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Carrier-lifetime measurements reveal that, contrary to common expectations, the high-current nonra-
diative recombination (droop) in IIl-nitride light emitters is comprised of two contributions that scale with
the cube of the carrier density: an intrinsic recombination—most likely standard Auger scattering—and an
extrinsic recombination that is proportional to the density of point defects. This second droop mechanism,
which has not previously been observed, may be caused by an impurity-assisted Auger process. Further, it
is shown that longer-wavelength emitters suffer from higher point-defect recombinations, in turn causing
an increase in the extrinsic droop process. It is proposed that this effect leads to the green gap and that
point-defect reduction is a strategy to both vanquish the green gap and more generally improve quantum

efficiency at high current.

DOI: 10.1103/PhysRevApplied.11.031001

Although modern Il-nitride light-emitting diodes
(LEDs) can reach very high efficiency [1], they still suffer
from two important limitations. First, their internal quan-
tum efficiency (IQE) decreases at high current, an effect
known as efficiency droop. It is by now generally believed
that droop is, at least in part, caused by Auger scatter-
ing—owing to the approximately cubic dependence of the
droop current on the carrier density [2,3] and the obser-
vation of Auger electrons [4]. Second, the IQE decreases
at long wavelength (corresponding to a high In content
in the active region), a phenomenon of controversial ori-
gin, known as the “green gap.” Various explanations have
been offered for the green gap. It has been proposed that
high-In quantum wells (QWs) suffer from an increase
in point defects [5,6]; however, this should only impact
low-current recombinations, whereas the green gap occurs
at all currents. Other tentative explanations include an
increase in electron-hole separation (leading to weaker
radiative recombinations), due to increasing polarization
fields and in-plane carrier localization [7-9]. Crucially,
these explanations do not clarify the role played by non-
radiative recombinations in the green gap. The combined
effects of droop and the green gap have made it chal-
lenging to achieve efficient long-wavelength LEDs at high
current density, hindering important applications such as
[II-nitride red-green-blue emitters.

In this Letter, we show that these two phenomena are
connected and propose a mechanism for the green gap.
We investigate droop dynamics in detail and show that
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droop is in fact caused by a combination of two processes,
one intrinsic and the other extrinsic and scaling with the
point-defect concentration. We then confirm that a high
In content leads to an increase in point-defect recombina-
tions, which in turn leads to an increase of the extrinsic
droop component and the appearance of the green gap.

We study samples with 4-nm-thick single QWs within
p-i-n regions, grown on c-plane bulk GaN substrates by
metal-organic chemical-vapor deposition; these samples
include an (In,Ga)N underlayer (UL) beneath the p-i-
n region, which improves the material quality [10—12].
Importantly, the QW is placed at the center of the intrin-
sic region to avoid modulation doping, which would alter
the recombination dynamics [13].

We first summarize important properties of the recom-
bination dynamics in (In,Ga)N QWs. We measure carrier
lifetimes (t) with an optical-differential-lifetime (ODL)
technique under laser excitation, details of which can
be found in Ref. [14]. ODL uniquely enables the mea-
surement of lifetimes down to low current density—in the
Shockley-Read-Hall (SRH) regime—and is devoid of elec-
trical injection artifacts [15]. We obtain 7 as a function
of the optical current density (J) in the QW. Concur-
rently, we measure the sample’s absolute IQE as follows:
the geometry of the setup and the sample structure are
designed to provide repeatable optical collection across
samples, so that each sample’s relative IQE is obtained
directly from the luminescence intensity; absolute calibra-
tion is established by growing several pairs of samples,
wherein one sample in the pair is used for ODL measure-
ment and the other is processed as LEDs, the extraction
efficiency of which is known [1,16], leading to an accurate
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FIG. 1. The results from ODL
o measurements of a single-QW

sample. (a) The lifetime (full line)
K and the IQE (dashed line). (b)
$ The nonradiative component a, the
o low-current plateau of which gives
X the SRH coefficient 4. (c) The
° radiative component b, showing
° the carrier dependence of the radia-
° tive recombinations: symbols, the
experimental data; line, the empir-
ical fit, from which the screening
function S is derived (i.e., b ~ S?).
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IQE determination. These coupled measurements of life-
time and IQE yield the carrier density (n) in the QW and
the radiative and nonradiative rates (Gg, Gyr), from which
we derive three important quantities:

a=G/n, b=Gg/n*, c=(Gyg—An)/n’. (1)

These quantities assume a simple interpretation in the
framework of the well-known ABC model: at low current,
a should be equal to the SRH coefficient 4; while at all cur-
rents, b and ¢ should be constant and, respectively, equal to
the radiative coefficient B and the Auger coefficient C. For
now, we place ourselves in this framework, although the
interpretation of ¢ will be refined hereafter. In practice, 4
is first extracted from the low-current plateau of @ and this
value is then subtracted in Eq. (1) to calculate c.

