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InGaN/GaN multiple quantum well (MQW) green light-emitting diodes (LEDs) with varying InGaN quantum well
layer thickness are fabricated and characterized. The investigation of luminescence efficiency versus injection current
reveals that several physical mechanisms may jointly influence the efficiency droop, resulting in a non-monotonic variation
of droop behavior with increasing quantum well (QW) thickness. When the QW is very thin, the increase of InGaN well
layer thickness makes the efficiency droop more serious due to the enhancement of polarization effect. When the QW
thickness increases further, however, the droop is alleviated significantly, which is mainly ascribed to the enhanced non-
radiative recombination process and the weak delocalization effect.
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1. Introduction

Recently, efficiency droop, which is the reduction of
emission efficiency with increasing injection current in In-
GaN/GaN multiple quantum well (MQW) light-emitting diode
(LED), has been extensively studied, since this issue seriously
restricts the potential applications of these devices as high-
brightness sources for illumination.!'-'°! Efficiency droop is
caused by those mechanisms of carrier non-radiative loss
which have little effect at low currents but become domi-
nant at high currents. In general, carrier losses can occur ei-
ther inside or outside the MQW active region. Defect-related
Shockley—Read-Hall (SRH) recombination and Auger recom-
bination are the main non-radiative recombination processes
inside the QWs, 12 whereas carrier leakage results in non-
radiative recombination outside the QWs.[®! Several physical
mechanisms have been suggested to account for a severe ef-
ficiency droop in InGaN LED, including saturation of radia-
tive recombination rate,!”! carrier delocalization from band-

8-101 and piezoelectric polarization effect.[!3141 It is

tail states, |
known that the droop behaviors may be different for the LEDs
with different MQW structural parameters.!'>1%! Since the In-
GaN well layer thickness is a key parameter for the optical
spectra and the quality control of InGaN/GaN MQW struc-

tures, it is very important to analyze the efficiency droops
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for MQW LEDs with different thickness of InGaN well lay-
ers in practical applications. To elucidate this issue, the ef-
ficiency droop behaviors of InGaN/GaN MQW green LEDs
with varying QW thickness are investigated in this work. It
is found that several different physical mechanisms may coex-
ist in the MQW LEDs and influence the efficiency droops in
LEDs jointly when the well layer thickness varies.

2. Experimental procedures

The InGaN/GaN MQW LED heterostructures were
grown on (0001) sapphire substrates by AIXTRON close-
coupled showerhead 3 x 2 in a vertical reactor metal-organic
chemical vapor deposition (MOCVD) system. A low tem-
perature GaN nucleation layer was deposited on a sapphire
substrate at first, and then an Si-doped GaN with a thick-
ness of 2 um was grown on the top of the nucleation layer
as a template. The InGaN/GaN MQW layers with varying
nominal well layer thickness were deposited on the GaN tem-
plate. The MQW structures in all samples are composed of
five Ing20Gag goN QWs separated by 8-nm-thick GaN barri-
ers. For GaN quantum barrier layers, the growth temperature
was increased by 100 K with respect to that of the InGaN well
layer in order to improve barrier material quality. Then, a 150-
nm-thick p-type GaN contact layer doped with Mg was de-
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posited. Finally, the top-emitting LEDs each with a mesa area
of 300 umx300 wm were fabricated from these samples by
using standard LED fabrication techniques.

The MQW structures for all LEDs were identical, except
the InGaN well layer thickness in MQW active regions. Two
MQW LEDs, W7 and W8, with different QW thickness were
fabricated and studied first. It is found that the efficiency droop
becomes more severe due to a stronger polarization effect in
the sample with thicker QWs. Then, LED W9 with the thickest
InGaN well layers was additionally investigated further. The
thickness values of InGaN well layers were 2.6 nm, 3.0 nm,
and 3.4 nm for LEDs W7, W8, and W9, respectively.

