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Effects of Mg doping in the quantum barriers on the efficiency
droop of GaN based light emitting diodes*
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The effects of Mg doping in the quantum barriers (QBs) on the efficiency droop of GaN based light emitting diodes
(LEDs) were investigated through a duel wavelength method. Barrier Mg doping would lead to the enhanced hole trans-
portation and reduced polarization field in the quantum wells (QWs), both may reduce the efficiency droop. However,
heavy Mg doping in the QBs would strongly deteriorate the crystal quality of the QWs grown after the doped QB. When
increasing the injection current, the carriers would escape from the QWs between n-GaN and the doped QB and recombine
non-radiatively in the QWs grown after the doped QB, leading to a serious efficiency droop.

Keywords: light emitting diodes, droop, Mg doping
PACS: 81.05.Ea, 81.15.Gh, 78.55.Cr

1. Introduction

The commercialization of GaN base light emitting diodes
(LEDs) has attracted much attention in recent years.“‘3J As
LEDs are energy saving and have long life time, they have
been considered as an ideal candidate for the next generation
lighting source.*>] What is more, LEDs also open gates for
many new applications, such as agriculture,!®! visible light
communication,”8! and intelligent lighting.[>!°! One of the
most challenging obstacles for the further development of the
LED industry is the decreased LED performance under high
injection currents, namely, efficiency droop.!!!! The asymme-
try of carrier transport is considered as an important factor of
this issue.!'213! For Il-nitride materials, the hole concentra-
tion in the p-type layer is much lower than the electron con-
centration in the n-type layer, what is more, the hole mobility
is much lower than the electron mobility. The low transporta-
tion ability of holes makes most of the carriers accumulated in
the quantum wells (QWs) close to the p-GaN layer. The accu-
mulation of carriers in the QWs close to p-GaN would induce
not only the strong carrier leakage and Auger recombination,
but also the low recombination efficiency in the QWs close to
the n-GaN layer, both would lead to the efficiency droop.

Mg doping in the active layers has been proved to be use-
ful for promoting hole transportation towards the n-GaN side,
thus leading to the reduced efficiency droop.!'*"!”! However,
even it is well known that the heavy Mg doping would induce
non-radiative recombination centers in QWs and then deterio-
rate the peak efficiency of LED chips, few works have focused
on its effect on the efficiency droop. Further investigation on
the effect of Mg doping in the QBs on the efficiency droop
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of LEDs would give us deep insight into the phenomenon of
efficiency droop.

In this paper, the effects of Mg doping in the QBs on the
efficiency droop of LEDs are investigate through a dual wave-
length method. It is found that only mediate Mg doping in
the QB could lead to the reduced efficiency droop. Mg dop-
ing in the QB could enhance the hole transportation and reduce
the quantum confined Stark effect (QCSE), both would modify
the efficiency droop phenomenon. However, heavy Mg doping
would seriously deteriorate the crystal quality of QWs grown
after the doped QB. Under high injection currents, the carriers
would flow over the doped QB and recombine non-radiatively
in the following QW, leading to a serious efficiency droop.

2. Experimental procedures

In the experiment, three samples were prepared. All sam-
ples were grown on c-plane sapphire substrates by metal or-
ganic chemical vapor deposition (MOCVD). Thrimethylgal-
lium (TMGa), thrimethylindum (TMIn), ammonia (NH3), bis-
cyclopentadienylmagnesium (CP,Mg), and silane (SiHs) were
used as gallium, indium, nitrogen, p-type and n-type dopant
sources, respectively. After the deposition of the low tem-
perature nucleation layer, the temperature was increased to
1050 °C to grow the 4-um undoped and 2-pum Si doped GaN
layers. The active region consisted of five periods of In-
GaN/GaN QWs. Four QWs close to the n-GaN side were
designed to generate blue light, with the growth temperature
of 730 °C. The QW close to the p-GaN side was designed to
generate green light, with the growth temperature of 700 °C.
All QBs were grown at the temperature of 830 °C. Then the
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200 nm p-GaN layer was grown at 950 °C. All LED chips
were fabricated with the standard lateral structure and the size
of 250 umx 500 um. Cr/Pt/Au of the thicknesses of 70 nm/40
nm/1440 nm were evaporated as both the p-type and n-type
electrodes. Then the metal contacts were annealed in N, at
250 °C for 15 min under the atmosphere pressure. Photo-
luminescence (PL) measurement was carried out using the
325 nm line of a He—Cd laser. The electroluminescence (EL)
of the packaged LEDs was measured in an integrating sphere
at 300 K in a cw current mode.