Experiments have shown that b and ¢ are in fact current-
dependent quantities [14]. As shown in Fig. 1 (for a sam-
ple with [In] = 13%), they increase with carrier density
due to screening of the polarization field across the QW,
which induces an increase of the electron-hole overlap
I = [ ey It is well known that B ~ I? [17]. Regard-
ing Auger scattering, experiments and calculations have
shown that C ~ 7, with p ~ 2—3 [depending on the mix-
ture of the electron-electron-hole (eek) and electron-hole-
hole (ehh) contributions] [14,18,19].

18.5 19 19.5

log,o N (cm3)

I can be decomposed according to /(n) = I,S(n), where
1y is the low-current value of 7 and S is a screening function
accounting for the effect of carriers on the potential, with
S normalized to unity at low current. Often, S is evaluated
numerically from a simple one-dimensional (1D) Poisson-
Schrodinger model, as was done in Ref. [14]; however,
such computations are of limited accuracy as they ignore
in-plane carrier localization. Instead, in this Letter, we
derive S empirically from S = /b/By. The overlap depen-
dence of C can then be explicitly verified, as shown in
Fig. 1(d): we find that p &~ 2.4, indicating a mixture of
eeh and ehh Auger processes. Thus, we have b = BS?
and ¢ = CySP, with the low-current values (subscript 0)
obtained before the onset of screening.

Further, we have shown in Ref. [20] that the coef-
ficient 4, derived from Eq. (1), also scales with wave-
function overlap. Indeed, both electrons and holes need to
be present at a point defect to complete a SRH recombi-
nation cycle. Experimentally, we find 4 ~ 9 with g =~ 1.6
[21].

In summary, all three recombination mechanisms scale
with similar exponents of the overlap /. Thus, for various
active regions spanning a large range of overlaps, these
dependencies cancel out, leading to nearly constant peak
IQE, as shown in Ref. [20].

Given this backdrop, we now study a series of samples
where the SRH rate is intentionally varied by one of three
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TABLE 1. Details of the samples (“UL” refers to the relative
thickness of the UL and the values of 4 and ¢ are on the log,,
scale).

No. Growth UL (%) AT A6 o (em®s™h
1 1 100 0 4.78 —32.49
2 2 100 0 5.44 —32.10
3 2 80 0 5.67 —31.96
4 2 50 0 6.38 —31.33
5 2 20 0 6.72 ~31.07
6 2 0 0 7.21 —30.79
7 2 100 +150°C  6.41 —31.33

methods. In a first case, we vary the epi growth between
conditions labeled / and 2 (with 2 being comparatively
worse); in a second case, we vary the UL thickness (with
a thinner UL leading to a lower IQE); in a third case, we
increase the growth temperature of the intrinsic GaN layer
underneath the QW [22] by AT (leading to a lower IQE).
Importantly, in all samples, the active region is identical,
with [In] = 13%. Table I shows the details of the sam-
ples. Figure 2 shows each sample’s IQE and quantities (b,
¢) determined from ODL measurements. Quantity a (not
shown) displays a clear low-current plateau for each sam-
ple, from which 4 is extracted. The fact that an increase in
growth temperature in a layer well below the active region
leads to an increase in point defects (see sample 7), as pre-
viously noted in Ref. [12], suggests that the defect at play
may be intrinsic rather than extrinsic.

The IQE varies significantly across the series. The sam-
ples with higher 4 suffer from a low IQE at low cur-
rent, as expected. However, their high-current IQE is also
impacted. This is surprising because SRH recombinations
should have little influence beyond 100 A cm™2. To illus-
trate this, we model the expected impact of increasing A
while b and ¢ remain unchanged for each sample (with val-
ues of b and ¢ taken from the brightest sample). Figure 2(a)
shows all modeled curves converging at high J, in con-
trast to the data. To explain this discrepancy, we turn our
attention to the other recombination channels.

Figure 2(b) shows that b is nearly identical for all sam-
ples, indicating that the radiative rate is the same, which is
as expected since they have the same active region. Inci-
dentally, this confirms the accuracy of the ODL technique
for measuring recombination rates, since all samples have
markedly different lifetimes and IQEs, but the same b is
derived from each one.