The double-crystal x-ray diffraction (XRD) curves, mea-
sured with a Rigaku x-ray diffractometer, were used to charac-
terize the material quality of InGaN/GaN MQW structures. A
A =325 nm continuous wave He—Cd laser was used as an ex-
citation source for the photoluminescence (PL) measurements.
The temperature-dependent PL spectra were measured by us-
ing a closed-cycle refrigerator of CTI Cryogenics. The electro-
Iuminescence (EL) characteristics of the LEDs were measured
in both direct current (DC) and pulses current (PC) mode.
The external quantum efficiency (EQE), i.e., the optical out-
put power divided by the injection current, was measured in
PC mode with 1 kHz frequency and 0.1% duty cycle to prevent
the self-heating effect. The optical output power was measured
by using a calibrated silicon detector. The detected PL and EL
spectral lines were fitted by Gaussian functions to eliminate
the influence induced by the Fabry-Perot interference fringes
for analyzing the accurate peak energy.

3. Results and discussion

Figure 1 indicates the blueshifts of the EL peak energy of
LEDs W7 and W8 with DC injection current increasing from
0.01 mA to 1 mA at room temperature (RT).
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Fig. 1. (color online) Curves of EL peak energy versus injection current
for LEDs W7 and W8, denoted by black triangles and red squares, re-
spectively. The inset shows the typical RT EL spectra of LEDs W7 (black
lines) and W8 (red lines) at DC forward current / = 0.1 mA. The unit a.u.
is short for arbitrary units.

It can be seen that the blueshift amount of W8 is larger
than that of W7. For instance, when the injection current
increases from 0.01 mA to 1 mA, the peak energy of W8
increases about 82 meV, while that of W7 increases about
63 meV. The larger amount of blueshift with increasing cur-
rent can be seen as an indication of the existence of a stronger
quantum confined Stark effect (QCSE) in LED W8. It is in-
duced by the enhanced piezoelectric polarization effect when
the InGaN well layers become thicker. The typical RT EL
spectra of LEDs W7 and W8 at injection DC I = 0.1 mA are
also shown in the inset in Fig. 1. Compared with LED W7
with a peak emission energy of 2.46 eV (about 504 nm), the
peak energy of W8 decreases to 2.44 eV (about 508 nm) and
the EL intensity of W8 becomes smaller too. These changes
may be attributed to the weaker quantum confinement effect
and stronger QCSE due to the increase of QW layer thickness
in LED WS.
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Fig. 2. (color online) Normalized EQE values versus injection current,
measured in PC mode with a duty cycle of 0.1% for both LEDs W7 and
W38, denoted by black squares and red circles, respectively.

The EQE droop curves of LEDs W7 and W8 are normal-
ized and plotted in Fig. 2. It is found that the droop curve
of W8 decays faster than that of W7 as injection current in-
creases. For example, the amount of efficiency droop for LED
W8 from the highest EQE value at 1.2 mA to the lowest value
at 20 mA is almost 80%, which is significantly larger than
that for LED W7, i.e., the LED with thicker QW layers ex-
hibits a more severe droop behavior. In the InGaN/GaN MQW
structure, the piezoelectric polarization charges at the hetero-
interfaces, caused by the lattice mismatch between the InGaN
wells and GaN barriers, can slope the conduction bands up-
ward from the n side to the p side and form triangular po-
tential barriers for carriers in GaN layers in the MQW active
region.!!3] The electric field Eg in GaN barrier layers can be

expressed as follows:!!7]
Ptotal _ Ptotal
Ep = —4xp ———, (1)
mew + €8

where P, €, and L represent the electric polarization, dielec-
tric constant, and layer thickness, respectively. Both subscripts
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of W and B represent well and barrier layers, respectively. Ac-
cording to Eq. (1), the electric field Eg becomes larger when
the well thickness Ly increases, i.e., the slope of the energy
band in the GaN barrier layer becomes larger when the In-
GaN well layers become thicker. For the LEDs with thicker
well layers, the sloped triangular potential barriers in the GaN
layer for both electrons and holes are enhanced, and hinder the
carriers to pass through the GaN barrier layers, thereby requir-
ing an increased bias to drive sufficient current through MQW
active regions.!'#! As a result, the conduction band on the n
side may become higher in the thick-well MQW. To support
this deduction, the calculated conduction band diagram of In-
GaN/GaN MQW region at 10 mA forward current is plotted
in Fig. 3.
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Fig. 3. (color online) Calculated conduction band diagram of MQW region
for LEDs W7 and W8 at 10 mA forward current.

