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We analyze efficiency droop reductions in InGaN/GaN light-emitting diodes caused by a chirped

AlGaN/GaN multi-quantum barrier (MQB). Such electron barriers are expected to create an

additional forbidden energy range above the natural conduction band edge, which reduces the

electron leakage current. Advanced numerical device simulations reveal that energy band bending

practically eliminates this MQB effect. Instead, we find that the measured efficiency improvement

has its origin in enhanced hole injection, which can be more easily accomplished using a single

thin AlGaN layer. VC 2013 American Institute of Physics. [http://dx.doi.org/10.1063/1.4776739]

GaN-based light-emitting diodes (LEDs) are currently

of immense interest for applications in lighting, displays,

sensing, biotechnology, medical instrumentation, and other

areas. However, the development of high-brightness GaN-

based LEDs is handicapped by a significant efficiency reduc-

tion with increasing injection current. This efficiency droop

phenomenon currently receives great attention but the physi-

cal mechanisms behind it are still under debate.1 The two

most frequently cited explanations for the droop are Auger

recombination within the multi-quantum well (MQW) active

region2 and electron leakage from the MQW into the

p-doped layers of the LED,3 resulting in poor hole injection

into the MQW. A large number of proposals can be found in

the recent literature on how to reduce the efficiency droop, in

particular, by design optimization of the AlGaN electron

blocking layer (EBL), which is used to limit electron leakage

into the p-doped side of the LED. Some of these publications

utilize a multi-quantum barrier (MQB) comprising thin alter-

nating layers of GaN and AlGaN. Compared to one thick

AlGaN EBL of the same composition, MQBs were demon-

strated to improve the performance of nitride-based LEDs

and laser diodes.4–8

The MQB concept is based on the quantum-mechanical

reflection of electron waves by superlattice structures, simi-

lar to the light reflection by distributed Bragg reflectors.

MQBs create a forbidden energy range above the natural

conduction band edge, thereby increasing the effective elec-

tron barrier height. The MQB concept was first developed

for GaInAsP-based laser diodes and LEDs.9 Later, a chirped

MQB structure with slightly changing layer thickness was

shown to eliminate the resonant electron tunneling that bur-

dens a periodic MQB10 and to provide better AlGaInP LED

performance.11 But the measured performance improve-

ments often deviated from the theoretical expectations,12,13

mainly due to MQB deformations typically found in real

devices.

Using advanced numerical simulation, we here analyze

recently published measurements on GaN-based LEDs with

two alternative MQB structures, a periodic MQB and a

chirped MQB.8 Compared to the bulk EBL, the periodic

MQB improved the LED efficiency, but the chirped MQB

provided the highest efficiency and the lowest droop. The

authors attributed the improved performance to enhanced

electron reflection, but our analysis shows that electron

reflection has a negligible influence. We find that the meas-

ured efficiency enhancement is mainly caused by improved

hole injection. Based on these findings, we propose an EBL

concept featuring a single 1-nm-thin undoped AlGaN

(i-AlGaN) layer.

Our analysis utilizes a modified version of the APSYS

simulation software.14 This software is widely used to study

GaN-based LEDs.3,6,15 It self-consistently solves the semi-

conductor carrier transport equations, coupled to the photon

emission from the strained quantum wells. The transport

model considers drift and diffusion of electrons and holes,

Fermi statistics, thermionic emission at hetero-interfaces, as

well as a recently extended quantum tunneling model, which

includes electron reflection above the MQB conduction band

edge and hole reflection below the MQB valence band edge.

Schr€odinger and Poisson equations are solved iteratively in

order to account for the quantum well deformation with

changing device bias, both in the MQW active region and in

the MQB region. Our model also considers the contribution

of MQW Auger recombination to the LED efficiency droop.

The coefficients of Auger and Shockley-Reed-Hall (SRH)

recombination are adjusted to find agreement with measure-

ments (see below). The built-in polarization charge density

is calculated using a recently published second-order

model,16 resulting in the built-in MQB interface charge den-

sity of 6.8� 1012 cm�2 in our case. Further details of our

model can be found elsewhere.17,18

First, we simulate the conventional and the chirped

MQB LED according to the design specifications given.8 A

3 lm-thick n-doped GaN layer (5� 1018 cm�3 Si) is fol-

lowed by an undoped MQW active region comprising eight

2-nm-thick In0.12Ga0.88N wells and nine 15-nm-thick GaN

barriers. In the reference device, a conventional p-doped

45-nm-thick Al0.15Ga0.85N EBL is grown on top of the

MQW, covered by a p-GaN cap layer (12� 1018 cm�3 Mg).

In the chirped MQB device, the 45-nm-thick AlGaN layer is

replaced by a MQB structure in which the AlGaN layer

thickness increases (0.75 nm, 3.375 nm, 6 nm, 8.625 nm, anda)piprek@nusod.org.
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11.25 nm) and the GaN layer thickness decreases

(6.5625 nm, 4.6875 nm, 2.8125 nm, and 0.9375 nm) in

growth direction.8 In both cases, the total thickness of the

electron blocking structure is 45 nm.