The schematic LED structure is shown in Fig. 1(a). Three
samples are identical except for the Mg doping concentration
in the QB between blue QWs and green QW. The Mg dop-
ing profiles of the three samples are shown in Fig. 1(b). For
sample I, no Mg source was used. While for samples II and III,
the Mg flow rate was 10 sccm and 20 sccm, respectively, when
growing the QB between blue QWs and green QW. According
to our previous results, the Mg incorporation of sample II is
about 1x10' cm™3.
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Fig. 1. (color online) (a) Schematic LED structure used in the experi-
ment. (b) The Mg doping profiles of the three samples.

3. Results and discussion

Figure 2 presents the external quantum efficiency (EQE)
as a function of the injection current for the three samples.
With Mg doping, sample II shows an enhanced peak efficiency
and a reduced efficiency droop compared with sample I. For
sample III, with increasing Mg doping concentration, the peak

efficiency continues to increase. However, it shows a more
serious efficiency droop compared with samples I and II. In
order to gain deeper insights into the effects of the Mg doping
on the efficiency of LED devices, the EL and PL experiments
were conducted, and the results are discussed in the following.
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Fig. 2. (color online) EQE as a function of the injection current for LED
samples I, II, and III.

The EL spectra of the samples at the injection current of
30 mA are shown in Fig. 3. From sample I to sample III, the
luminescence spectra gradually shift from green to blue, indi-
cating the enhanced recombination efficiency in the QWs close
to the n-GaN side. The previous research proposed that heavy
Mg doping in the QBs would strongly enhance the hole injec-
tion into the QWs close to the n-GaN side, thus suppress the
emission in the QWs close to the p-GaN side.!'*! From simu-
lation results by APSYS, it was found that the carriers accu-
mulate more in the QWs close to the n-GaN side rather than in
the QWs close to the p-GaN side with increasing Mg doping
concentration. However, due to the high mobility of electrons,
it is very hard to block all electrons in the QWs close to the
n-GaN side through barrier Mg doping, which was also seen
in the APSYS results. Thus we believe that other mechanisms
may also have effects on this phenomenon.

3.5

" ——sample [
= 3.0 ——sample II
g —— sample III
. 251
o)
g
T 201
>
% 15F
(g .
g
g 1O0r
]
= 0.5F
0 1 1 n
375 425 475 525 575
Wavelength/nm

Fig. 3. (color online) EL spectra of samples I, II, and III at the injection
current of 30 mA.

Unlike the EL measurements, the PL measurements ex-
cite the electron—hole pairs optically, thus excluding the ef-
fects of carrier electrical transportation on light emission. The
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PL spectra of the samples are shown in Fig. 4. All samples
show the narrow and high intensity blue emission band. The
growth temperature is higher for the blue QWs, which leads
to the better crystal quality, thus the blue peaks are higher and
narrower than the green ones. The lattice mismatch between
blue QWs and QBs is smaller than the green one, therefore,
the QCSE is smaller for the blue QWs, which would also lead
to the higher recombination efficiency. What is more, there are
more blue QWs than the green ones in our experiments. All
of these factors would lead to the high PL intensity of the blue
band. From Fig. 4, it is clear that the blue band consists of
several peaks. This phenomenon has several explanations, for
example, the indium fluctuation in the QWs, the phonon satel-
lite peaks, and the Fabry—Perot interference. We believe that
these peaks are related with the Fabry—Perot interference be-
cause the peak wavelength variations between all neighboring
peaks are almost identical, which is a feature of the Fabry—
Perot interference.!!8! By using the method given by Hums
et al.,l'8 the cavity thickness of the Fabry—Perot interference
for samples I, II, and III is calculated to be about 6.32 um,
6.56 pm, and 5.89 um, respectively. They are in agreement
with the total thicknesses of the epilayers designed in the ex-
periment, indicating that these peaks are caused by the Fabry—
Perot interference between the epilayer/substrate and the epi-
layer/air interface.
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Fig. 4. (color online) PL spectra of samples I, II, and III.

