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We obtain temperature-dependent recombination coefficients by measuring the quantum efficiency
and differential carrier lifetimes in the state-of-the-art InGaN light-emitting diodes. This allows us to
gain insight into the physical processes limiting the quantum efficiency of such devices. In the green
spectral range, the efficiency deteriorates, which we assign to a combination of diminishing electron-
hole wave function overlap and enhanced Auger processes, while a significant reduction in material
quality with increased In content can be precluded. Here, we analyze and quantify the entire balance
of all loss mechanisms and highlight the particular role of hole localization. Published by AIP

Publishing. [http://dx.doi.org/10.1063/1.4965298]

Light-emitting diodes (LEDs) with InGaN/GaN multi
quantum well (MQW) active regions are widely used as visi-
ble light emitters for solid-state lighting. However, such LEDs
still suffer considerably from two phenomena: the so-called
“green gap,” that is, LED efficiency reduction in the green/
yellow spectral range,l’2 and efficiency droopz_4 observed at
high operating currents. The physical nature of the green gap
is still debated extensively.”® In order to shift the emission
wavelength to the green/yellow spectral region, it is necessary
to increase the In content in InGaN QWs. This may lead to
stress relaxation via dislocation formation in the QWs, as a
prominent lattice-mismatch with the surrounding GaN layers
arises.” In addition, higher In content is normally achieved by
lowering the InGaN growth temperature,® which favors point
defect formation.’ Both, extended and point defects should
promote Shockley-Read-Hall (SRH) recombination,'® thus
reducing LED efficiency. Further, increased In content also
gives rise to the quantum-confined Stark effect (QCSE),'"!?
which reduces the electron-hole wave function overlap, and
hence the rate of radiative recombination.'*'* Unfortunately,
none of the above mentioned effects can explain quantita-
tively the magnitude of the reduction of LED efficiency," still
observed even in devices of the highest quality.'® For a long
time, explanations for the efficiency droop were also contro-
versial.* Hotly debated, the droop phenomenon has been
assigned experimentally to (phonon-assisted) Auger recombi-
nation.'”™"” Deeper insight into the mechanisms critical for
both, the green gap and the efficiency droop, may be achieved
by measuring the recombination coefficients (RCs). Previous
studies have considered room temperature RCs as a function
of emission wavelength,'® or temperatures above room tem-
perature.?! Determination of the RCs over a larger tempera-
ture range permits to decouple temperature-independent
factors, such as QCSE, from temperature dependent ones, for
example, carrier localization. In this Letter, we report on
SRH, radiative and Auger RCs, measured in a wide tempera-
ture range for state-of-the-art blue- and green-emitting InGaN
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MQW LEDs. Our findings exclude inferior InGaN material
quality from the list of potential causes for the green gap. In
addition, we unravel and quantify the contributions of
decreasing electron-hole wave function overlap and enhanced
Auger recombination. Finally, we consider the increasing hole
localization in InGaN alloys with higher indium composition
in order to explain the temperature dependences of the RCs.
For our study, MQW LEDs were grown by metal-organic
vapor phase epitaxy on c-plane sapphire substrates. The devi-
ces emit at a wavelength of 445 nm (530 nm) and contain five
(seven) QWs. The InGaN QWs were embedded in GaN bar-
riers, comprising Si-doped n-GaN layers below the active
region, and Mg-doped p-GaN, and AlGaN electron blocking
layers on the top. The devices were packaged in OSRAM’s
commercial Golden Dragon+ package and represent the state-
of-the-art epitaxial quality. Our method for an evaluation of
the RCs is based on the ABC-model*** considering the
dependence of the LED external quantum efficiency (EQE)
on the carrier concentration in the active region » in the form:
EQE = 1,,,Bn/(A + Bn + Cn?). Here, 1,,, is the light extrac-
tion efficiency, while the RCs A, B and C correspond to SRH,
radiative, and Auger recombination, respectively. The method
implies simultaneous measurements of the EQE and the dif-
ferential carrier lifetime (DLT) by small-signal time-resolved
photoluminescence (SSTRPL) versus LED operating cur-
rent.”> The EQE of our LEDs as a function of operating cur-
rent was measured by integrating pulsed electroluminescence
(EL), a standard method.”® The EL spectra were recorded
with a Princeton Instruments charge-coupled device through a
30cm focal length SpectraPro monochromator. By evaluating
the EQE as a function of normalized optical output power p
(i.e., p=1 at the maximum value of EQE — EQE,,,,), the so-
called quality factor Q = B/ (AC)I/ * can be found via the
relationship?®

