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We study the impact of non-radiative point defects (PDs) on Auger recombination in c-plane InGaN/GaN sin-
gle quantum well (SQW) in the efficiency droop regime using high injection time-resolved photoluminescence.
The PD density in the SQW is controlled by tuning the thickness of an InAlN underlayer. When the PD
density is increased, apart from Shockley-Read-Hall (SRH) and standard Auger recombination, introducing
an extra defect-assisted Auger process is required to reconcile the discrepancy observed between the usual
ABC model and experimental data. We derive a linear dependence between the SRH coefficient and the
bimolecular defect-assisted Auger coefficient, which suggests that the generated PDs can behave as scattering
centers responsible for indirect Auger processes. In particular, in defective SQW, the defect-assisted Auger
recombination rate can exceed the radiative one. Our results further suggest that the defect-assisted Auger
recombination is expected to be all the more critical in green to red III-nitride light-emitting diodes due to
their reduced radiative rate.

Despite the massive success of blue light-emitting
diodes (LEDs) based on InGaN/GaN quantum wells
(QWs), the internal quantum efficiency (IQE) of such
LEDs is known to drop dramatically when increasing the
current density above a few amperes per square centime-
ter, which is commonly denoted as ”efficiency droop”.1–3

Auger recombination is one of the widely accepted mech-
anisms responsible for the droop observed in III-nitride
(III-N) LEDs, which has been substantiated by experi-
mental results.4,5 Nevertheless, in wide direct band gap
semiconductors, the direct band-to-band Auger process
is expected to be weak, on the order of 10−34 cm6s−1,
which is related to the strict conditions for conserving
momentum and energy between initial and final states.
Interestingly, however, the weight of indirect Auger pro-
cesses is expected, in theory, to be comparatively larger
than the direct one. Indeed, indirect processes can be
mediated by carrier scattering mechanisms for which the
constraint on the momentum and energy conservation
rule is relaxed.6–8 Besides, recent experimental studies
provided evidence that, at cryogenic temperature, the
indirect Auger process can be dramatically enhanced for
localized carriers experiencing alloy disorder inherent to
InGaN/GaN QWs.9,10 Furthermore, some recent reports
indicate that point defects (PDs) present in III-N ma-
terials, apart from being involved in the conventional
Shockley-Read-Hall (SRH) recombination process, likely
act as efficient scattering centers responsible for the in-
direct Auger process.11–14 However, the relation existing
between SRH and defect-assisted Auger processes is not
fully understood yet, partly due to the lack of clear corre-
lation between the PD density in the active layer and the
respective weight of the SRH and Auger terms. Hence,
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experimental evidence and quantification of those terms
are further required to evaluate the eventual impact of
PDs on the carrier dynamics in the droop regime.

Earlier reports indicated that the density of nonradia-
tive defects present in InGaN/GaN QWs can be drasti-
cally decreased if a thick InGaN layer, hereafter an under-
layer (UL), is deposited before the growth of the active
region.15,16 As recently demonstrated, the PD density
in the active QW region can be precisely controlled by
playing with the indium content and the thickness of the
UL as the latter two parameters determine the ability
to trap surface defects (SDs) in the UL that could oth-
erwise act as nonradiative centers if incorporated in the
active medium.17,18 Indium atoms playing an essential
role in trapping SDs, InAlN nearly lattice-matched (LM)
to GaN was successfully used as efficient UL.19

In this Letter, we build upon those previous works to
tune the defect density in InGaN/GaN single QW (SQW)
samples through a change in the thickness of a LM In-
AlN UL and evaluate its impact on Auger recombination
using picosecond time-resolved photoluminescence (TR-
PL) measurements at 300 K. The reported results are
analyzed in the framework of a modified ABC model,
which includes defect-assisted Auger recombination.

