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P-InGaN/p-GaN superlattices (SLs) are developed for a hole accumulation layer (HAL) of a blue light emitting diode
(LED). Free hole concentration as high as 2.6x10'® cm~3 is achieved by adjusting the Cp,Mg flow rate during the growth
of p-InGaN/p-GaN SLs. The p-InGaN/p-GaN SLs with appropriate Cp,Mg flow rates are then incorporated between the
multi-quantum well and AlGaN electron blocking layer as an HAL, which leads to the enhancement of light output power
by 29% at 200 mA, compared with the traditional LED without such SL HAL. Meanwhile, the efficiency droop is also
effectively alleviated in the LED with the SL HAL. The improved performance is attributed to the increased hole injection
efficiency, and the reduced electron leakage by inserting the p-type SL HAL.
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1. Introduction

The performance of the light emitting diode (LED) has
experienced rapid progress in recent years. Nevertheless, there
still remain some critical problems preventing LEDs from
broader applications. One major obstacle for LEDs to over-
come to penetrate into the general illumination market is the
relatively low luminous efficiency. More remarkably, when
it comes to the high injection current situation, the emission
efficiency will experience sharp decline, referred to as “effi-
ciency droop”, which will hinder further application in high
power lighting. Several causes for this effect have been re-
ported in recent publications, such as Auger scattering!! car-
rier delocalization,/! restricted hole injection,B"” and electron
leakage.>®! It is commonly accepted that the effective mass of
holes in GaN is large, while the mobility of holes is low, lead-
ing to insufficient hole injection into the active region. More-
over, the electron has a small effective mass and relatively high
mobility, which makes it easy for it to overflow the quantum
barriers into the p-type region, lowering the luminance effi-
ciency. Furthermore, the lattice mismatch between the last
GaN barrier and AlGaN electron blocking layer (EBL) will re-
sult in severe piezoelectric polarization at the GaN/AlGaN in-
terface. The piezoelectric polarization field will lead to down-
ward bending of the energy band of AlGaN EBL, which will
also lower the capability of electron confinement and prevent
efficient hole injection into the active region.

Many research groups have devoted their effort to the
engineering of GaN-based LED epitaxial structures, which
is thought to play a vital role in the alleviation of efficiency
droop. By properly designing the p-type region structure, es-
pecially at the last GaN barrier/AlGaN EBL interface, the hole
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injection can be efficiently promoted and the electron leakage
can be effectively inhibited.”~"! Recently, modified EBL struc-
tures have been shown to improve the performance of LED,
including elimination of the AlIGaN EBL,1'?! adoption of Al-
GalnN lattice matched EBLU!'Y and replacement of AlGaN
EBL with AlGaN/GaN/InGaN superlattices (SLs).['?! In our
previous work, p-InGaN and p-AlGaN layers were inserted at
the GaN/AlGaN interface to enhance the luminance efficiency
and alleviate efficiency droop.['*!4] We have also experimen-
tally demonstrated that InGaN/GaN superlattice can be used
as a contact layer to lower the forward voltage and enhance
the light output power, owing to the higher hole concentration
in InGaN/GaN SL.">! In view of the higher free hole concen-
tration in InGaN/GaN SLs, we insert a p-InGaN/p-GaN SL
hole accumulation layer (HAL) between multi quantum well
(MQW) and EBL, in order to promote hole injection without
lowering the capability of electron confinement.