EQEn, _Q+p'2+p7'2
EQE 0+2
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For the DLT measurements, the LEDs were pumped
electrically with a DC current and in addition optically with
a frequency-doubled Ti:Sa laser tuned to 400 nm, guarantee-
ing optical absorption in the InGaN QWs exclusively.
Details regarding the measurement procedure, data evalua-
tion, and a discussion about the necessity of optical pumping
for DLT measurements in InGaN structures can be found in
Ref. 25. From the measured DLT (7), the SRH RC A can be
found based on the following equation:

A—l

S — 2
T 200 1 3p @

Further evaluation of the sheet radiative [Bp = A%Q
(24 0)(¢S/Imax)] and sheet Auger [Cop = A3(2 + 0)*(¢S/
Imax)z)] RCs is straightforward.25 Here, I, is the current
corresponding to the EQE maximum, § is the active region
area, and ¢ is the elementary charge. Note that both, A and
0, are independent of I,,,,; moreover, the Q-factor does not
depend on whether bulk RCs B and C or sheet RCs B;p and
C,p are used for its determination. As soon as the Q-factor is
known, the maximum IQE value IQE,,, = O/(0 + 2) can
be easily estimated. Figure 1(a) shows the IQE of typical
blue and green MQW LEDs as a function of normalized opti-
cal output power p. While the EQE datasets are measured in
arbitrary units, their fitting by Eq. (1) allows the determina-
tion of the quality factor Q, and hence, the dependence of
IQE on p in absolute units (solid lines in Fig. 1(a)). We wish
to remark, that at low temperatures (<150K) and low cur-
rents (p < 1), the behavior of green LEDs is found to deviate
from the ABC model: The measured IQE is higher than pre-
dicted by theory. This implies that in this regime, the RCs
are not independent of the injection level anymore, and the
assumptions made to evaluate the RCs do not hold.
Therefore, the presented study is confined to the temperature
range where the LED efficiency can be well approximated
by the ABC-model with constant RCs.?® This also means
that all DLT measurements are performed at p > 1—a condi-
tion always fulfilled under real world operating conditions.
Figure 1(b) displays exemplary SSTRPL traces obtained at
300K at various currents. The transient decays are mono-
exponential and the constant (EL) background has been sub-
tracted for clarity. One can see that the DLTs decrease with

