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Abstract Efficiency droop is generally observed in
electroluminescence under high current injection. Optical
characterization on efficiency droop in InGaN/GaN multi-
ple-quantum-well structures has been conducted at 12 K.
Clear droop behaviors were observed for the sample
excited by above-bandgap excitation of GaN with pulse
laser. The results show that dislocation is not the crucial
factor to droop under high carrier density injection, and
Auger recombination just slightly affects the efficiency.
The radiative recombination may be mainly affected by a
multi-carrier-related process (diffusion and drift with a
factor of n**° and n°*) at the interface between GaN barrier
and InGaN well.

The cool and efficient white LEDs, which based on the III-
Nitride light-emitting diodes (LEDs), have been expected
to replace the traditional incandescent bulbs and fluores-
cent tubes in recent years to save the numerous energy
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consumption wasted by heat generation [1, 2]. But, a severe
obstacle to future solid state lighting applications of such
devices emerges when high-drive current is applied to get a
very high light output, and the internal quantum efficiency
decreased dramatically. This phenomenon is generally
called as efficiency droop [3], which means a reduction in
electroluminescence efficiency with increasing current
density. Although many studies have been conducted to
find the origination of this problem, the underlying mech-
anisms still remain under controversy. Besides delocal-
ization of carriers [4], thermal effects [5], and high density
of dislocation [4, 6], most of researchers contribute this to
the Auger recombination [7-9] and carrier leakage caused
by polarization effects [10-12]. The theoretical calcula-
tions also suggest that the defect- or phonon-assisted Auger
recombination should be responsible for the efficiency
droop [13]. In fact, most of the researches are based on
electrical carrier injection (electroluminescence, EL)
instead of photon-excited luminescence (photolumines-
cence, PL) for the difficult explanation of experimental
results. The reported PL efficiency droop has only been
shown in resonant PL experiment [7]. But the photon
excitation is a useful tool to study the carrier dynamics,
which may provide better understandings to the origination
of efficiency droop. In this letter, we report the photon-
excited efficiency droop behaviors in InGaN multiple-
quantum-well structures (MQWSs) by different laser sour-
ces. A clear efficiency droop behavior was observed when
we excited the sample by pulse laser with laser energy
above GaN bandgap, which is attributed to the multi-carrier
recombination processes.

The studied InGaN/GaN MQWs sample has the general
structures present in III-nitride LEDs, which were grown
on c-plane sapphire substrates by horizontal metal-organic
chemical vapor deposition (MOCVD). Trimethylgallium
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(TMGa), trimethylindium (TMIn), ammonia, and silane
were used as the precursors of Ga, In, N, and Si,
respectively. Nitrogen was used as a carrier gas for the
sources. After thermal cleaning of the substrate in
hydrogen ambient for 10 min at 1,100 °C, a 25-nm-thick
GaN nucleation layer was grown on c-plane sapphire
substrates at 560 °C and followed by a 1-pm Si-doped
GaN layer at 1,130 °C. Five periods of InGaN/GaN QWs
were grown at 795 °C and then a 100-nm-thick GaN
capping layer was grown at 1,050 °C. The average indium
content in well layers estimated from the flux of TMIn is
around 0.24. The thickness of barrier and well layers was
about 8 and 3 nm, respectively. PL measurements were
performed with a He-cooling stage operating at 12 K.
Different excitation sources are selected to excite the
samples below and above GaN bandgap. A second har-
monic pulsed Ti: sapphire laser at the wavelength of 354
and 370 nm was used to excite samples under pulsed
conditions (repetition rate 0.5 MHz), while a He—Cd laser
at 325 nm and a semiconductor laser diode at 405 nm
were used as continuous excitation sources (CW laser).
The laser intensity was changed by neutral density filters
with a power range from 1 to 700 pW. The diameter of
laser excitation spot was focused to ~0.2 mm, which
corresponds to a photon density of about 1.13 x 10'3,
1.18 x 10", 130 x 10", and 1.62 x 10"/cm® per
microwatt for pulsed laser of 354 and 370 nm, CW laser
of 325 and 405 nm, respectively.

Figure 1 shows the normalized PL spectra with an
excitation power of 5 and 700 W, which the sample
were excited by the pulse laser at 354, 370 nm and CW
laser at 325, 405 nm at 12 K, respectively. The main
emission peaks lie at 473 and 467 nm for different lasers
with a power of 5 W, respectively. When the sample is
excited by lasers with power of 700 uW, the emission
peak lies at 467 and 472 nm, respectively. So, if the
sample was excited below GaN bandgap by pulse laser
and by CW lasers, the sample shows a relatively stable
main emission peaks (the blue-shift is <6 meV) with the
power varied from 5 to 700 uW. But for the pulse laser
excitation above GaN bandgap, it brought a blue-shift of
~28 meV to the main emission peak in the same power
range. The inset of Fig. 1 shows the peak shift of main
emissions in the excitation power range from 5 to
700 pW.