2. Device structures and fabrication

Epitaxial structures of p-InGaN/p-GaN SLs and blue
LEDs were grown by metal organic chemical vapour de-
position (MOCVD) on c-plane sapphire substrates. The
SL structures were mainly composed of 50 periods of p-
Ing 05Gag.9sN/p-GaN (2 nm/2 nm) SLs grown on a lightly
Mg-doped GaN layer with high resistance. For the adjust-
ment of Mg doping amount, three samples (labeled as sam-
ple I, II, and IIl) were grown with the same structures ex-
cept for the CppMg flow rates during the growth of SLs, as
shown in Table 1. The p-InGaN/p-GaN SL structure with ap-
propriate Mg doping amount was then employed in the blue
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LED structure as hole accumulation layers. The original LED
structure (labeled as sample A) was composed of a 25-nm-
thick low-temperature GaN nucleation layer, a 2.0-um-thick
undoped GaN layer, a 2.0-um-thick Si-doped GaN layer, 6-
period Ing 16Gag.gaN/GaN MQWs with 3-nm-thick wells and
10-nm-thick barriers, a 20-nm-thick p-Aly15GaggsN EBL,
and a 170-nm-thick p-GaN layer. Another LED structure (la-
beled as sample B) is the same structure except that an 8-
period p-Ing 05Gag 9sN/p-GaN SL HAL was grown at 760 °C
between the MQW and p-Algy.15Gag gsIN EBL. The widths of
the SL wells and barriers were both 2 nm. The Cp,Mg flow
rates were 360 sccm for InGaN wells and 120 sccm for GaN
barriers during the growth of InGaN/GaN SLs. Subsequently,
the SL structures were prepared for van der Pauw Hall mea-
surements to examine the free hole concentration. The LED
chips with a mesa size of 300 umx300 um were fabricated us-
ing a conventional mesa structure method, and processed into
capsulated LEDs. The electrical properties were measured by
on-wafer probing. The luminescence properties were collected
by a calibrated integrating sphere with pulse mode current at
room temperature.

3. Results and discussion

The influences of CpyMg flow rate on the electrical
performance of p-InGaN/p-GaN SLs are listed in Table 1.
When the Cp,Mg flow rates are 180 sccm for InGaN and
60 sccm for GaN in sample I, the hole concentration in the
p-type SLs is 8.2x10'7 cm™3. The highest hole concentration
(2.6x10'® cm™3) is achieved in sample IT when Cp,Mg flow
rates increase to 360 sccm and 120 sccm for InGaN wells and
GaN barriers, respectively. As the CppyMg flow rates further
increase to 720 sccm or 240 sccm for InGaN or GaN SLs, the

hole concentration declines to 6.8x10!7 ¢cm™3

. It is gener-
ally accepted that a deep donor level will be formed when Mg
dopant concentration is high enough. As a result, the hole con-
centration will experience a decline with the further increase
of the Cp,Mg flow rate. The results indicate that the optimum
values for Cp,Mg flow rates are 360 sccm for InGaN wells
and 120 sccm for GaN barriers. Therefore, the Cp,Mg flow
rates of 360 sccm or 120 sccm for InGaN or GaN SLs have
been adopted during the growth of the p-InGaN/p-GaN hole

accumulation layer.

Table 1. Influences of Cp,Mg flow rate on hole concentration of InGaN/GaN SLs.

Hole Hole
concentration/cm 3 mobility/cm?- V! .71
8.2x10"7 18.2
2.6x10'8 12.5
6.8x10!7 9.5
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Fig. 1. (color online) Plots of light output intensity versus injection
current for the two samples.

The forward voltages at 20 mA of samples A and B are
3.18 and 3.23 V, respectively, indicating that the forward volt-
age does not change much after the p-InGaN/p-GaN SL HAL
has been inserted. The measured light—current (L—/) perfor-
mances of the two samples with the increase of injection cur-
rents are shown in Fig. 1. The light output intensity increases
sublinearly in both samples, owing to the efficiency droop ef-
fect. However, the variation trends of the two L/ curves differ
from each other. At low injection current (below 6 mA), the

light output intensity of sample A is larger than that of sam-

ple B. With the injection current further increasing, the light
output intensity of sample A is surpassed by that of sample B.
At an injection current of 200 mA, the light output intensity
of sample B is 29% larger than that of sample A, which in-
dicates that the introduction of p-InGaN/p-GaN SL HAL will
enhance the light output intensity. Moreover, it is worth not-
ing that the downward bending of the L/ curve in sample B
is not as severe as that in sample A due to mitigated efficiency
droop, which reveals that the adoption of p-InGaN/p-GaN SL
HAL also helps to alleviate the efficiency droop.

