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Due to the limitation of the hole injection, p-type doping is essential to improve the performance of
InGaN/GaN multiple quantum well light-emitting diodes (LEDs). In this work, we propose and
show a depletion-region Mg-doping method. Here we systematically analyze the effectiveness of
different Mg-doping profiles ranging from the electron blocking layer to the active region.
Numerical computations show that the Mg-doping decreases the valence band barrier for holes and
thus enhances the hole transportation. The proposed depletion-region Mg-doping approach also
increases the barrier height for electrons, which leads to a reduced electron overflow, while increas-
ing the hole concentration in the p-GaN layer. Experimentally measured external quantum effi-
ciency indicates that Mg-doping position is vitally important. The doping in or adjacent to the
quantum well degrades the LED performance due to Mg diffusion, increasing the corresponding
nonradiative recombination, which is well supported by the measured carrier lifetimes. The experi-
mental results are well numerically reproduced by modifying the nonradiative recombination life-

times, which further validate the effectiveness of our approach. Published by AIP Publishing.

[http://dx.doi.org/10.1063/1.4973743]

Despite drastic progress in research and commercializa-
tion being made in the past decades, GaN-based light-emitting
diodes (LEDs) are still suffering from a serious efficiency
droop, especially at high current density injection. Hole trans-
portation is claimed to be one of the most important factors
for causing the efficiency droop, such as nonuniform hole dis-
tribution in the multiple quantum wells (MQWs) and the low
hole injection efficiency.'™ Consequently, tremendous efforts
have been devoted to address these issues to improve the
LED performance. As a result, structures such as engineered
AlGaN electron-blocking layer (EBL),* p-type InGaN hole
reservoir layer,” hole modulator by p-type doped last quantum
barrier (QB),” AlGaN polarization doping,*'° and p-doped
QBs,'"'? etc., have been reported to enhance hole injection
and reduce the efficiency droop. However, there is a lack of
systematic investigations on how the p-type doping at differ-
ent regions for the LED device influences the carrier transpor-
tation and hence the carrier recombination.

It is well known that the EBL is commonly adopted
for InGaN/GaN LED structures to suppress the electron
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overflow. However, an undoped AlGaN EBL significantly
impedes the hole transport into active region. Thus the EBL
has to be p-type which can then efficiently reduce electron
leakage while decreasing the potential barrier height for the
holes."® Kuo et al. report that the InGaN/GaN MQW LEDs
with a partially p-doped last barrier exhibit the enhanced
optical performance, and they attribute this improvement to
the increased hole injection and the larger effective barrier
height for electrons.'® Han et al. suggest that an enhanced
performance can be obtained even at the high current for
InGaN/GaN LEDs with Mg-doped quantum barriers, and the
better performance is due to the improved hole injection
caused by the modification of the energy bands. Moreover,
they suggest that the Mg-doped QBs can improve the mor-
phological properties.'> On the other hand, Kohler er al.
report the damaged active region due to the Mg diffusion
and migration, especially when Mg-doped position is
designed near to the active region. These in turn increases
the nonradiative recombination in the quantum well (QW)
active region and reduces the output power.16 Despite vari-
ous reports on the effect of Mg-doping on the LED perfor-
mance, there is still no conclusive consensus that can be
drawn. As a result, a systematic study is strongly needed to
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uncover the underlying physics. Hence, in this work, we pro-
pose the depletion-region doping to systematically analyze
the Mg-doping effect on an active region for blue-emitting
InGaN/GaN MQW LEDs and investigate the underlying
physics in conjunction with theoretical modeling. We find
that Mg-doping at different ranges for the depletion region
affects the energy band barriers, carrier injection, and even
the optical output power.