Three samples were grown by metalorganic vapor
phase epitaxy, which share the same InGaN/GaN SQW
with∼12% In content and a width of 2.7 nm as in our pre-
vious work,18 but have different In0.15 Al0.85N UL thick-
nesses of 0, 10 and 55 nm (See Sec. A of the supple-
mentary material (SM) for details). First, we performed
micro-PL and TR-PL measurements at 300 K as a func-
tion of laser fluence from low carrier density to the de-
generate regime (n > 1012 cm−2) (See SM Sec. B).

Figure 1(a) presents time-integrated PL spectra of the
three samples recorded at 0.6 µJ/cm2, corresponding to
the intermediate injection regime. The peak PL inten-
sity (IPL) of the QW luminescence is enhanced by more
than two orders of magnitude as the InAlN UL thickness
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FIG. 1. (a) Time-integrated PL spectrum of sample-I, -II,
and -III with an InAlN UL thickness of 55, 10 and 0 nm,
respectively, measured at a fluence of 0.6 µJ/cm2 and 300 K.
(b) Normalized ratios of QW IPL to fluence for those three
samples, which corresponds to their relative PL efficiencies.

increases from 0 to 55 nm, which indicates a significant
change in the defect density in the QW through the vari-
ation of the UL thickness. Figure 1(b) shows the evolu-
tion of the normalized ratios of QW IPL to the fluence
for the three investigated samples, which corresponds to
the relative PL efficiency. The fluence at maximum PL
efficiency for sample-I and -II shifts from ∼1 to 5 µJ/cm2.
Such a behavior is in line with the fact that as the de-
fect concentration in SQW increases, the Auger recom-
bination channel, which emerges under high injection,
requires a larger carrier density to exceed the SRH one.
Nevertheless, both samples exhibit a decrease in PL effi-
ciency at high fluence, i.e., the well-known manifestation
of efficiency droop.12 For comparison, the PL efficiency of
sample-III, without UL, only shows a monotonically in-
creasing behavior, which indicates the dominant weight
of SRH recombination in this latter case.

Figures 2(a)-2(c) show the fluence-dependent SQW in-
tegrated PL intensity decays for sample-I, -II and -III,
respectively. Due to the increasing weight of SRH recom-
bination, the decay time of sample-II, extracted from the
monoexponential fit of the PL intensity decays recorded
at low fluence, amounts to ∼2 ns compared to about 20
ns for sample-I. However, sample-I and -II both present
a long monoexponential decay up to intermediate flu-
ences, while for high fluences (> 0.6 µJ/cm2) fast non-
exponential features occur at early delays. In line with
the drop in PL efficiency observed at high fluence, those
fast non-exponential decays indicate the presence of extra
carrier losses, which results in the droop. On the other
hand, the high defect density characteristic of sample-III
leads to nearly monoexponential traces with extremely
short decay times, around ∼50 ps.

Figures 2(d)-2(f) display the corresponding time-
dependent evolutions of SQW PL spectra for the three
samples from a fluence of 19 µJ/cm2. They all exhibit
a redshift of their QW emission spectra with increasing
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FIG. 2. (a) to (c): 300 K fluence-dependent SQW integrated
PL intensity decays of sample-I, -II, and -III, respectively.
The simulated decays only considering radiative recombina-
tion are shown as pink dash-dotted traces, labeled as B. The
pink solid lines stand for the dynamics including radiative
and SRH recombinations, labeled as AB whereas the black
dash-dotted lines are the fits with contribution of the radia-
tive, SRH and band-to-band Auger recombinations, labeled
as ABC. Finally, the black solid lines correspond to the fits
taking into account the radiative, SRH, band-to-band and
defect-assisted Auger recombinations, labeled as ABCD. (d)
to (f): Corresponding time-dependent spectral evolutions of
sample-I, -II and -III. The black curves are the fits used to ex-
tract the carrier density based on Fermi’s golden rule, which
is estimated to be equal to 1.4×1013 cm−2 at a fluence of 19
µJ/cm2 for sample-I and -II, and 1.5×1013 cm−2 for sample-
III.