The peak wavelengths and full widths at half maximum
(FWHM) of the electroluminescence (EL) spectrum as func-
tions of injection current for the two samples are plotted in
Fig. 2. Tt is illustrated that the blueshift of peak wavelength in
sample B (6.9 nm) is smaller than that in sample A (9.9 nm)
as the injection current increases from 1 mA to 200 mA.
Generally, the emission energy shifts can be explained by
the Coulomb screening of the quantum confined stark effect
and band-filling effect of carriers in QWs.'®! In our opin-
ion, smaller lattice mismatch between the Ing 16Gag g4IN/GaN
MQWs and the Ing g5Gag.9sN/GaN SL HAL in sample B will
alleviate the polarization fields in MQWs, which should be
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the main reason for the reduced blueshift of peak wavelength
as the injection current increases. Besides, the FWHMs of the
EL spectrums under small injection current remain almost the
same in the two samples. However, with the injection current
increasing from 1 to 200 mA, small broadening of FWHM is
observed in sample B (7.9 nm), compared with that in sam-
ple A (10 nm). The broadening of FWHM is commonly at-
tributed to the band filling effects in MQWs and self-heating
effect. The lower growth temperature of Ingo5Gag o5 N/GaN
HAL (760 °C) in sample B will result in improved crystal
quality in the MQW region, and consequently reduced broad-
ening of FWHM in the LED with SL. HAL.
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Fig. 2. (color online) Curves of peak wavelength and FWHM of EL
spectrum versus injection current for the two samples.

In order to explain the improved performance in the LED
with p-Ing 05Gag.9sN/p-GaN SL HAL, the electrostatic fields,
energy band diagrams, and the carrier distributions are sim-
ulated using the APSYS simulation software. The simula-
tion structures are kept the same as our experimental sam-
ples. In the simulation, the built-in interface charges due to
spontaneous and piezoelectric polarization are calculated us-
ing the methods developed by Fiorentini et al!'”) Considering
the screening effect caused by defects, the polarization charge
densities are assumed to be 50% of the calculated values. The
Shockley—Read—Hall (SRH) lifetime is set to be 100 ns. The
auger recombination coefficient is estimated to be of the order
of 1073! ecm™®.s~!. Most of the parameters used in this paper
are the same as those in Refs. [18] and [19]. Other material
parameters of the semiconductors used in the simulation can
be found in Ref. [20].

Figure 3 shows the enlarged band diagrams near the EBL
of the two samples. It is shown in sample A that the conduc-
tion and valence bands of the last barrier are severely bent,
owing to the polarization field at the last barrier/AlGaN EBL
interface, which will lead to electron leakage into the p-type
region and insufficient hole injection into the active region.
When the p-InGaN/p-GaN SLs are used, less band bending
is observed, owing to a smaller lattice. Thus, more efficient

electron confinement and hole transportation can be antici-

pated in the LED with SL HAL. Besides, the insertion of p-
InGaN/p-InGaN SL HAL also results in more effective elec-
tron blocking and more efficient hole injection by AlGaN
EBL. Specifically, as for sample A, the effective potential
height for electrons in conduction band of EBL is 189.3 meV,
and is 297.1 meV for sample B. On the other hand, the effec-
tive potential height for holes in the valence band of EBL in
sample A is 230.7 meV, and is 201.5 meV for sample B. The
increased effective potential height in the conduction band and
the decreased effective potential height in the valence band
indicate more effective electron blocking and hole injection,
thereby enhancing the light output power and mitigating the
efficiency droop.

Furthermore, it is worth noting that the InGaN/GaN SL
HAL introduces a series of potential wells, thereby causing
hole accumulation in the wells. At low injection current, holes
are captured and confined in the wells of HAL. As a result,
the light output power of sample B is smaller than that of sam-
ple A. However, in the high injection current condition, the
hole accumulation will lead to much larger hole concentration,
more efficient hole injection, and enhanced light output power.