In contrast, in Fig. 2(c), ¢ shows a strong variation (more
than one order of magnitude) across the series: the sam-
ples with higher 4 also have higher c. This is unexpected
if we simply attribute C to Auger scattering—an intrin-
sic process, which should be constant for all samples, just
like radiative recombination. Instead, the interpretation of
¢ has to be revised; the data lends itself to the following
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FIG. 2. ODL-derived results for the Table I samples. (a)
Full lines, the experimental IQE; dashed lines, the modeled
IQE for varying 4 but constant values of b and ¢ (the model
does not predict the decrease in IQE at high current); dot-
ted line, the theoretical IQE limit in the intrinsic case (4 =
0, D =0). (b) The radiative term b is nearly identical for
all samples. (c¢) The nonradiative term ¢ (full lines) varies
across the series: dashed lines, fits according to Eq. (2); dot-
ted line, the intrinsic Auger component, resulting in the dotted
line in (a).
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decomposition:
c = CoSPn’ + Dn’, (2)

where Cj is an intrinsic Auger coefficient (constant for all
samples) and D denotes a second, extrinsic, droop process
which scales with A. This decomposition yields good fits
for values of Cy in the range (2-3) x 10733 cm® s~!. Here-
after, we use Cp = 2.5 x 10733 ¢cm® s~!, which leads to a
close match to the experimental data [shown in Fig. 2(c)],
from which we derive the value of D for each sample. It is
worth noting that the two processes of Eq. (2) differ in their
wave-function-overlap dependence (the intrinsic process
increases at high density due to field screening, whereas the
extrinsic process does not), which shows that the extrinsic
process is not simply caused by an increase in magnitude
of intrinsic Auger scattering.

Figure 3 shows the resulting correlation between 4 and
D. The two coefficients are correlated with a slope on the
log-log scale of about unity (the precise value depends
on the assumed value of Cj, but remains in the range
0.8-1.2). We conclude that to first order, D = kA with
k=2x10738cm® This linear relationship suggests a
causal relationship between defects and extrinsic droop.
Namely, for a given active region design, 4 is proportional
to the concentration of a point defect causing SRH recom-
binations. D scales linearly with A, suggesting that this
same point defect also induces an Auger-like nonradia-
tive process, which adds to the intrinsic Auger scattering
present in all samples. Only for sample 1, which has
the lowest defect density, is the droop near the intrinsic
limit indicated in Fig. 2. Crucially, this shows that defect
reduction is essential for high-current performance.
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FIG. 3. (a) The correlation between the SRH coefficient 4 and
the extrinsic droop coefficient D (on a log-log scale), with a slope
of 1 £0.2. (b),(c) Band diagrams for possible high-order pro-
cesses involving a trap: (b) electron Auger scattering into a trap
followed by SRH hole recombination with the trap; (c) an eeh
Auger process where the trap level acts as a virtual state.

Theoretical work has shown that the magnitude of the
Auger coefficient in IIl-nitrides can be explained by con-
sidering phonon- and disorder-assisted processes [23,24].
Such microscopic processes are plausible explanations for
the intrinsic droop current reported here. On the other
hand, these processes do not involve defects and cannot
account for the extrinsic droop component. Rather, they
should be constant across samples, since the structure of
the active region is unchanged.

Various high-order nonradiative mechanisms involving
traps can be considered to account for the extrinsic pro-
cess. However, its well-defined cubic dependence on the
carrier density [manifested as clear plateaus across more
than a decade in carrier density in Fig. 2(c)] imposes
restrictions. Figure 3(b) shows a process often considered
in other materials: a combination of an Auger scatter-
ing to a trap state [25,26] followed by an SRH recom-
bination; it can be verified that such processes have a
carrier dependence between n and n?. More generally,
processes generating a population in the trap state will
deviate from an #° scaling. On the other hand, the mech-
anism of Fig. 3(c) (Auger scattering involving the trap
level as a virtual state, without population buildup) would
possess the proper carrier dependence and is a possible
candidate—the magnitude of such a process in GaN has
not been investigated. Qualitatively, defect states close to
midgap (which are the likeliest source of SRH recombina-
tion) also reduce the energy threshold for Auger scattering,
making such defect-assisted transitions plausible. Another
possibility is enhancement of conventional Auger recom-
bination by scattering at charged-defects, although this
was investigated theoretically in Ref. [24] and predicted to
be negligible (even for high charged-defect densities pre-
cluded in our samples). Non-Auger processes might even
be considered, such as the density-activated SRH mech-
anism of Ref. [27] (however, that mechanism does not
have a prescribed dependence on carrier density, mak-
ing it a less natural explanation than an Auger process).
Further theoretical exploration would be warranted to
determine which specific process may account for our
observations.

