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Abstract—The superior low-efficiency droop performance of
semipolar (2021) InGaN light-emitting diodes (LEDs) makes
it a hot candidate for efficient solid-state lighting and full-color
displays. To unveil the mystery of this low droop and high ef-
ficiency, the emission dynamics of semipolar (2021) LEDs is
investigated by time-resolved and steady-state photoluminescence
(PL) measurements. Much smaller carrier lifetimes (radiative
and nonradiative lifetime) were obtained from semipolar (2021)
InGaN QWs compared with those on the c-plane samples, pos-
sibly due to the reduced quantum-confined Stark effects and
smaller indium fluctuation on semipolar InGaN samples. The
experimental findings indicate a much reduced excess carrier
density in semipolar (2021) InGaN LEDs, which will impact the
device performance. Based on this, a modified 4BC equation with
weak phase-space-filling (PSF) effect was used to model the droop
characteristics of semipolar (2021) LEDs.

Index Terms—Efficiency droop, III-nitride, LEDs, semipolar.

I. INTRODUCTION

[I-nitride based light-emitting diodes (LEDs) have attracted
considerable attention due to their wide applications in general
lighting and displays [1]. Current commercial available InGaN
LEDs grown on the conventional c-plane substrates, however,
suffer from reduced efficiency with increasing current density, a
notorious phenomenon known as “efficiency droop” [2]. Many
different mechanisms have been proposed for the “efficiency
droop” including carrier leakage [2], Auger recombination [3],
[4], quantum confined Stark effect (QCSE) [5], carrier delo-
calization [6] and defects [7], while the physical origin is still
being heavily debated [8]-[13]. ¢-plane LEDs usually have a
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quantum well (QW) thickness of 3 nm in order to mitigate the
separation of electrons and holes. Zhao et al. developed stag-
gered QW structure to increase the electron-hole wavefunction
overlap [14]. And many other efforts have been dedicated to
engineer the QW barrier layer [15]-[17] and electron blocking
layer (EBL) to achieve better carrier confinement (less carrier
leakage) and more uniform carrier distribution (avoiding high
carrier density at certain QW) at high current density. For ex-
ample, Schubert et al. used polarization-matched AlGalnN bar-
riers instead of GaN barriers to reduce carrier leakage from the
QWs and thus efficiency droop [15]. Kuo et al. studied c-plane
InGaN LEDs with InGaN or GaN-InGaN-GaN barriers that re-
sults in favorable carrier injection, uniform carrier distribution
and low efficiency droop [16]. It has also been reported that EBL
could also affect efficiency droop [18], [19]. Furthermore, de-
vices grown on ternary InGaN substrate also showed improved
performance [20]. However, it is difficult to directly alter the
QW profile due to the polarization effect of ¢c-plane devices be-
cause it will make the growth process more complicated and de-
grade material quality. Recently, growing LED devices on novel
nonpolar and semipolar planes of GaN crystals has recently
been proposed as a possible solution to suppress the droop ef-
fect [21]-[27]. These planes have eliminated or reduced QCSE
effect and allow for the growth of thick QWs (up to 12 nm).
To date, highly efficient InGaN LEDs with extremely low
efficiency droop have been demonstrated on semipolar (2021)
devices [26][27]. Our previous work in [27] demonstrated a
blue-violet (2021) multiple QWs (MQWs) LEDs with low ef-
ficiency droop of 14.3% and pretty high external quantum effi-
ciency (EQE) of 45.3% even at current density 200 A/em?, In
[27], we fabricated very thick (12 nm) single QW (2021) LEDs.
The EQE (41.2%) only decreased 20% at a current density as
high as 400 A/ecm?. This low droop and high efficiency have
never been observed on c-plane devices. Therefore semipolar
(2021) LEDs are promising to enable efficient high power ap-
plication of InGaN LEDs and largely reduce power consump-
tion in solid-state lighting and displays. However, the reason for
this low droop is still elusive and becoming hot research topics.
Recent studies showed that semipolar (2021) quantum
wells (QWs) have unique properties such as increased indium
incorporation rate, polarized emission, and narrow spectrum
linewidth [28]-[30], which indicate very different material
and optical properties for semipolar (2021) plane. Despite
the encouraging progress on the device side, the physical
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mechanisms for the low droop performance on (2021) LEDs
are still not well understood. From experimental prospective,
although time-resolved photoluminescence (TRPL) has been
used to study the decaying properties of InGaN QWSs under
excitation, systematical comparison of carrier lifetime between
c-plane and semipolar LEDs is still lacking. Furthermore no
study has linked the carrier lifetime to the droop performance
of InGaN LEDs. From theoretical prospective, even though the
droop characteristics of ¢c-plane LEDs was very well fitted by
conventional ABC model, this model was not able to simulate
the semipolar LEDs due to its unique low-droop performance.
This indicate that a different ABC model has to be used for
nonpolar and semipolar LEDs where the different physical
properties and resulted carrier dynamics must be taken in to
account. In this paper, we investigate the emission properties
of semipolar (2021) LEDs using TRPL and steady-state PL
measurements, and discuss their influences on the device per-
formances. It is found that the carrier lifetime (radiative and
nonradiative lifetime) of semipolar (2021) InGaN QWs is much
smaller than that of the c-plane samples, which may indicate a
reduced excess carrier density in semipolar (2021) LEDs. The
smaller radiative carrier lifetime may be expected due to large
electron and hole wavefunction overlap in semipolar planes. It
can increase the efficiency as well as reduce efficiency droop.
However, the role of smaller nonradiative carrier lifetime is
twofold: on the one hand, it leads to low efficiency which is
unwanted; on the other hand, it can reduce carrier density in
the QWs and alleviate the efficiency droop. In the latter sense,
nonradiative recombination serves as a beneficial process.
Based on experimental results, we propose a modified ABC
equation with weak phase-space-filling (PSF) effect to model
the droop characteristics of semipolar (2021) LEDs. Very good
argument between experimental data and theoretical simulation
is obtained.