time delay, which is mainly related to the descreening
of the built-in electric field. Furthermore, the asymmet-
ric broadening of QW emission spectra toward bulk GaN
emission at early delays suggests that the QW samples lie
in the degenerate regime when subjected to such an ini-
tial carrier density, while the subsequent linewidth nar-
rowing is linked to the decrease in the injected carrier
density.20

To study the impact of PDs on the Auger recombina-
tion process in the droop regime, we quantify the carrier
dynamics based on a modified ABC model taking into
account defect-assisted Auger recombination. We first
extract the initial carrier density by fitting the initial
SQW emission lineshape under 19 µJ/cm2 fluence based
on Fermi’s golden rule.20,21 The fitting results are dis-
played as black lines in Figs. 2(d)-2(f), which well repro-
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duce the Fermi filling induced broadening of QW emis-
sion, and give the initial carrier density of 1.4×1013 cm−2

for sample-I and -II, and 1.5 × 1013 cm−2 for sample-
III. Subsequently, we simulate the change in the wave
function overlap as a function of carrier density using
the self-consistent Schrödinger-Poisson method in order
to account for the progressive descreening of the built-in
electric field with decreasing carrier density (detailed in
SM Sec. C).

Next, we compare our experimental results with a
modified ABC model:

dn

dt
= −An−Bn2 − Cn3 −Dn2, (1)

where the four terms on the right-hand side of Eq. (1)
account for the SRH, bimolecular, standard Auger, and
defect-assisted Auger recombination, respectively.

First, in order to evaluate the impact of the built-in
electric field screening on SRH recombination, we use a
phenomenological formula that was recently proposed by
A. David et al.:12,22

An = oscp ·A0n, (2)

where the exponent p accounts for the dependence of
the SRH recombination rate on wave function overlap,
and A0 is the SRH coefficient in the low injection regime.

Second, the bimolecular recombination rate is ex-
pressed as:

Bn2 = osc ·
∫ ∞
EQW

Rsp(n,E)dE, (3)

where Rsp(n,E) is the spontaneous emission rate de-
scribed by Fermi’s golden rule,20,21 which captures the
phase-space filling effect in the degenerate regime from
the QW ground state energy EQW , while the prefactor
osc accounts for the screening/descreening of the built-in
field. We note that a recent study suggests that, in the
low carrier density regime (≤ a few 1011 cm−2), Coulomb
interaction can significantly enhance the radiative rate
even at room temperature.23 Since we mostly focus on
recombination dynamics in the degenerate regime, i.e.,
under high injection, Coulomb interaction may be ne-
glected in our model.

Third, in the three-particle Auger process the inter-
band transition of e-h pairs is also subjected to screen-
ing/descreening and phase-space filling,24 in a way equiv-
alent to radiative recombination. For the sake of simplic-
ity, while preserving its physical meaning, we assume that
in the Auger process the energy issued from the nonra-
diative bimolecular-like recombination of an e-h pair is
transfered to a third particle:

Cn3 = C0 · n ·Bn2, (4)

where C0 phenomenologically accounts for the
Coulomb interaction between the third particle and the
e-h pair, which also depends on energy and momentum
conversation.

Theoretically, the defect-assisted Auger process is ex-
pected to become significant as defect density increases,
due to carrier scattering mediated by defects.25 As re-
ported by David et al.,12 the rate of defect-assisted Auger
transitions exhibits an n3 dependence in the low to in-
termediate carrier density regime for thick InGaN/GaN
QWs grown on c-plane bulk GaN substrates (well width
of 4 nm and In content ranging from 8 to 25%), which
suggests that the defect levels act as virtual scattering
states, i.e., without any carrier population build-up. On
the other hand, it was reported that, in a well-established
material such as silicon but also in monolayer MoS2 and
recently in low-IQE (≤ 1%) III-N LEDs grown by molec-
ular beam epitaxy, defects can act as effective scatter-
ing centers involving the capture of a free carrier that
subsequently excites a second free carrier during the
process.13,26,27 Since the A coefficient contains informa-
tion about the defect density and their average capture
cross section, the defect-assisted Auger process is sup-
posed to be intrinsically linked to SRH recombination.
To further examine this scenario, we express the defect-
assisted Auger rate as:

Dn2 = kD ·An2, (5)

where kD is a proportionality coefficient that depends
on the interaction between the first carrier captured by
a given defect and the second free carrier (See also SM
Sec. D).