T
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FIG. 1. (a) IQE as a function of p for a blue and a green MQW LEDs at dif-
ferent 7. Circles correspond to data points, while solid lines are fits based on
the ABC-model. (b) SSTRPL traces for one of the green devices at
T=300K at various currents. Circles correspond to data points and solid
lines show mono-exponential fits (see Ref. 25 for details). (c) Exemplary
evaluation of the SRH-RC A. Blue (green) points are measured DLTs of a
blue (green) MQW LED at T=300K. Solid lines depict fits to the data
based on Eq. (2).
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rising LED drive current, and thus, with increasing carrier
density in the active region. Using Eq. (2), these DLTs along
with the Q-factors can be used to extract the SRH coefficient
A. This is demonstrated in Fig. 1(c) for blue and green MQW
LEDs at a temperature of 300 K. Here the measured DLT
trends (circles) are approximated with Eq. (2) (solid lines)
for unambiguous values of the A. Figure 2 summarizes the
main results of our extended study. Filled blue squares
(green diamonds) in Fig. 2 correspond to blue (green) MQW
LEDs. The IQE of green-emitting devices is found to be
much lower than that of blue-emitting ones, cf. Fig. 1(a),
indicating the green gap behavior. Further, it can be observed
that the efficiency of the green LEDs is lower than that of
blue ones even at low temperatures and exhibits a more pro-
nounced decline with temperature. Usually, the green gap is
explained by a rise in the point/structural defect density in
the InGaN QWs with high In content—an enhanced SRH
recombination—or by a decreased overlap between electron
and hole wave functions due to the QCSE, lowering the radi-
ative recombination. Naturally, also a combination of both
factors seems plausible at first glance. In contrast, we have
obtained almost identical SRH RCs A for our blue (445 nm)
and green (530nm) LEDs over the whole temperature range
(see Fig. 2(a)). Consequently, very similar SRH-related acti-
vation energies £, of 54meV and 52meV can be obtained.
A similar result has been reported earlier for room tempera-
ture only.'*'® In our case, the identical temperature depen-
dence of the SRH RC over a wide temperature range
provides strong evidence for a well-comparable crystal qual-
ity of the InGaN QWs for blue and green light emission,
which is attained despite the very different compositions of
the InGaN alloys. This means, that the observed IQE reduc-
tion towards longer emission wavelength cannot be associ-
ated with an assumed enhanced defect generation at higher
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FIG. 2. Temperature dependence of the RCs corresponding to (a) SRH, (b)
radiative, and (c) Auger recombination. Blue squares (green diamonds) refer
to blue-emitting (green-emitting) MQW LEDs. The blue (green) shaded
areas show theoretical estimates made for certain ranges of the hole localiza-
tion energy (see text). (d) Temperature dependence of IQE. Open symbols
represent values derived under the assumption that Byp and C,p would not
vary with temperature above 150K. The shaded areas demonstrate the
impact of several mechanisms to IQE reduction (see text). Dashed lines in
panel (a) and (b) show fits of the activation energy £, of SRH recombina-
tion, and the expected temperature dependence of B in bulk and QW mate-
rial, respectively.
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In content in the QW active region. The radiative (B,p) and
Auger (Cpp) RCs are shown in Figs. 2(b) and 2(c). Both
coefficients are reduced significantly for the green-emitting
devices, compared to blue-emitting ones. Whereas recalcula-
tion of the sheet RCs to the bulk ones is questionable
because of uncertainty in the number of QWs participating
effectively in recombination,25 the observed big difference
in both RCs still suggests a substantial reduction in the over-
lap of electron and hole wave functions in green LEDs. This
reduction cannot be, however, attributed entirely to the
QCSE arising in the InGaN QWs due to polarization charges
at the QW interfaces, which are enhanced with rising In con-
tent in the InGaN alloy. Indeed, both, B,p and C,p, are found
to increase generally with T (see Figs. 2(b) and 2(c)). While
the rise of the Auger RCs with T does not conflict qualita-
tively with available models considering phonon-assisted
processes,”’ a corresponding rise of the radiative RCs (blue
LED) or an almost constant behaviour (green LED) is anoma-
lous, as either a proportionality to 7~3/2 (bulk materials),”**’
to 77! (QW5s),>*! or no temperature dependence (quantum
dots)* is expected in semiconductors (compare with dashed
lines in Fig. 2(b)). It should be noted that some traces of a syn-
chronous variation of B and C with 7, were previously
reported,”®** but attributing the anomaly just to the B coeffi-
cient has become possible only due to the direct determination
of an independent set of the RCs in this study. In order to
interpret the observed anomalous temperature dependence of
B>p, we consider that a few neighboring In atoms may pro-
vide effective carrier localization in InGaN.%>*3° Here, a sim-
ple model is used, assuming electrons to be completely
delocalized and holes to be localized in the bulk of an InGaN
alloy due to larger effective masses. The hole localization is
characterized by the localization energy E; counted from the
top of the valence band, and the wave function localization
radius a;, = 7/ (2thL)1/ 2 where i is the reduced Planck con-
stant and m, is the hole effective mass. Assuming the local-
ized hole wave function to be hydrogen-like, one can
calculate the radiative recombination constant’®