II. EXPERIMENTS

Semipolar LEDs were grown by conventional metalorganic
chemical vapor deposition (MOCVD) on free-standing (2021)
GaN substrates. The device structure consists of 1 ym Si-doped
n-type GaN layer, an InGaN active region, a 20 nm p-type
Mg-doped Aly.15Gag 5N electron blocking layer (EBL), and a
60 nm p-type GaN layer. For comparison, two types of active
layer structures were prepared for the semipolar samples: the
first group of samples have standard 3 periods of InGaN (3 nm)
/ GaN (20 nm) multiple QWs (MQWs), while the second
group of samples have a 12 nm single QW (SQW) due to
the reduced-polarization related effects and flat QW profile.
Furthermore, standard c-plane LED samples with 3 periods
of InGaN (3 nm) / GaN (20 nm) QWs and otherwise same
structures were also prepared as reference. 12 nm InGaN LEDs
were however not prepared for c-plane samples due to the large
QCSE. LED devices with various wavelengths were prepared
for both semipolar (2021) and c-plane devices, and devices
showed comparable light output power.

For experiments, both TRPL and PL measurements are per-
formed on the as-grown samples without encapsulation. Room
temperature (300 K) TRPL measurement is carried out using a
time-correlated single photon counting (TCSPC) system. The
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Fig. 1. TRPL spectra of semipolar (2021) LEDs (red line) and e-plane LEDs
(blue line) at room temperature. Carrier lifetime 7 is extracted based on expo-
nential decay.

source is an ultrafast titanium-sapphire laser with a 130 fs pulse
duration. The output at wavelength of 780 nm is sent through
a pulse selector to obtain pulses at a repetition rate of 4 MHz.
The pulsed light then goes through a frequency doubler to get
390 nm output light and is incident on the samples. The single
photon counting is done by a monochromator, which is set at
the peak PL wavelength of the samples, and a high-speed mi-
crochannel plate PMT detector. The resolution of this TCSPC
setup is about 20 ps. The laser power is 0.1 mW and the beam
diameter is about 1 mm. The estimated initial excited carrier
density is on the order of 10'® ¢cm 2 which is very low pho-
togenerated carrier density and hardly affects the internal elec-
tric field [31]. Furthermore, PL measurement is performed by
a spectrometer equipped with a photomultiplier. The excitation
source is 405 nm laser diode. PL data are collected under tem-
peratures of 300 K, 200 K, and 10 K. The laser power density
is around 1 W/em?. Wavelengths shown in the text and tables
below are all PL peak wavelengths of the samples.