Obviously, first the conduction band on the n side is
higher than that on the p side for both samples. Second, the
conduction band differences between n and p sides are 42 meV
and 111 meV for W7 and W8, respectively. In other words, un-
der the same forward current condition, for LED W7, the con-
duction band on the n side is lifted and becomes much higher
than that on the p side for LED W8 with thicker well layers.
The higher conduction band on the n side makes the electrons
energetically favorable for escaping to the p side without be-
ing captured by InGaN QWs, thus leading to a large electron
leakage current. Consequently, the droop behavior becomes
more significant for the thick-well MQW LED WS.

To further check our deduction about the influence of well
layer thickness on the droop behavior, LED W9 with increased
QW thickness of 3.4 nm is additionally investigated. To check
the polarization effect in WO first, the blueshift of the EL peak
energy of LED W9 with increasing injection current is shown
in Fig. 4.

Compared with the scenario in Fig. 1, in general the peak
emission energy of W9 is smaller than those of W7 and W8
due to the lesser quantum confinement effect and stronger
QCSE. Furthermore, the blueshift amount of W9 becomes
about 109 meV, which is larger than those of W7 and WS,

when the injection current increases from 0.01 mA to 1 mA.
This indicates that in LED W9 with increased QW thickness
the polarization effect or the QCSE is enhanced.
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Fig. 4. (color online) EL peak energy versus injection current for LED W9
measured at RT.

The EQE droop curves for both LEDs W8 and W9, mea-
sured under PC mode, are compared and depicted in Fig. 5.
It is interesting to note that a very little EQE droop (less than
10%) is observed for W9 in the current range up to as high
as 20 mA, although the polarization effect in LED W9 is the
strongest in all 3 LEDs due to the thickest InGaN well layer.
This result implies that the enhanced polarization effect may
have less contribution to the aggravation of efficiency droop
for LED W9, and additional physical mechanisms should be
taken into account for the significant reduction of efficiency

droop.
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Fig. 5. (color online) EQE droop curves for both LEDs W8 and W9, mea-
sured under PC mode with a duty cycle of 0.1%, denoted by red squares
and blue circles, respectively.

In addition, it is apparent that in Fig. 5 the EQE values of
W9 are remarkably smaller than those of W8, which may be
ascribed to the enhanced QCSE induced by the increased well
layer thickness. We are also aware that the material quality of
InGaN/GaN MQW LEDs may be influenced by the increased
QW thickness. Therefore, the (0002) @w-26 scan XRD curves
for all samples are measured and depicted in Fig. 6.
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Fig. 6. (color online) The (0002) w-26 XRD curves of MQWs for all
samples, denoted by black, red, and blue lines for W7, W8, and W9, re-
spectively. The inset shows the normalized FWHMs of satellite peak ver-
sus the satellite orders, symbols and lines are the experimental data and
linear fit curves, respectively.

It can be seen in Fig. 6 that W7 has 4 well-distinguished
satellite peaks of superlattice (SL) structure, but only 3 satel-
lite peaks can be distinctly observed for W9. As is well known,
the full widths at half maximum (FWHMs) of satellite peaks
will be broadened if the interface roughness of the SL struc-
ture exists, and for the MQW structures the number of ob-
served satellite peaks will be reduced by the rougher interface.
If the interface roughness is described by a Gaussian distribu-
tion function with standard deviation, the FWHM of the n-th
satellite peak will be expressed as!!8]

W, =Wo+VIn2-n-Aby - (c/A), 2)

where n is the order of satellite peak, A is the period length,
ABy is the angle distance between adjacent satellite peaks,
and o/A is the interface roughness, Wy and W,, are the FWHM
values of 0-th and n-th order satellite peaks, respectively. The
inset shows the relationship between the satellite peak FWHM
and the peak order for the MQW structures of W7, W8, and
W9, denoted by black squares, red circles, and blue triangles,
respectively. According to Eq. (2), LED W9 has the rough-
est interfaces, since the slope value of W9 is the largest in the
values of all three samples as shown in the inset of Fig. 6. In
fact, if the In content increases to 20%, as in our samples, the
critical thickness of InGaN QW is about 3.5 nm.[') This value
is almost equal to the InGaN well layer thickness of WO. As
the QW thickness approaches to a critical thickness, the stress
induced by a lattice mismatch between InGaN wells and GaN
barriers becomes larger, and then the strain relaxation may oc-
cur, generating more dislocations and roughing the interface.
Therefore, the MQW quality of W9 may deteriorate seriously,
i.e., more defects may appear in the MQW active region of
W9. When a large number of defects or dislocations acting as
non-radiative recombination centers exist in the MQW active
regions, more injected carriers are inclined to be captured by

the increased non-radiative recombination centers, giving ris-
ing to the remarkable reduction of absolute EQE as shown in
Fig. 5.

