riad , the
IQE should tend to unity at high , i.e. at high current densities irrespectivehef t,, variation caused
by filling up the localized states. Even if ther@ans in the active region are degenerate andabennbi-
nation rate consta becomes proportional t8~*, the IQE should saturate at hiljtrather than gradu-
ally decrease, as it is observed.

& 400nm _e—o—e_q 1 5 '

S 0.4r >/. 470 nm \.\ T ‘© 05

= I ° _/ e | =

; 0.3 HH © 04

s 428 nm 0@092%99 pulsed §

€ I O Q00 ] c 03

@© 0.2} /O 460 nm A 4 ©

g ) o) — ed S 02k —— blue SQW LED

= r 530 nm .\l$£§ sed; o™ —— blue MQW LED

- g N ©

c 01 e oo "t 1 € 01t C=5x10"cm%™

= a S 3 b 1 _=50ns

L|>j 00 1aal 11l T —— L E 0-0_. | My | nr. PR | 7]
10° 10* 2102 10° 10! 10?
Current density (A/lcm”) Current density (A/cm?)

Fig.1 Measured EQEs of various LEDsrsus current density (a) and IQEs of blue SQW and MQW
LEDs simulated with account of Auger recombinatiothe InGaN active regions (b).

Another mechanism that may lead to the IQE redunctith current is the electron leakage from the
active layer of an LED. Our simulations of typidd&tDs have shown that the leakage becomes notice-
able, starting from the current densities as high25 kA/cm. This means that this mechanism is also
incapable of explaining the efficiency rollover nally observed at much lower current densities.

Here, we consider an alternative mechanism, Augesmbination, to explain the efficiency rollover
at high currents, occurring in llI-nitride LEDs. Alse Auger recombination rafgC] N3, the account
of this non-radiative recombination channel mayvjte a physical basis for understanding the IQE re-
duction in high-brightness LEDs.

2 Mode and parameter estimation The Auger recombination rate in a bulk semiconduitagen-
erally defined asRayg = Cnn2p+Cpnp2 , Wheren andp are the electron and hole concentrations &hd
and C, are the Auger coefficients, related to the micopéc processes involving two electrons and a
hole or two holes and an electron, respectivele ddefficientsC,, andC, are not reliably known for Ill-
nitride materials. In the earlier study [9], thdueofC = C,+C, = 1.4x10> cnf’s™ has been extrapolated
for GaN from the data on the Auger coefficientsorégd for various semiconductor materials as a-func
tion of their electron effective masses. Such hemahigh value of” was obtained largely due to includ-
ing silicon into the data considered, the matexigh an indirect bandgap, along with the direct-dgap
[lI-V compounds. After [9], the Auger recombinatiavas included in simulations of lll-nitride lased
diodes, using the coefficien®= 2x10*! cn’s* in [10] and 1.5x18° cnfs™ in [11].

To understand better the effect of the band typéhe Auger coefficients, we have included into-con
sideration additional materials, plotting in Figth& values of versus bandgapg for a number of di-
rect and indirect semiconductors. One can seethiafuger coefficients of indirect semiconductors a
nearly independent d , while those of direct semiconductors decreagemantially with the bandgap
atEg < ~1 eV. At higheEg , the coefficients tends to the values typicahdirect semiconductors.

The time-resolved study of carrier dynamics in GaMler high-excitation conditions has been re-
ported in [12]. From the analysis of the non-edpilim carrier life time as a function of the carr@g®n-
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centration it was found that the Auger coefficiehGaN may be as high as ~55f@nfs*. Our revisit-

ing the data [12] with account of additional defewdiated non-radiative recombination channel pro-
vided a slightly lower valu€ = 2.5x10% cns™. This estimate agrees well with the values ofAbger
coefficients of other wide-bandgap materials havimdjrect bandgap (Fig. 2), despite the fact thaNG

is a direct-bandgap semiconductor.
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Fig. 2 Auger recombination coefficien&of direct- and indirect-bandgap semiconduct@rsus their
bandgap. Lines are shown for eyes to indicaterthels in the behaviour €.