III. RESULTS AND DISSICUSSION

Fig. 1 presents the TRPL measurements of semipolar (2021)
(12 nm SQW) and c-plane samples (3 x 3 nm MQW) with
PL peak wavelength of 436 nm and 455 nm, respectively. The
carrier decay dynamics can be simulated using An = Ang
exp(—t/7), where An is the excess carrier density, Ang is the
photogenerated carrier density and 7 is the minority carrier
lifetime. For semipolar (2021) LEDs, 7 = 0.47 ns; for ¢-plane
LEDs, 7 = 3.3 ns. The dominate decay process is likely
associated with the exciton emission [32], [33], as the localized
carrier emission is widely reported to be the main emitting
mechanism in InGaN LEDs [34]. Table I summaries the decay
time 7 of both semipolar (2021) samples and c-plane with
different wavelength and active layer structures, where the
semipolar (2021) samples showed much smaller 7 than ¢-plane
samples. The smaller carrier lifetime of semipolar samples can
be due to larger electron-hole wavefuction overlap (smaller
Trad)and smaller indium fluctuation (smaller 7,,05req)Which
will be discussed in detail later.

The measured lifetime 7 is related to radiative recombi-
nation lifetime 7,,4 and nonradiative recombination lifetime
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TABLET
CARRIER LIFETIMES (7) OF SEMIPOLAR (2021) LEDS AND ¢-PLANE LEDS
OBTAINED BY ROOM-TEMPERATURE TRPL MEASUREMENT

. . Wavelength

Plane Active region (nm) T (ns)

(2021) 12nm SQW 436 0.47

(2021) 12nm SQW 405 0.67
== 3 x3nm

(2021) MQW 452 1.36
== 3 x3nm

(2021) MQW 444 1.70
3 x3nm

c-plane MQW 500 3.67
3 x3nm

c-plane MQW 455 3.30
3 x3nm

c-plane MQW 433 2.80

TABLE II

THE IQES, RADIATIVE LIFETIMES (744 ), AND NONRADIATIVE LIFETIMES
(Tronrad) OF (2021) AND C'-PLANE INGAN LEDS OBTAINED FROM
TEMPERATURE DEPENDENT PL MEASUREMENT

Wavelength IQE Trad Tnonrad

Sample (nm) (M300x/10%) (ns) (ns)
(2021)

12 nm 436 0.43 1.0 0.8
SQW
(2021)
3% 3mm 444 0.53 32 3.6
MQW

c-plane
3 x 3 nm 455 0.54 6.4 7.2
MQW

Tnonrad 10 the equation: 1/7 = 1/7p0q + 1/Tnonrad. De-

composing the radiative and nonradiative lifetimes can be
realized by temperature dependent PL using the equation:
N300K/10K = Tnonrad/(Tnonrad + Trad)a where 300K /10K is
the ratio of integrated PL intensity of 300 K to that of 10 K,
which is also referred as the internal quantum efficiency (IQE).
Temperature-dependent PL is a widely used method to esti-
mate IQE of InGaN LEDs [35]-[37]. At very low temperature
(10 K), it’s assumed that all the nonradiative recombination
centers are frozen and the nonradiative lifetime is regarded
as infinite, leading to IQE = 1 at 10 K. Therefore the room
temperature IQE is calculated as the ratio of integrated PL
intensity of 300 K to that of 10 K [35]-[37]. Figs 2(a) and
2(b) present the temperature-dependent PL results of aforemen-
tioned semipolar v and ¢-plane samples under 300 K, 200 K,
and 10 K, respectively. Table II summarizes the obtained IQE,
Tnonrad, and Trqq for two semipolar (2021) samples and one
c-plane sample. Both semipolar and c-plane devices showed
similar values of IQEs, while the 7,44 and 7y,5,rqq On semipolar
samples are much smaller than those on the ¢-plane sample.
Smaller 7,44 is good both IQE and efficiency droop. While
smaller 7,,onrqq may result in low IQE, it can also alleviate
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Fig. 2. Steady-state PL spectra of (a) semipolar (2021) LEDs and (b) ¢-plane
LEDs at 10 K, 200 K and 300 K. IQE is determined by the ratio of integrated
intensity of 300 K to 10 K. FWHM at 300 K is also shown.