20(anng

3
B = 64nvg(ayy)”, 3hmyc?

vg = (3)
Here, o ~ 1/137 is the fine-structure constant, 7, and E, are
the group refractive index and energy gap of the material,
respectively, Ep = 2moP?/ 72 is the energy related to Kane’s
matrix element P,37 my is the electron mass, and ¢ is the

velocity of light in vacuum. The effective localization radius

(aer) in Eq. (3) is defined by the expression <aeff>3 =p!

Jo© g(EL)f (EL)a; (EL)E(EL)dEL where g(Eyp) is the density
of states (DOS) of localized holes, f(E;) = [1 + exp[(F,
—E;)/kT])]"" is the Fermi-Dirac distribution function of
holes, &(Ep) = mpEL/(mEL + m.E,), m, is the electron
effective mass, and E, is the mean kinetic energy of delocal-
ized electrons, which is equal to kT in the case of non-
degenerate carriers. Additionally, F, is the quasi-Fermi level
for holes, & is the Boltzmann constant, and the concentration
of localized holes p is defined as: p = [;~ g(EL)f (EL)dEL.
As follows from Eq. (3), the temperature dependence of the
radiative recombination constant B is mainly determined by
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that of the effective localization radius (a.s). For simplicity,
assuming the DOS of localized holes to have an exponential
form,*® g(E) = [1 + exp(E/E,)]”", with E, being the specific
energy of the DOS tail in the energy gap, and using typical
values of n,=29, E,=2.7eV, Ep=14eV, m,/m,=0.1,
my, = 2.0mg, one can obtain the temperature dependence of
the effective localization radius (a.rr) shown in Fig. 3. Here,
one can see that the variation of (a.;r) (and hence B) with
temperature depends remarkably on the localization strength
characterized by the parameter E, and the electron kinetic
energy E,. For non-degenerate electrons (Fig. 3(b)), (ar)
increases monotonically, while the slope decreases with ris-
ing localization. If higher kinetic energies E, are assumed
(see Fig. 3(a)), the overall, corresponding slope is reduced.
With E,=300meV, the effective localization radius is even
found to increase at low temperatures, followed by a
decrease towards higher temperatures (£, =20 meV) or to be
practically independent of temperature (E,=60meV).
Generally, high-energy electrons possess a reduced overlap
with the hole wave functions expressed by the factor &, thus
causing a reduction of (a.f), and consequently, the radiative
RC B. We note that in addition to the radiative RC B, where
(temperature-independent) calculations have shown a reduc-
tion due to random alloying.’® also the Auger RC C should
scale with the electron-hole wave function overlap. The
Augur RC C, corresponding to the process involving two
delocalized electrons and a localized hole — in line with the
experimentally identified dominant Auger process'®*4°—
can be estimated as™!

c— @WGP—D— @)

where ag = li//2m,(E; — Er) and {(aag)’ = p~' [;° g(Ey)
f(EL)a; (EL)a(EL)dEL. The shaded areas in Fig. 2(b) show
the thermal evolution of the coefficient B calculated by Eq.
(3). Here, good agreement can be reached with E, in the
range of 20-30meV for blue and of 30-50meV for green
LEDs, values well comparable with the literature.®** In
order to achieve this direct comparison with the experimental
sheet RC, the calculated B values were scaled with constant
factors, to account for the uncertainty in the recombination
volume and any additional electron-hole-overlap reduction
caused by the QCSE. Here, Fig. 2(b) shows a good correla-
tion of the theoretical temperature dependence with the data
on the coefficients B,p, directly suggesting stronger hole
localization in green LEDs than in the blue ones—as