To examine the Auger recombination effect on IQblae llI-nitride LEDs, we have employed the
SILENSe 3.0 simulator to consider both single-quantvell (SQW) and multiple-quantum well (MQW)
heterostructures. The representative SQW strucamsisted of a thick-GaN ([Si] = 3x18° cm®) con-
tact layer, an unintentionally doped 3.5 nrgdBa gN (n = 1x137 cm®) SQW, a 50 nnp-Alg GaeN
(IMg] = 1.5x103° cm?) stopper layer followed by p-GaN ([Mg] = 2x13° cm®) contact layer. In turn,
the MQW structure contained a thickGaN ([Si] = 3x16° cm®) contact layer, four 3 nm §pGa N
(n=1x103" cm?® quantum wells separated by 12 maGaN ([Si] = 3x18° cm®) barriers, a 50 nm-
Alg1:Gay N ([Mg] = 1.5%10° cmi®) stopper layer, and@GaN ([Mg] = 2x13° cmi®) contact layer. The
threading dislocation density of 16m? was assumed in both structures everywhere exoefié quan-
tum wells, where it was set an order of magnitudeer to account for suppression of the non-radiativ
recombination at threading dislocations due toundcomposition fluctuations in the InGaN alloys]13
The Auger recombination was assumed to occur antheé SQW or MQW active region, and the Auger
coefficients were assumed to b8, = C, = 5x10° cnfs’. These values correspond to the total Auger
coefficientC being 2.5 times lower than the value derived fthendata of [12].

3 Reaults and discussion Computed IQEs of blue SQW and MQW LEDs as a fumcté current
density are plotted in Fig.1b. One can see that@es peak at the current density of ~5-10 Al@nd
behave very similarly to the measured EQEs showidrila. In particular, an IQE reduction about 1.2-
1.8 times is predicted, if the current densitysifem 10 to 200 A/cf which closely correlates with the
measured decrease of an EQE.

The maximum IQE obtained by the simulation is 5@84. This value is, however, dependent on the
assumed materials quality. At a lower non-radiateombination at threading dislocations and point
defects, e.g. at that providing the non-radiatifeetime z,,, ~100 ns and on, the maximum IQE may well
exceed 70% but its peak shifts to the current diessiower than 1 A/cfn In turn, the predicted IQE
approaches the values of 55% and 35% for 20 andh\O®, respectively.

The similarity in the variation of the predicte@lE and measured EQE with the current density (JFig.1
suggests that the Auger recombination may be cereidas the universal mechanism responsible for the
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efficiency rollover in llI-nitride LEDs. Nevertheds, there is a number of still open questionst,Firs
seen from Fig.2 that direct semiconductors exhibdrly exponential decrease of the Auger coefftsien
with the bandgap. In contrast, those of the indireaterials are nearly independent of the bandgap.
unclear at the moment, what is the actual tendéorciI-nitride compounds. The data of [12] suggest
GaN to obey the trend of the indirect semicondwct®his fact requires, however, additional experime
tal confirmation and, apparently, theoretical jiisttion.

Second, it is very important to understand the afl various microscopic mechanisms of the Auger
recombination (CHCC process involving two electramsl a heavy hole and CHHS process involving
two heavy holes and an electron with the transitibone of the holes to the split-off valence sutija
and the quantum-well effect on the recombinatida.rd has been recently shown that thresholdlass A
ger processes may dominate in sufficiently narroargum wells [14], which is typical of InGaN LEDs.
Clarifying of this issue would allow better understing of the Auger coefficient dependence on the
InGaN composition in the wells and, hence, predictdf the IQE variation with the emission wave-
length.

One more open question concerns the temperatyendence of the Auger recombination rate. As
the current increase in an LED is frequently accamigd by its self-heating, the variation of the Aug
recombination rate with temperature may additignaffect the IQE. Besides, the temperature depend-
ence of the bulk and quantum-well Auger processag lve different [14].

Answers to the above questions are expected ta forbasis for the heterostructure optimization
aimed at suppression of the Auger recombination thod increasing the light emission efficiency of
high-brightness LEDs.
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