To study the internal efficiency changes of InGaN
sample excited by different laser sources, power-dependent
PL spectra have been integrated from 430 to 530 nm,
which covers all the emissions from InGaN well layers.
The integrated intensity with excitation power for different
laser sources are shown in Fig. 2. The carrier density in the
active region can be described by the carrier rate equation
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Fig. 1 Power-dependent PL spectra at 12 K, which is excited with a
power of 5 and 700 uW by pulse laser at 354, 370 nm and CW laser
at 325, 405 nm. The inset shows the main emission peak shift with
powers

d—nzG(I)—An—BnZ—Cn3 (1)
dt

where G(t) is the carrier generation density, An is the
nonradiative recombination rate, Bn’ is the bimolecular
radiative recombination rate and Cn” is also a nonradiative
recombination rate with 3 particles involved. The carrier
generation density G(z) is proportional to the excitation
power P, by considering both the radiative and
nonradiative recombination together, the integrated PL
intensity / (corresponds to radiative recombination) should
be a function of excitation power P

I~P 2)

According to this formula, if the first nonradiative recom-
bination An (Shockley-Read-Hall recombination, SRH) in
formula (1) is dominant, y should be close to 2; if radiative
recombination Bn? is dominant, y should be close to 1; and
7 is close to 2/3, if the nonradiative recombination Cn’ is
dominant.
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All the integrated intensities have been fitted by using
formula (2), and the results are shown in Fig. 2. A single y
in formula (2) can be used to fit the experimental data well
except for the data obtained by 354 nm pulse laser exci-
tation. To avoid the deviation between the model-fitting
and experimental data, we divided this group of data into
two parts and fit them separately to get the best fitting as in
Fig. 2a. The fitted y is 0.947, 0.963, 0.985 and 1.008 for the
excitation source of 354 (lower power excitation part),
370 nm pulse laser and 325, 405 nm CW laser, respec-
tively, which shows a slight increase in the value around 1.
As we have pointed above, y should be close to 1 if the
radiative recombination is dominant. So, the radiative
recombination is dominant when the sample were excited
by low power of 354 nm pulse laser and three other exci-
tation lasers, in which the nonradiative recombination is
suppressed. It is well known that all the defect-related
recombination is frozen out at lower temperature (in this
study, 12 K), and the radiative recombination is dominant.
But for the high power range of 354 nm pulse laser exci-
tation, the fitted parameter y is just 0.761, which is closer to
the value limit of 3-particle nonradiative recombination
(Auger recombination or carrier leakage).

Figure 3 shows the normalized efficiency decay of
sample excited by four different laser sources. Efficiency
droop behavior is more obvious when excited the sample
by 354 nm pulse laser than by other laser sources. The
efficiency increases with the increase in excitation power to
40 puW, and then it decreases to its 53 % at the excitation

Excitation Power (W)

power of 700 uW. It also should be noted that this point is
just the dividing point when we fit the data with formula (2)
as shown in Fig. 2. So, this is a turning point that nonra-
diative recombination begin to dominate. For the efficiency
behavior excited by 370 nm pulse laser, this point is not
clear and the efficiency drops to 90.6 % of the maximum
when the power increases to 700 pW. While for the exci-
tation by CW lasers, the efficiency increases to its maxi-
mum and then keeps almost at a constant. This
phenomenon is well in accordance with the above y values.
So, exciting the sample by pulse laser with the energy
above GaN bandgap is the best optical method to study the
efficiency droop behavior in InGaN MQWs.

Generally, the efficiency droop behavior is thought to be
caused by Auger recombination and/or carrier leakage.
Based on the Auger recombination theory, the efficiency
droop can be reduced by spreading the carriers over more
materials since Auger recombination rate is proportional to
the cube of the carrier’s density. But the improvement is
not so pronounced at high current density that the new
structure is less efficient than the standard one at low
current density [14, 15]. Based on the carrier leakage
analysis, Schubert’s team fabricated the polarization-mat-
ched MQW LEDs to reduce the efficiency droop. The
reported results show that the power output is raised by
25 % at high currents [10]. From the inset of Fig. 1, we can
find that the main emission peak shows the largest blue-
shift when the sample was excited by 354 nm pulse laser
within a power range from 5 to 700 uW. It is well known
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Fig. 3 Normalized efficiency evaluation with excited powers for
different exciting laser sources at 12 K

that large internal electric fields exist in III-nitridle MQW
materials due to the large spontaneous polarization [16].
High carrier density will screen the internal electric fields
and lead to the blue-shift of emission peak. For our case, it
corresponds to the 354 nm pulse laser excitation which has
the largest transient carrier density. The effective screening
of internal electric fields caused the largest blue-shift of
emission peaks, which corresponds to the most serious
efficiency droop (Fig. 3).