Five InGaN/GaN MQW LED wafers used in this work
were grown on (0001) c-plane sapphire substrates using a
metal-organic chemical-vapor deposition (MOCVD) system.
The growth was initiated on a 30-nm thick low-temperature
GaN nucleation layer followed by a 4—um unintentionally
doped n-type GaN (u-GaN) layer. Then a Si-doped n-GaN
layer was grown on the u-GaN template with the Si doping
concentration and thickness of 5x 10"¥cm ™ and 2—um,
respectively. Subsequently, 8 pairs of Ing;5GaNggs/GaN
MQWs were grown with 3-nm thick quantum well and 9-nm
thick quantum barrier. After the MQWs, all LED samples
were capped with a 20-nm Al ;5GaggsN EBL and a 150-nm
thick p-GaN layer. The difference among these five LED
samples comes from the p-type doped position, such that,
p-type doping is at EBL solely, EBL +1/QB, EBL + QB,
EBL+ QB+ QW and EBL+ QB+ QW +QB, as shown
in Fig. 1. For instance, for LED with p-type doping at
EBL + QB + QW + QB, when the growth of 7th QW is fin-
ished, the Mg precursors are opened until the growth of the
EBL layer is completed with a flow rate of cyclopentadienyl
magnesium (Cp,Mg) of 0.239 umol/min, and the estimated
effective hole concentration is 5 x 10'7cm . After EBL
layer growth is completed, the Cp,Mg flow rate is set to
0.432 ymol/min with the estimated effective hole concentra-
tion of 1 x 10" cm™ for the following p-GaN layer growth.
Finally, the in-situ 720 °C thermal annealing treatment in N,
ambient was carried out to activate the Mg dopants. In order
to precisely reveal the mechanism of how Mg-doping in the
depletion region influences the LED performance, numerical
simulations were conducted by Advanced Physical Models of
Semiconductor Devices (APSYS) simulator and the parame-
ter settings can be found in the supplementary material.

When a p-n junction is formed, the carriers will redis-
tribute due to the large carrier concentration contrast until
the equilibrium state is built up. There will be a depletion
region in which no free carriers exist, and a built-in electric
field is established. The width of the depletion region can be
obtained by’

p-GaN
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Active Region

QB
QW
QB

Mg-doping at EBL, EBL+1/2QB,
EBL+QB, EBL+QB+QW and
EBL+QB+QW+QB
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FIG. 1. Schematic diagram of different p-type doped configurations for
InGaN/GaN LEDs.
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where ¢ is the dielectric permittivity, Vp is the diffusion volt-
age, N, is the acceptor concentration, and Np is the donor
concentration. It is worth mentioning that the actual deple-
tion region contains two parts: (1) transition region and (2)
completely depleted region. In order to probe the exact loca-
tion of depletion region, we first performed numerical simu-
lations to calculate the bandgap energy diagram and carrier
concentration profiles for InGaN/GaN MQW LEDs when the
device is under equilibrium state, as presented in Fig. 2.

The electron and hole concentration distribution in Fig.
2(b) clearly indicates that the depletion region completely
depletes the electrons and holes. As displayed in Fig. 2(b),
the electron concentration drops significantly and becomes
negligible at depletion region along the growth orientation,
while the hole concentration falls down rapidly and becomes
negligible at depletion region along the [000-1] direction.
The depletion region lies from half of the last QB to the half
of EBL and its corresponding width is 15nm in this case,
which is illustrated in Fig. 2(a) by grey colour. Since the dif-
ferent p-type doping architectures such as p-type doped EBL
and QB always affect the depletion region, investigating the
link between the p-type doping and the depletion region will
help to understand the working mechanisms for LEDs with
various p-type doped configurations. Therefore, numerically
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FIG. 2. (a) Schematic energy bandgap diagrams of depletion region for
InGaN/GaN MQW LEDs under equilibrium state, (b) computed electron
and hole concentration profiles in InGaN/GaN MQW LEDs.
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FIG. 3. Comparison of (a) bandgap diagram and (b) carrier distribution for
EBL undoped LED and EBL + 1,QB p-doped LED at equilibrium.

computed bandgap diagrams and carrier distributions are
carried out for LED with Mg-doping at EBL + !/QB.

Fig. 3 presents the comparison results of LEDs with and
without depletion-region Mg-doping layout, respectively.
Here, it is worth noting that the EBL is totally doped. As
indicated in Fig. 3(a), if the EBL + 1/QB p-type doping is
adopted, the barrier height for electron is increased by
175meV while the barrier height for hole is reduced by
217meV compared to EBL undoped LED, which is consis-
tent with the previous reports of p-EBL LEDs.*'* Moreover,
according to the carrier distribution in Fig. 3(b), it is
observed that the depletion region moves towards to the
n-GaN and the corresponding width gets larger with a value
of 19nm. More importantly, the hole concentration in the
p-GaN at the interface between the p-GaN layer and EBL is
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increased for EBL + 15QB p-doped LED. Because the holes
in the p-doped QB are depleted by the net field which is the
coupled effect of the built-in electric field and polarization
induced electric field, and the holes are stored in the p-GaN
layer, which correspondingly increases the overall hole con-
centration in the p-GaN layer and enhances the hole injection
into the active region.’