We extract the related A, B, C and D coefficients by
applying this model to simulate the PL decays recorded
at high fluence (19 µJ/cm2), i.e., in a regime that ex-
ceeds the range of carrier densities considered by David
et al.12 We first decompose the SRH and radiative re-
combination channels in sample-I by matching the PL
decay at long delays and then derive an ∼20% maxi-
mum IQE.19 The standard Auger coefficient can be sub-
sequently determined by fitting the nonexponential decay
at early delays. The radiative recombination coefficient
has been kept identical for the three samples since they
share the same QW structure. The same holds true for
the standard Auger recombination process. For the more
defective sample-II and -III, we notice a discrepancy be-
tween the measured PL decays and the modeling when
the sole standard Auger recombination process is consid-
ered. Modeling and experimental results can be recon-
ciled when adding the defect-assisted Auger recombina-
tion term. As shown in Figs. 2(a)-2(c), the pink dash-
dotted lines illustrate the decay fits including only radia-
tive recombination, labeled as B. The pink solid lines are
the decays containing radiative and SRH recombination
channels, labeled as AB, which govern the PL decays at
longer delays. The black dash-dotted curves represent
the contributions of radiative, SRH and standard Auger
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recombination channels, labeled as ABC. In addition
to those conventional channels, the black curves corre-
spond to the fits taking into account the defect-assisted
Auger channel, labeled as ABCD, which well reproduce
the entire dataset. In sample I, the ABC and ABCD
curves almost perfectly overlap with each other, which
suggests a marginal impact of defect-assisted Auger re-
combination in this latter case. However, as the point
defect density increases, the difference between the ABC
and ABCD curves becomes more and more blatant as
seen for sample-II and -III.

1 0 1 1 1 0 1 2 1 0 1 3

1 0 7

1 0 8

1 0 9

1 0 1 0

1 0 1 1 1 0 1 2 1 0 1 31 0 - 1 3

1 0 - 1 2

1 0 - 1 1

B  t e r m :   C  t e r m :
a l l  s a m p l e s                     A  t e r m :

s a m p l e  I         
s a m p l e  I I       
s a m p l e  I I I    

A c
oef

fic
ien

t (s
-1 )

C a r r i e r  d e n s i t y  ( c m - 2 )

1 0 - 1 3

1 0 - 1 2

1 0 - 1 1

1 0 - 1 0

D  t e r m :

 

D c
oef

fic
ien

t (c
m3 s-1 )

( a )
B c

oef
fic

ien
t (c

m3 s-1 )

C a r r i e r  d e n s i t y  ( c m - 2 )
1 0 - 3 2

1 0 - 3 1

1 0 - 3 0
( b )

C c
oef

fic
ien

t (c
m6 s-1 )

FIG. 3. (a) Carrier density dependent A and D coefficients,
(b) B and C coefficients extracted, in the framework of the
ABCD model, from the fitting of PL decays at a fluence of
19 µJ/cm2. Those values are issued from the data shown in
Figs. 2(a) to 2(c).