To explore the broader implications of this extrinsic
droop process, we now consider samples of varying QW
composition in the range [In] = 8%—25%; i.e., spanning
the violet-to-green range [28]. We grow series of such sam-
ples using epi conditions / and 2 mentioned above (and a
full UL thickness of 100%). The study comprises 44 sam-
ples, whose values of 4, By, and ¢ = Cy + D are measured
by ODL and shown in Fig. 4. Their peak IQE is roughly
constant in the violet-blue range (for a given epi condi-
tion) but decreases at longer wavelength—a manifestation
of the green gap. The radiative rate is well behaved, with
Fig. 4(b) showing that By decreases with higher [In], as
anticipated due to the decreasing wave-function overlap
and regardless of the epi growth conditions.
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Next, we consider 4 [Fig. 4(a)], which we expect to
scale with both the defect density and the wave-function
overlap. Indeed, for moderate QW compositions ([In] =
8%—15%), A decreases with [In]—the trend is clearest in
samples with epi condition /, but is also observed with
condition 2 (albeit with higher values of 4 and more vari-
ability). This corresponds to the aforementioned regime,
where the point-defect incorporation remains constant and
variations in 4 are driven by wave-function overlap (i.e.,
A ~ I?). However, for higher [In], this trend breaks down
and A remains roughly constant as the QW composi-
tion increases. This marks a departure from the previous
regime and indicates that either (i) the point-defect density
increases with [In] and/or (ii) the overlap dependence of A
is altered.

Remarkably, the trend for the droop coefficient ¢y =
Co + D closely follows that of 4. For a given growth con-
dition, ¢ first decreases with overlap before reaching an
approximate plateau. We propose that the departure of ¢
from the intrinsic regime /7 is driven by variations in point
defects and hence D. To verify this, we show in Fig. 4(d)
the values of ¢y predicted by Eq. (2)—these closely match
the experiment, confirming a systematic coupling between
SRH defects and extrinsic droop.

To further understand the behavior of 4 and ¢, we per-
form additional ODL measurements with a reverse bias
applied to the samples. The bias reduces the electric field

Experimental c, (cm®s?)

across the QW [29] and the resulting quantum-confined
Stark effect, enabling a direct measurement of the overlap
dependence of recombinations in a given sample. We mea-
sure three samples with [In] = 10%, 16%, and 22% (note
that a reverse-bias photocarrier leakage current is observed
for the 10% sample [30]; this effect is corrected-for in the
data analysis). The results are included in Fig. 4, using
the samples’ wavelength to superimpose the data with the
previous experiment. The bias-induced increase in overlap
leads to a well-behaved increase in By for all samples (the
wavelength dependence of these curves is slightly differ-
ent from that of the previous experiment: this is because
it is induced by a change in field, rather than composi-
tion). In contrast, the overlap dependence of A is most
pronounced for the low-content sample and nearly nonex-
istent for the high-content sample. Accordingly, ¢y shows
a similar behavior.

Thus, as the QW’s indium content increases, there is a
transition from a “well-behaved” regime where all recom-
binations have pronounced overlap dependence [following
the dashed lines in Fig. 4] to the green-gap regime where A4
and ¢y become nearly constant (overlap independent). This
transition might be due to the formation of a different SRH-
causing defect or to a change in the physics governing SRH
recombinations in high-composition QWs. We hypoth-
esize that increased carrier localization in high-content
samples may contribute to these observations.
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In summary, we show two crucial results for under-
standing the efficiency of Ill-nitride LEDs. First, droop
has two contributions. In addition to the known intrin-
sic Auger scattering in low-defect materials, SRH-causing
defects also induce an additional extrinsic Auger-like non-
radiative process, which dominates droop in high-defect
materials—in stark contrast to the common expectation
that droop and defects are independent. Second, in long-
wavelength samples with a high In content, SRH recom-
binations become weakly dependent on the wave-function
overlap and their value remains constant. Correspondingly,
the extrinsic droop process remains constant while the
radiative rate is reduced—a trend that has been overlooked
in previous studies focusing solely on radiative dynamics.
We propose that this unfavorable balance of recombi-
nations causes the green gap and that improvements in
long-wavelength IlI-nitride emitters at all currents may be
enabled by a reduction in SRH defects and the associated
droop process.
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