Due to the lattice mismatch between InN, GaN, and
AIN, polarization is caused in the interfaces of QW and QB,
and QB and EBL. Consequently, there are two electric fields
existing in the depletion region. As indicated in Fig. 4(a), the
orientation of the built-in electric field of depletion region is
directed from n-side layer to p-side layer and the orientation
of strain-induced electric field in QB and EBL is in the same
direction as built-in electric field. However, the polarization
induced electric field in the QW region is opposite to
the built-in electric field. If the whole depletion region is
designed to be p-doped, the holes in this region will move
due to the electric field. Fig. 4(a) presents the schematic dia-
gram of possible movements of holes if the depletion region
is designated to be p-type doping. For the holes in area @ as
shown in Fig. 4(a), they will move to area ® driven by built-
in electric field and strain-induced electric field. The holes
then will finally migrate into the p-GaN layer, thus contribut-
ing to the enhanced hole concentration. For area @, the holes
will gain the energy from both the polarization induced elec-
tric field and the built-in field, and they will move from the
original site to the interface of GaN last quantum barrier and
AlGaN EBL. If the holes can obtain energy larger than the
barrier for the GaN/AlGaN interface, they are able to climb
over p-EBL and finally reach the p-GaN layer. On the other
hand, the holes will be depleted into the nearest QW and
recombine by nonradiative recombination if the obtained
energy is not sufficient. As a result, the EBL + 1,QB LED
obtains a higher hole concentration in the p-GaN which con-
tributes to an enhanced overall hole injection efficiency.’
However, for the p-type doping in areas @ and @, holes can-
not be depleted to p-GaN layer due to the high barrier at
QW/QB interface. Moreover, strain-induced electric field in
QW does not favour the hole diffusion into the p-GaN layer.
Figure 4(b) displays the hole concentration profiles for LEDs
with different Mg-doping positions, which support the expla-
nation of hole migration into p-GaN.
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FIG. 4. (a) Schematic bandgap diagram around depletion region with built-in electric field and strain-induced electric field noted, (b) the hole concentration
profiles at EBL/p-GaN interface for LEDs with different Mg-doping positions. The hole movement is indicated if the depletion region is p-doped. @, @, ®, @,
and ® denote the area of QB, QW, QB, EBL, and p-GaN, respectively. Holes obtaining a sufficient energy in area @ and @ overcome the barrier and transport
to p-EBL, and then transport to and store in ® together with holes in p-EBL. Holes with a less energy in area @ and @ cannot be depleted to area ®, and will
finally be eliminated by nonradiative recombination when the equilibrium state is built.
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To precisely probe the effectiveness of depletion-region
Mg-doping approach, we have measured and demonstrated
the optical output power for the five InGaN/GaN MQW
LEDs with Mg-doping at EBL, EBL + 1,QB, EBL + QB,
EBL + QB + QW, and EBL + QB + QW + QB, respectively.
The experimental optical output power is measured by an
Ocean Optics Spectrometer attached to the integrating sphere
and is shown in Fig. 5(a). It is worth mentioning that the
EBL and 2nd QB are full doped in order to cover the total
area of the depletion region. As displayed in Fig. 5(a), the
depletion-region Mg-doping approach strongly influences
the LED performance. The trend of increasing the p-type
doping range is not consistent with what we expect that a
longer p-type doping region can lead to better performance.
The LED with p-type doping at EBL + !5QB performs best,
which is attributed to the reduced hole barrier and enhanced
hole concentration in p-GaN.”'* Therefore, p-type doping in
this region is proved to enhance the hole transportation,
hence improving the LED performance. When the p-type
doping area in depletion region increases to the full QB, the
performance does not further increase as we would expect,
which is attributed to the Mg diffusion from QB into QW;
and thus the degraded crystalline quality induces a higher
non-radiative recombination.'® As a result, increasing the
p-type doping range to QW and even to 2nd QB further
degrades the LED performance. Note that LED with p-type
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FIG. 5. (a) Optical output power versus the injection current density for
LEDs with varied p-type doping ranges in depletion region, (b) experimental
EQE versus the injection current density for LED with varying p-type dop-
ing ranges in the depletion region.
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doping at EBL + QB + QW + QB has a better performance
than the other two LEDs with p-type doping at EBL 4+ QB
and EBL + QB + QW. These physical interpretations will be
explained in the following analysis.