From Fig. 4, it can be seen that further increasing the
Mg flow rate to 20 sccm would lead to the disappearance of
the green peaks. It was reported that mediate Mg doping
could promote the lateral growth of GaN layers and thus in-
crease the crystal quality, as Mg could act as a surfactant.[!°]
However, heavy Mg doping could lead to the surface segrega-
tion of Mg atoms and deteriorate the crystal quality.[?"! It is
also well known that the Mg atoms in the QWs would induce
non-radiative recombination centers. Thus the strong diffu-
sion and transient effects of Mg atoms under heavy doping
conditions may be other reasons for the disappearance of the

[21,22

green peaks. 1Tt is reported that the Mg atoms would dif-

fuse at a temperature higher than 925 °C.[??] Considering that

the growth of Mg doped QB and green QW was followed by
the growth of the p-GaN layer at 950 °C for 20 min in our ex-
periment, and no undoped spacer layer was added between the
Mg doped QB and the green QW, we believe that the Mg dif-
fusion may have a strong effect on the luminescence efficiency
in the green QW. The transient effect of Mg atoms is that the
Mg atoms may adsorb onto the internal reactor walls and sub-
sequently desorb, which may cause unintentional Mg doping
in the layers grown after the Mg doped layer,[*?! for example,
the green QW in our experiment. Further experiments with the
secondary-ion mass spectrometry (SIMS) are being conducted
to clarify the Mg profiles in the samples and would be reported
later. Together with the EL spectra, we think that the reduction
of the green peak intensity with Mg doping is mainly due to
the enhanced carrier injection into the blue QWs. While with
increasing Mg doping, the crystal quality of the green QW is
deteriorated, resulting in the disappearance of the green emis-
sion.

There is another feature in the PL spectrum. When the
Mg flow rate is increased from O to 10 sccm, the green peak
shows a large blue shift. As the green QW is grown next to the
doped barrier, this phenomenon may be explained by the re-
duction of the polarization field in the QWs by Mg doping. To
confirm the explanation, the EL spectra of the samples with
different injection currents are shown in Fig. 5. The depen-
dences of wavelength of the green peak in sample I, the green
and blue peaks in sample II, and the blue peak in sample III on
the injection current are shown in Fig. 5(d). Compared with
that in sample I, the wavelength of the green peak in sample
I is shorter and the wavelength shift of the green peak with
increasing injection current is smaller. Both indicate the re-
duction of the polarization field and the QCSE in the QWs.
The reduction of the polarization field in the QWs may re-
sult from the free carrier screening. Doping in the barriers
could increase the hole concentration in the QWs. These holes
would accumulate into the wells with the lowest potential, i.e.,
the interface of QBs and QWs, thus screen the interface neg-
ative charge and reduce the polarization field. The screening
of the polarization field by Si doping in the barriers is well ac-
cepted as Si doping can offer enough free carriers.>>?*! Our
works together with the previous one!>! show that Mg dop-
ing in the QBs also has strong effects on the polarization field.
The reduction of the QCSE caused by Mg doping may also
lead to the reduced efficiency droop. Thus the reduced effi-
ciency droop of sample II compared with sample I may result
from the enhanced hole transportation and the reduced polar-
ization field. While the enhanced peak efficiency of sample II
is due to the transformation from green emission to blue emis-
sion as the crystal quality is improved and the QCSE is smaller
for the blue QWs.
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Fig. 5. (color online) EL spectra of (a) sample I, (b) sample II, and (c) sample III with different injection currents. (d) The dependences
of wavelength of the green peak in sample I, the green and blue peaks in sample II, and the blue peak in sample III on the injection

current.

The wavelength shifts of the blue peaks in both samples
IT and II are almost the same, indicating that the QCSE in
both samples are almost identical. The wavelength of the blue
peaks of sample III is a bit longer than that of sample II, which
is the result of the run to run variations considering the similar
QCSE in both samples. As the blue QWs with better crystal
quality contribute more to the luminescence of sample III, the
peak efficiency of sample III is the highest. As we discussed
above, the crystal quality of the green QW is deteriorated and
the radiative recombination efficiency of the green QW is quite
low in sample III. For the blue QWs only, the carrier distribu-
tion condition is not modified in sample III. When increasing
the injection current, the carriers would escape from the blue
QWs and recombine non-radiatively in the green QW, leading
to the serious efficiency droop. As the blue QWs with better
crystal quality and smaller QCSE contribute more in sample
III, the peak efficiency of sample III is the highest. Thus it
should be noted that the Mg doping concentration in the bar-
riers must be carefully modified to realize the uniform light

emission from all QWs and then the reduced efficiency droop.

4. Conclusion

We investigated the effects of barrier Mg doping on the
efficiency droop of LEDs. The efficiency droop is only re-
duced for mediate Mg doping samples. Mediate Mg doping
could enhance the hole transportation and reduce the QCSE,
thus lead to the reduced efficiency droop. Heavy Mg dop-

ing would seriously deteriorate the crystal quality of the QWs
grown after the doped QB. As a result, the carriers would flow
over the doped QB and recombine non-radiatively in the fol-
lowing QW, leading to the serious efficiency droop under high

injection currents.
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