efficiency droop. Combination of smaller 7,44 and Tyonrad
gives semipolar LED both high IQE and low efficiency droop.
The difference in 7,.,4 can be explained by different QCSE
the samples: for c-plane samples, large QCSE exists which
decreases the electron and hole’s wavefunction overlap, and
therefore reduces the recombination rate and increase the ra-
diative lifetime of c-plane samples therefore resulting a larger
Trad- The smaller 7, onrqq On semipolar (2021) samples may be
attributed to the smaller indium fluctuation, which will result
more carriers trapped in nonradiative recombination centers
such as defects. This is further supported by the narrow PL
spectra of semipolar (2021) samples [Fig. 2(a)] in comparison
to the broad PL spectra of c-plane samples [Fig. 2(b)]. The full
width at half maximum (FWHM) of the semipolar LEDs is
19 nm compared with 33 nm for the ¢-plane sample. Smaller
FWHM is the indicator of more uniform indium distribution
in the active region for semipolar LEDs [27]. In addition, we
also observed that the carrier lifetime is smaller for 12 nm
sample than the 3 x 3 nm sample. This could be attributed to
the degraded material quality with increasing QW thickness,
which will reduce nonradiative lifetime and therefore lifetime.

The reduced carrier lifetimes (both radiative and nonradiative
lifetime) on semipolar (2021) will have significant impact on
the device electro-optical performance. Let’s first consider the
current density of LEDs. The total injected current density J;,¢
consists of current density due to radiative recombination .J.,4
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and current density due to nonradiative recombination J,onrad-
It can be expressed as a function of excess carrier density An:

Jtot = Jrad + Jnonrad

= qun(]-/TTad + ]-/Tnon'rad) (1)
where ¢ is the carrier charge and d is the active layer thick-
ness. Eq. (1) shows that at the same inject current density Jy,¢,
semipolar (2021) LEDs will have less excess carrier density
An than c-plane samples due to smaller 7,,4 and T, onraq. This
may explain the observed low droop performance on semipolar
(2021) LEDs.

In order to verify the correlation between low carrier den-
sity and low droop for semipolar (2021) LEDs, we use a modi-
fied ABC model to study the droop characteristics on semipolar
(2021) LEDs, where a PSF effect was incorporated into the
equation [38], [39]. The equations can be expressed as:

Bn? Cn?
= A
J qd( n+1+n/n0+1+n/no> (2)
Bn? Bn? Cn?
Qep=—""_ /(4
@ 1+n/n0/< n+1+n/n0+1+n/n0> @)
n=An+ Ny~ An “)