In order to support the explanation that the QW quality
is degraded and more significant nonradiative recombination
is caused during the p-type doping for LEDs. The corre-
sponding experimental external quantum efficiency (EQE) is
measured and presented in Fig. 5(b). From this figure, we
can see that the EBL LED and EBL + !,QB LED have a
higher EQE value, however, the EQE value drops fast as the
current density increases. On the other hand, the rest of
LEDs with more p-type doping region are observed to obtain
an alleviated efficiency droop even though the EQE values
are not high. It is worth noting that the peak-efficiency cur-
rent density (Jpeak: the current density at which EQE reaches
the maximum) is 0.1, 0.1, 0.3, 0.5, and 0.8 AJcm? for LEDs
with p-type doping at EBL, EBL+14QB, EBL+QB,
EBL + QB 4+ QW, and EBL + QB + QW + QB, respectively.
This value of peak-efficiency current density is a signature
of the QW quality and the nonradiative recombination in
QWs, such that, a larger Jcox denotes a worse QW quality
and a higher nonradiative recombination.'”"'® Therefore, con-
sidering the undoped part of the last QB and the Mg memory
effect that gives rise to the time delay during the Mg doping
process,'” the Mg diffusion into the QW can be suppressed,
and thus the LED with the p-type doping at EBL + 1/QB
shares almost the same QW quality as that with p-type doping
at EBL. However, the QW quality gets worse for those LEDs
with Mg-doping at EBL+QB, EBL+QB-+QW, and
EBL + QB + QW + QB. Consequently, the degradation of
QW quality is the major cause for lowering the LED perfor-
mance. Note, although the worst crystalline quality is expected
for the quantum wells in the EBL + QB + QW + QB doped
LED, it shows a better EQE than the EBL + QB doped LED
and the EBL + QB + QW + QB doped LED, and this might
be due to the better electron blocking effect.'?

To further support this explanation, the carrier lifetime
measurement for these InGaN/GaN LED devices with vari-
ous p-type doping ranges in the depletion region was carried
out, and the results are presented in Fig. S1 in the supple-
mentary material. The decay time turns out to be shorter as
the p-type doping range in the depletion region increases.
Consequently, the reduced carrier lifetime of LED devices
with increasing p-type doping range in depletion region can
be a solid support to the claim that a more serious defect-
related Shockley—Read—Hall (SRH) recombination is
induced when p-type doping is close to active region. To fur-
ther verify the above claim, numerical simulations were per-
formed by setting a decreased defect-related carrier lifetime
for the studied devices. The calculated results are presented
in Fig. S2 in the supplementary material, which exhibit the
same trend as the experimental results given in Fig. 5(b).
The agreement between the simulated and measured results
supports that the increased nonradiative recombination
appears with the increased p-type doping range close to the
active region. Therefore, although the p-type doping is an
effective way to enhance the hole injection and transport, the
device performance enhancement is limited by the deteriora-
tion of crystal quality as the p-type doping is close to the
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active region. Thus, in order to release the full potential of p-
type doping especially in depletion region, for improving
carrier transportation, Mg diffusion and migration have to be
well controlled to guarantee the QW quality.

In conclusion, we have explored and investigated the
p-type doping effect by using a model of depletion-region
Mg-doping to reveal the underlying mechanism of p-type dop-
ing improvement. It was numerically found that the depletion
region lies in the last QB and EBL for common EBL undoped
InGaN/GaN LEDs, and it will move forward and become
larger when the depletion region is designed to be p-type dop-
ing. After p-type doping in depletion region, the barrier for
electrons is increased while it is reduced for holes, which con-
tributes to the improved hole injection and transportation.
Furthermore, the holes in depletion region will move under
the force of the built-in electric field and strain-induced elec-
tric field. Holes obtaining sufficient energy can overcome the
EBL and be stored in the p-GaN layer, while other holes will
recombine nonradiatively when the equilibrium state is
reached. Theoretically, it is better to have more p-type doped
layers. However, experimentally we observed that if the
p-type doping in depletion region is close to the active region,
the quantum efficiency is reduced, which was attributed to the
degrading crystal quality and the high nonradiative recombi-
nation resulting from Mg migration and diffusion. Therefore,
p-type doping ranges near depletion region will lead to signifi-
cant increase of nonradiative recombination. This was con-
firmed by the carrier lifetime measurements, and a good
agreement has been achieved between the numerical simula-
tion and experimental results when the p-type doping depen-
dence of the defect-related carrier lifetime is considered in the
modified numerical simulations. In summary, this work pro-
vides a detailed guidance of p-type doping in the LEDs, espe-
cially in the depletion region, to enhance carrier transportation
and improve device efficiency.

See supplementary material for the parameter settings in
APSYS simulations, carrier lifetime measurements, and
computed EQE with revised defect concentration.
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