T T T T T .
_|fp=——E=20 meV —0.7
g 1F=——Ez=40 mev -0.6
~ [ =——E =60 me, 1
A - —0.5
@ r ]
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L 1 L 1 L
0 100 200 300 0 100 200 300
Temperature (K)

FIG. 3. Temperature dependence of the effective localization radius (ay)
calculated for different energies E, (characteristic for the localization
strength) of the hole density of states tail. (a) For constant kinetic energies
of electrons E,, (b) for non-degenerate electrons (E, = kT). A hole Fermi
level of F,=100meV is assumed for all calculations.
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commonly expected.® Note that at even higher temperatures,
once all holes are delocalized, the B coefficient reduces
again.?! Similarly, temperature-dependent C coefficients cal-
culated for blue and green LEDs by Eq. (4) are presented by
the shaded areas in Fig. 2(c) and also correlate with experi-
mental data. The increase of Auger recombination with ris-
ing T is more significant than previously predicted in a much
narrower temperature range.”’ Naturally not all possible
Auger processes are considered in our model, motivating
future examinations with focus on phonon-assisted pro-
cesses. Nevertheless the steep rise of C can already be suffi-
ciently explained by means of hole localization in our
simplified model. Based on the determined RCs, we can dis-
tinguish between various factors contributing to the green
gap. In addition to the observed IQEs (filled symbols), Fig.
2(d) also shows hypothetical IQEs, assuming that their
temperature-dependence is determined by the rise in SRH
recombination only (open symbols) yielding, for example,
O(T) = B(150K)/+/A(T)C(150K).  Consequently, the
violet-shaded area indicates the IQE reduction due to SRH
recombination that rises with 7 (150-350K). The mostly
temperature-independent difference between the hypotheti-
cal IQE trends for blue and green LEDs (marked by an arrow
in Fig. 2(d)) is associated with the different magnitudes of
the B and C RCs, and therefore, originates from the decreas-
ing electron-hole-overlap towards the green spectral range,
compared to blue LEDs, due to the QCSE and hole localiza-
tion, as discussed above. The overlap decrease is responsible
for about half of the total green gap IQE reduction towards
operating temperature (350 K). The red-shaded areas in Fig.
2(d) mark the additional IQE losses due to the specific tem-
perature dependence of the B and C coefficients. As the tem-
perature dependence of B is minor, cf. Fig. 2(b), Auger
recombination is the major contributor to such kind of losses.
We have found the efficiency losses to be much more pro-
nounced for green LEDs, meaning that the contribution of
Auger recombination to the green gap is most significant.
The difference between the Auger losses in blue and green
LEDs suggests that the more pronounced thermal activation
of Auger processes directly correlates with the stronger
localization occurring in green InGaN alloys. Naturally, any
rise in charge carrier localization enhances the electron-pho-
non-coupling‘uJ15 favoring phonon-assisted Auger processes
and their impact on the IQE reduction. In conclusion, we
have observed close to identical SRH RCs over the entire
temperature range for blue- and green-emitting MQW, ruling
out defect generation in InGaN with high In content as prin-
cipal cause of the green gap. In contrast, the radiative and
Auger RCs were found to decrease significantly in green-
emitting LEDs, because of a reduced overlap between elec-
tron and hole wave functions. The anomalous temperature
dependence of the radiative recombination allows us to attri-
bute a part of this reduction to hole localization induced by
fluctuations of the InGaN composition, while the tempera-
ture independent reduction stems from the QCSE. Here,
even a simplified model for all recombination processes,
involving delocalized electrons and localized holes, suffices
to interpret the data. In addition, the strong rise with temper-
ature of the Auger RC leads to a further reduction of

Appl. Phys. Lett. 109, 161103 (2016)

quantum efficiency with temperature. This is especially true
for green-emitting LEDs, where holes are still substantially
localized at operating temperatures.
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