Furthermore, in Figs. 2 and 5 it is worthwhile noting that
there are two different types of droop curves as observed. For
instance, for LED W9, the EQE curve tends to have a slow
rise, and it decays also very slowly in a nearly constant low
rate with increasing injection current, while for both LEDs
W7 and W8, the EQE curves each exhibit a faster rise at lower
currents, followed by a rapid decay, and afterwards approach
the lower decay rates similar to what is observed for W9. We
believe such different droop behaviors may be related to the
so-called carrier localization and delocalization effects in the
InGaN QWs.[%10]
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Fig. 7. (color online) Experimental data of temperature-dependent PL
peak energy for LEDs W7 (a), W8 (b), and W9 (c), and fitting curves (solid
lines) according to Eq. (3). The values of ¢ are 18.1 meV, 17.6 meV, and
8.0 meV for W7, W8, and W9, respectively. The dashed lines are a guide
for the eye.

To investigate the localization effect first, the PL peak
energy as a function of temperature is plotted in Fig. 7. An
anomalous S-shape shift with increasing temperature is ob-
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served for each of all three studied samples. The S-shape
behavior is a fingerprint of the existence of localization ef-
fect, where the blueshift of the emission peak with increasing
temperature is caused by the process in which the thermally
excited carriers migrate out from the deep localized potential
minima and populate the higher energy levels in the shallow
localization states.[?’] It is observed that in W9 the blueshift
happens at very low temperature (about 50 K) while for the
other two LEDs it happens at about 100 K. It means that in
WO, carriers need less thermal energy to escape from the lo-
calized potential minima, i.e., the confinement energy of lo-
calization states in W9 is comparatively smaller than those in
W7 and W8 on average.

To make a more quantitative analysis, a band-tail model
can be used to describe the localization states in InGaN QWs
where the band-tail states are treated as localization states. In
InGaN QWs, band tail states can appear in the electron en-
ergy diagram as a result of disorders in the crystalline struc-
ture, introduced by either QW thickness fluctuations or non-
uniformity of alloy composition (e.g., indium-rich clusters in
InGaN). The tail states which provide the energy levels for
confined localized carriers are statistically distributed below
the band edge.>!1 It is noted that these band-tail states are suit-
able to provide efficient luminescence centers because these
states can confine electrons and holes at the same sites, and
the relevant matrix elements for optical transition can be as
large as in the case of free carriers. As suggested by Eliseev
et al., in the band-tail model, the temperature-dependent emis-

sion peak energy can be given by the following expression:[??!
aTl?>  o?

Eo(T) = Eg(0) — —— — — 3

o) =Eo(0) = 7 5~ o G)

where E((0) is the band-gap energy at 0 K, T is the temper-
ature, kg is the Boltzmann constant, o and 8 are known as
Varshni’s fitting parameters. The third term on the right-hand
side in Eq. (3) comes from the carrier localization effect, in
which ¢ indicates the extent of localization effect. Originally,
in the band-tail model, o is defined as an energy parameter of
the distribution of the band-tail states below the nominal band
edge.*!l The distribution of density of band-tail states is ap-
proximately considered as a Gaussian function of energy E.
The density of states (DOS) functions of electrons and holes
Pen(E) in the conduction and valence bands are

Pen(E) = PoeneXp

o’ =02 +o02, 4)

where o, and oy, are the dispersion of electron and hole Gaus-
sian distribution, respectively. Thus, the parameter ¢ de-
scribes the broadening effect and the shape of the band tail.
It implies that the larger the o value, the more deeply the tails

extends into the nominally forbidden band, i.e., a large value
of o means a stronger localization effect.