where n is the carrier density, Nj is the doping density, and A4,
B, C are Shockley-Read-Hall, radiative, and Auger recombina-
tion coefficients, respectively. The carrier density n is roughly
the value of An, as Ny is much smaller than An. A PSF coef-
ficient ng is incorporated into the equations. A larger ny indi-
cates a weaker PSF effect, and vice versa. Physically, the PSF
effect stems from Pauli Exclusion Principle, which states that
the transition of one electron from valence to a quantum state
in conduction band is prohibited if this state is already occu-
pied by an electron. As a result, at high current density, car-
rier distribution should be described by step-like Fermi-distri-
bution instead of Boltzmann distribution [40]. In the previous
studies, it is found that the IQE curve of c-plane devices was
very well fitted with the model, the similar ng coefficient how-
ever was not able to model the semipolar (2021) LEDs [41].
Here, we propose that at the same injection level, the PSF effect
will be much stronger on ¢-plane LEDs because of higher car-
rier density. While semipolar (2021) LEDs, on the other hand,
has a weak PSF effect and therefore a larger ngy should be used
in the modeling. Fig. 3(a) presents simulated IQE curves as a
function of different current densities, where the ny varies from
10" ¢cm~3 to 10%° cm—3. The A4, B, C, and d values used are
2x107s 1,2 x 107" em® - 571, 3 x 10739 cm® - s~ and
18 nm (6 sets of QWs with 3 nm each), respectively, which are
typical values used for InGaN LEDs. When ny changes, the ef-
ficiency curves and associated droop changes dramatically. In
Fig. 3(b), we calculated droop ratio of IQE curves with different
ng at different current density, where droop ratio = (IQE,,., —
IQE;)/IQEy ., X 100% (IQEy,,, is the IQE maximum and
IQE; is the IQE at different current densities). It indicates that
when ny is increased, the droop ratio decreases significantly due
to the reduced PSF effect. For example, the IQE curve with ny =
108 cm—3 shows efficiency droop of 11.7% at 100 A/cm® and
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Fig. 3. (a) Calculated IQE curves as a function of current densities using ABC
model with different ng coefficients. (b) Calculated droop ratio of different IQE
curves in (a).

38.2% at 400 A/cmz; however, for ng = 10'° cm—3, the droop
is only 1.7% and 18.7% at 100 A/em? and 400 A/cm?, respec-
tively. Therefore semipolar (2021) with smaller carrier density
should have weaker PSF effect and smaller efficiency droop,
which is simulated and verified using modified A BC model later.

Finally, the proposed model with different PSF coefficients
ng was used to simulate the experimental data of efficiency
curve of semipolar (2021) [27] and c-plane [42] InGaN LEDs,
and the results are presented in Fig. 4. It’s assumed that the in-
jection efficiency of 100% for both cases and light extraction ef-
ficiency of 65% for the semipolar LEDs and 90% for the c-plane
LEDs [41], [42]. This assumption is reasonable with current
technology status. The IQE curve of ¢c-plane LEDs is well fitted
by the model with a strong PSF effect, where A = 1.6 x 106571,
B=28x10""cmds !, C=48x103cmbs ! d=
15 nm and ng = 1.0 x 10'® cm 3 were used. However, the IQE
curve of semipolar LEDs fits very poorly with strong PSF effect
(no = 1.0 x 10 cm—2) [41]. According to analysis above, a
weaker PSF effect exists in semipolar LEDs comparing with
c-plane LEDs, and therefore model has to be modified. With
a large ng = 5 x 10¥%cm™3, very good agreement between
the experimental and fitting data was obtained for semipolar
LEDs with A = 6 x 10%s~!, B = 5 x 107! cm3s~1, C
= 4.5 x 1073 ¢cm®-s~ ', and d = 12 nm. This is consistent
with our previous analysis, and ABC equation with a weak PSF
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Fig. 4. Simulated IQE curves as a function of current densities for semipolar
(2021) LEDs with weak (red line) and strong (black line) PSF effect, and
c-plane LEDs with strong PSF effect (blue line). Reported experimental data
are also plotted for semipolar (2021) LEDs [27] (empty triangle) and ¢-plane
LEDs [41] (empty circle).

effect shows good agreement with experimental data on
semipolar LEDs.

IV. CONCLUSION

In summary, we studied the emission dynamics of semipolar
v InGaN LEDs by TRPL and steady-state PL and the results
were discussed. Much smaller carrier lifetimes (radiative and
nonradiative carrier lifetime) were obtained from semipolar
(2021) InGaN QW5 compared to those on the c-plane samples,
which indicates a much reduced carrier density on semipolar
devices. Based on these results, a modified ABC model with
weak PSF effect was used to simulate the droop behavior of
(2021) semipolar LEDs, and the simulations showed very good
agreement with experimental results. This work suggests a
very different emission mechanism and carrier dynamics on
semipolar (2021) LEDs, which may explain the low-droop
performance on these devices.
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