Figure 3 displays the density dependent value of the A,
B, C and D coefficients obtained after measuring each
sample at different positions. As illustrated in Fig. 3(a),
the A coefficient is reduced by more than two orders of
magnitude when switching from sample-III to -I, as the
PD density in the QW is reduced by the increase in UL
thickness. Let us note that the A coefficient is marginally
impacted by carrier density, due to its weak dependence
on screening with p = 0.35 in our samples. This can be
understood by the relatively thin QW thickness of 2.7
nm. As shown in Fig. 3(b), the B coefficient remains
constant at ∼4×10−13 cm3s−1 below a carrier density of
5×1011 cm−2, and then increases by a factor of two when
n reaches 1013 cm−2. The smaller enhancement of the B
term compared to the density dependent 〈Ψ|Ψ〉2 term is
related to phase-space filling that takes place in the de-
generate regime. Indeed, it leads to a reduction in the B
coefficient because of the transition from a bimolecular
to a monomolecular recombination process in the degen-
erate regime.28 Those two joint effects also lead to a car-
rier density dependent C coefficient, which varies from
6×10−32 cm6 s−1 to 2×10−31 cm6 s−1 when n increases
from 1011 cm−2 to 2×1013 cm−2. Figure 3(a) reveals
that the D coefficient varies from 10−13 cm3 s−1 to 10−10

cm3s−1 when switching from sample-I to -III. As shown
in Fig. 4, the linear correlation between A and D coeffi-
cients leads to a scaling factor kD = 8×10−21 cm3. More
importantly, the derived D value has the same magnitude
as the B coefficient or even a larger one, which indicates

a close competition between radiative and defect-assisted
Auger processes. It is worth mentioning that this defect-
assisted Auger process is expected to be less sensitive
to screening effects because the two free carriers at play
have the same charge, i.e., it involves either e-e or h-h
pairs.27 Consequently, the defect-assisted Auger process
should be a critical carrier loss channel in green and red
III-N LEDs, for which the B coefficient is significantly
altered by the quantum confined Stark effect (QCSE).

1 0 7 1 0 8 1 0 9 1 0 1 01 0 - 1 4

1 0 - 1 3

1 0 - 1 2

1 0 - 1 1

1 0 - 1 0  s a m p l e  I
 s a m p l e  I I
 s a m p l e  I I I

D c
oef

fic
ien

t (c
m3 s-1 )

A  c o e f f i c i e n t  ( s - 1 )

r a n g e  o f  B  c o e f f i c i e n t

D  =  k D ⋅A
k D  =  8 × 1 0 - 2 1  c m 3

FIG. 4. Linear correlation extracted between A and D coeffi-
cients. Each segment illustrates the change in the value of the
A and D coefficients, which are a function of carrier density
(cf. Fig. 3(a)).

To conclude, we have studied the impact of PDs on the
Auger recombination mechanism in c-plane InGaN/GaN
QWs in the droop regime by tuning the defect density
in the active layer by varying the thickness of an In-
AlN UL. Through high injection TR-PL measurements
and modeling of the PL decays, we showed that, be-
sides SRH and standard Auger recombination, includ-
ing an additional defect-assisted Auger process –where
SRH-type defects act as scattering centers– is necessary
to reconcile the discrepancy observed between the usual
ABC model and experimental observations. We exam-
ined the scenario of point defects acting as actual trap
states, where the rate of defect-assisted Auger process
is proportional to n2. Our results indicate a linear de-
pendence between the SRH coefficient A and the defect-
assisted Auger coefficient D, which scales as D = kD ·A
with kD = 8 × 10−21 cm3. They also evidence that the
weight of the A term can lead to D values exceeding
the value of the bimolecular recombination coefficient
B. Our work further suggests that the defect-assisted
Auger recombination channel should be a critical carrier
loss mechanism in green and red III-N LEDs, which are
plagued by a low B term stemming from the detrimen-
tal impact of the QCSE. Combined with the recently re-
ported defect-assisted Auger rate via a virtual scattering
state, which scales like n3,12 our study shows that a dual
scattering mechanism via defects is likely at play, whose
exact weight will depend on the carrier density, defect
density, and QW geometry. This work will obviously call
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for additional studies on the exact scattering mechanism
at play in the defect-assisted Auger process.

See supplementary material for a description of (A) the
sample structure, (B) experimental details on TR-PL,
(C) the modeling of the carrier density dependent QCSE
by the self-consistent Schrödinger-Poisson method, (D)
the correlation between A and C coefficients, and (E) the
link between carrier density, current density and IQE.

The data that support the findings of this study are
available from the corresponding author upon reasonable
request.
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