For comparison, the experimental data and the fitting
curves based on Eq. (3) are shown in Fig. 7 together. The
fitted values of o are 18.1 meV, 17.6 meV, and 8.0 meV for
LEDs W7, W8, and W9, respectively. It can be seen that the &
value of LED W9 is much smaller than those of the other two
LEDs, which demonstrates that the localization effect is much
weaker in W9, while it becomes stronger in both W7 and W8.
The differences in localization effect between thick and thin
QWs may originate from the accumulation of the strain en-
ergy in InGaN QW layers, which has been analyzed in more
detail elsewhere.[**!

According to our analysis about the localization effect, by
combining with the XRD results, the different droop behav-
iors can be explained as follows. For LEDs W7 and W8 with
better MQW material quality and less non-radiative recom-
bination centers, at low currents, a strong localization effect
causes more carriers to be captured by the deep localization
states and the carriers over there recombine radiatively mainly,
leading to a fast rise of EQE curve with increasing current and
a high peak EQE value. As the injection current increases con-
tinuously, more and more injection carriers cannot be captured
by the localization states due to the state-filling effect, namely,
the delocalization effect occurs. One should keep in mind that
the delocalization effect itself does not quench the radiative
recombination efficiency. However, these released carriers are
either very susceptible to the defects outside the localization
states and then recombine non-radiatively by the SRH pro-
cesses, or more inclined to overflow to the p-GaN layer.!”! It
means, therefore, that the delocalized carriers will have less
contribution to the luminescence, leading to a rapid decrease
of EQE with increasing injection current. With increasing cur-
rent further, since most of the injected carriers cannot be cap-
tured by the localization states any more, the influence of de-
localization effect becomes less significant. Consequently, the
droop rate decreases gradually for the further increase of cur-
rent. However, for LED W9, the localization effect is much
weak and the non-radiative recombination process is strong,
thus it is very hard for carriers to be captured by the shallow
localization states and recombine radiatively, causing a slow
rise of EQE curve with increasing injection current. Since the
localization effect is the weakest, a large portion of carriers
cannot be trapped in the localized states. Correspondingly, the
delocalization effect induced by the state-filling effect is less
significant, giving rise to a slower decay of EQE curve with
continuously increasing injection current. It should be men-
tioned that a reduction of emission efficiency for each of all
LEDs at very high current (e.g., larger than 15 mA) may also
originate from other physical factors, such as Auger recombi-
nation which is proportional to the third power of carrier den-
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sity in QWs. [

Based on the aforementioned analysis, there is no mono-
tonic variation of efficiency droop when the InGaN well layer
thickness increases for green MQW LED. When the well layer
is very thin, with increasing well thickness, the efficiency
droop becomes more severe due to the enhanced polarization
effect. As the thickness increases further, more severe electron
leakage may occur at high currents due to the much stronger
polarization effect. However, since the enhanced non-radiative
SRH process, induced by both lattice relaxation and weak lo-
calization effect, can suppress the radiative recombination in
InGaN QW at a relatively wide current range, the influence of
electron leakage at high currents on the radiative recombina-
tion, i.e., light emission, becomes less signiﬁcant.[z‘” In other
words, the SRH non-radiative recombination is still stronger
than the radiative recombination even beyond the point where
the electron-leakage mechanism becomes dominant at rela-
tive high currents and the radiative recombination may never
become the dominant recombination mechanism, resulting in
the lower peak efficiency and the absence of a significant ef-
ficiency droop for LED WO. Since the absolute luminescence
efficiency of LED W9 diminishes seriously, it cannot meet the
requirement of the practical LED applications. On the other
hand, the reduction of polarization effect can benefit both the
enhancement of luminescence efficiency and the alleviation of
efficiency droop, which thus may be regarded as a practical
consideration for designing high-brightness light emitting de-
vices.

4. Conclusions

In this work, the droop behaviors of InGaN/GaN MQW
green LEDs with varying QW thickness are investigated. It
is found that several physical factors may influence the effi-
ciency droop jointly. For the MQW structures with moderate
well layer thickness like LED W8, the efficiency droop be-
haviors are severe due to both strong delocalization and po-
larization effects. The decrease of InGaN well layer thickness
can slightly mitigate the droop behavior by reducing the po-
larization effect. For the MQW LED like W9 with quite thick
InGaN well layer, the droop behavior is alleviated remarkably,
which can be ascribed to the increased non-radiative recombi-

nation centers induced by the strain relaxation and the weak
delocalization effect in the thick-well MQW LED.
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