Figure 4(a) shows the calculated electron distributions
in the two samples at an injection current of 200 mA. Less
electron leakage into the p-type region is seen in sample B
(10" ecm~3) than in sample A (10'> cm™3). The electrons
escaping into the p-type region will experience non-radiative
recombination with the holes, thus lowering the luminance ef-
ficiency. Therefore, the reduced electron leakage will explain
the higher internal quantum efficiency (IQE) as well as miti-
gated droop effects at 200 mA in the LED with SL HAL.

Figure 4(b) illustrates the hole concentration distributions
in the two samples at 200 mA forward current. As for sample
A, the hole concentration declines sharply through the EBL to
a rather low level of 10" cm™3 at the MQWT/EBL interface,
which will give rise to insufficient hole injection. As for sam-
ple B, the hole accumulation by the InGaN/GaN SL HAL will
lead to gradually increasing hole concentration along the hole
injection direction through the SL HAL. It is worth noting that
the hole concentration in those periods of SL HAL adjacent to
the MQW region is approximately at the level of 10'® cm—3,
much larger than that at the MQW/EBL interface of sample A
(10'® cm=3). Thus, more efficient hole injection into the ac-
tive region is anticipated. As shown in the insert of Fig. 4(b),
the hole concentration in the last quantum well is remarkably

increased from 3.0x 10! cm—3 3

in sample A to 4.3x 10" cm™
in sample B, which further confirms more efficient hole injec-
tion into the active region in the sample with SL HAL. Fur-
thermore, electron concentration is also increased in the last

few quantum wells adjacent to the p-type layer, owing to more
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Fig. 3. Calculated conduction band diagrams of (a) sample A and (b) sample B; valence band diagrams of (c) sample A and (d) sample
B at 200 mA forward current. The parameter AV represents the effective potential height for electrons.
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Fig. 4. (color online) (a) Electron concentration distributions in the two samples at 200 mA forward current. The insert shows electron
concentration distributions in the active region. (b) Hole concentration distributions in the two samples at 200 mA forward current.
The inset shows hole concentration distributions in the active region.

efficient electron confinement as shown in the insert of
Fig. 4(a). David et al.l*'! reported that the carriers were non-
uniformly distributed in MQWSs and only these wells adjacent
to the p-type layer contributed to radiative recombination in
LEDs. Hence, the increased electron and hole concentration
in the last few wells will explain the increase of light output
intensity in the LED with InGaN/GaN SL HAL.

Figure 5(a) illustrates the dependencies of calculated IQE
on the injection current for the two samples. The IQE of sam-

ple B is improved remarkably compared with that of sam-

ple A. At an injection current of 200 mA, the internal effi-
ciency is enhanced from 50.5% in sample A to 64.9% in sam-
ple B. Additionally, the efficiency droop, defined as (T)peak—
1200 mA)/npeak, is also alleviated from 45.7% in sample A to
28.5% in sample B. Figure 5(b) shows the curves of external
quantum efficiency (EQE) as a function of injection current
for the two samples. The experimental results also indicate
that the droop of EQE is effectively mitigated in the sample
with p-InGaN/p-GaN SL HAL. However, improvement in our

experiment is not as significant as that in simulation, and is at-
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tributed to the crystal quality that needs further optimization.
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Fig. 5. (color online) (a) Simulated IQE and (b) calculated EQE as
functions of the injection current for the two samples.

4. Conclusions

The influence of p-InGaN/p-GaN SLs on the performance
of blue LEDs is investigated experimentally and numerically.
The Cp,Mg flow rates during the growth of the p-InGaN/p-
GaN SLs are adjusted to achieve free hole concentration as
high as 2.6x10'® cm™3. The p-InGaN/p-GaN SLs with ap-
propriate CppyMg flow rates are then inserted in blue LEDs as
HAL. The LED with SL HAL exhibits an enhanced light out-
put power and a mitigated efficiency droop, compared with

the traditional LED without S HAL. It is mainly attributed
to increased hole injection efficiency and decreased electron

leakage.
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