Also, because of the high density of carriers, the Auger
recombination may also plays an important role in the
efficiency droop. But when we excited the sample with
370 nm pulse laser, the droop behavior is not obvious. The
difference in carrier density between 354 and 370 nm pulse
laser is small, but the droop behavior shows large differ-
ence. This phenomenon may imply that the droop is related
to the internal electric field in III-nitride samples more than
the Auger recombination. The screening of internal electric
field will cause the efficiency droop. On the other hand, the
Auger recombination is temperature dependent [17]. At
low temperature (12 K in our cases), the Auger recombi-
nation may not be dominant. In fact, recent study also
supported this explanation, in which the Auger recombi-
nation coefficient is decided to be 1.8 & 0.2 x 107" cm®/s
[18]. On the other hand, by comparing the droop behaviors
excited by 354 and 370 nm pulse laser, the carrier’s gen-
eration in barriers and transport from the barrier to well
layers will influence the efficiency more than the carrier’s
recombination in the wells, which may imply that the
carriers’ loss during the transport instead of Auger
recombination is the origin of efficiency droop. Also, from
Fig. 3, we can find that the efficiency droop behavior may
not be related to the defect in samples, which the fitting
parameter y should be larger than 1. This can be explained
by the frozen out of defects at low temperature.
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The carriers’ leakage across the heterojunction between
the active layer and p-confining layer can arise due to
either drift [19] or diffusion [20], as have been found in
InGaAsP light-emitting sources [21]. Depending on the
p-doping level of confining layer, the drift leakage current
or the diffusion leakage current dominates. By considering
the p-doping level in GaN materials (~ 10"7/cm?) [22-24],
the electric fields are large and the drift leakage current
may dominate [19]. If we let 4n be the density of con-
duction electrons in active layer whose energy exceeds the
conduction band edge of p-confining layer, the leakage
current density caused by diffusion is [25]

Jdiff = eD,lAn/w (3)

where D, is the electron diffusivity in the p-confining
layer, and w is its thickness. The total current density in
p-confining layer is comprised of electron leakage current
and injected hole current, which can be written as

Jdrift = ,ueAnE (4)
and
Jinjecl = :up(An —|—[))E (5)

where E is the electric field, p the acceptor density, and p,
and p, the electron and hole mobilities in p-confining layer,
respectively. Because An is much smaller than p, we then
have

feAn

Jinject (6)
D

Jarite =

If the injection current density varies as n” (since the
injected hole current is dominated by the bimolecular term
on’ [26]) and A4n varies as n*3, then, we can have Jair <
n*3 and Jygig oc n>7, in which the carrier rate equation will

contain a term [21]

Dn3,  if diffusion dominates
Rleakage (7)

Dn’?,  if drift dominates

which will lead to a carrier rate equation

dn
o
the 0 is 3.5 or 5.5 depending on the domination of diffusion
or drift. According to formula (8), we conducted a simu-
lation on the data obtained by the excitation of 354 nm
pulse laser (See in Fig. 2), and the results are shown in
Fig. 4. The solid and dashed curves represent the fitting
result by using Auger and leakage model, respectively. We
can see from the figure that the leakage model gives the
best description of experimental data for all of the power
range. A calculated 0 value of 3.95 is obtained, which may
imply the domination of carrier leakage. On the other hand,

G(t) — An — Bn? — Cn® — Dn (8)
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Fig. 4 Fitted results on the integrated intensity data obtained by the
excitation with 354 nm pulse laser (See in Fig. 2). The dots are
experimental data, the solid and dashed line represent the fitted curve
with Auger (Cn®) and leakage model (Dn’) in formula (8),
respectively

the fitted curves of the two models are almost same in the
range that efficiency droop happened. It is still not clear to
distinguish the real reason for efficiency droop [27].

In conclusion, we have studied the efficiency droop
behaviors of InGaN MQW structures by PL at 12 K with
different laser excitation. Exciting the sample at low tem-
perature (12 K) by pulse laser with the energy larger than
GaN bandgap is the best optical method to study the effi-
ciency droop behavior. The droop is not related to the
defect density in sample; the Auger recombination just
slightly affect the efficiency droop [28] (3-particles). But
another multi-carrier recombination process (more than 3),
such as carrier leakage at the interface between GaN barrier
and InGaN well (diffusion and drift with an factor of
n>> and n°?), could be the reason for the efficiency droop
in III-nitride MQWs structures.
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