Figure 1 plots the energy band diagram of the reference

device. Interface polarization charges, ionized donors and

acceptors, free carriers, as well as the applied bias lead to

strong deviations from the ideal rectangular shape of the

band edge profiles. Despite the EBL band offset ratio

DEc:DEv¼ 60:40, the EBL energy barrier Ep for hole injec-

tion is significantly larger than the barrier En for electron

leakage. Internal quantum efficiency (IQE) vs. current char-

acteristics are plotted in Fig. 2. The reference device with

bulk EBL exhibits an efficiency droop of 48% at the maxi-

mum current of 160 mA, which is in very good agreement

with the measured droop of 48.5%.8 It is commonly assumed

that the efficiency droop is not influenced by the photon

extraction efficiency,1 so that the relative droop of the meas-

ured external quantum efficiency (EQE)8 is the same as that

of the internal quantum efficiency. The chirped MQB exhib-

its a reduced droop of 40% in Fig. 2, which is close to the

measured EQE droop of 42%,8 i.e., the MQB is slightly

more effective in the simulation, as expected. For the EBL

device, the simulations result in 33% electron leakage at the

total current of 160 mA, while the chirped MQB eliminates

electron leakage almost completely. The remaining effi-

ciency droop is caused by MQW Auger recombination. With

a SRH lifetime of 100 ns, the Auger coefficient C was used

as a fit parameter, resulting in C¼ 10�30 cm6/s. Both num-

bers are within the range reported in the literature.1

We now analyze the cause for the performance improve-

ment with chirped MQB. An ideal rectangular MQB conduc-

tion band edge allows for simple solutions to the Schr€odinger

equation.11 The resulting MQB reflectivity spectra are shown

in Fig. 3 both for electron leakage and for hole injection. The

99% reflection barrier for electrons/holes is only 9 meV/2meV

higher than the AlGaN conduction/valence band edge.

However, the band edge profiles of the real device

strongly deviate from the ideal picture. Figure 4 plots the

conduction band edge Ec(x) for the MQB region, including

the top QW, combined with the corresponding MQB electron

reflectivity spectrum. Due to the band bending, the conduc-

tion band barrier is now En¼ 405 meV, much higher than the

barrier in the reference device (Fig. 1) and also much higher

than the built-in conduction band offset of DEc¼ 198 meV.

The reflection spectrum exhibits strong tunneling through

the thin MQB barrier peaks. Figure 5 plots the valence band

edge Ev(x) for the MQB region, combined with the corre-

sponding MQB hole reflectivity spectrum. The MQB energy

barrier for hole injection is now Ep¼ 307 meV, which is

only slightly higher than the barrier in the reference device

(Fig. 1) but substantially lower than the electron barrier En in

Fig. 4. The hole reflectivity spectrum also exhibits tunneling

dips near the thin MQB barrier peaks.

As the net effect of carrier tunneling and reflection is

hard to estimate from Figs. 4 and 5, we simply removed it

from the model and compared the resulting performance to

FIG. 1. Vertical electron energy band diagram near the active region of the

EBL reference device (current density¼ 400 A/cm2). The dashed lines mark

the quasi Fermi levels, DEc and DEv are the EBL conduction and valence

band offset, respectively, and En and Ep are the EBL energy barrier for elec-

trons and holes, respectively.

FIG. 2. Calculated internal quantum efficiency vs. current. The efficiency

droop is measured relative to the peak efficiency. The maximum current

density is 400 A/cm2.

FIG. 3. Electron and hole reflectivity spectra for the ideal chirped MQB.

The inset shows the profile of the MQB conduction and valence band edges.
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the IQE curve in Fig. 2. Both IQE curves are identical. Thus,

quantum mechanical MQB effects do not contribute to the

elimination of the electron leakage by the chirped MQB.

Instead, the increased electron barrier energy En seems

mainly responsible, caused by the lower electron quasi Fermi

level, i.e., by a strongly reduced electron density of

0.05� 1018 cm�3 on the left-hand side (LHS) of the MQB

(Fig. 4).

For further analysis, we now replace the MQB with a

1-nm-thin undoped AlGaN layer. Surprisingly, the IQE char-

acteristic is identical to the MQB curve in Fig. 2. The band

diagram in Fig. 6 shows an i-AlGaN electron barrier of

En¼ 394 meV that is almost the same as with chirped MQB

(Fig. 4). The LHS electron density at the thin EBL is only

0.06� 1018 cm�3, compared to 26� 1018 cm�3 in the refer-

ence device. As a consequence, the actual electron leakage is

only 0.2% of the total current of 160 mA, despite the high

probability of electron tunneling through the thin EBL. In

contrast, the density of free holes on the right-hand-side

(RHS) of the thin EBL is close to 1019 cm�3, as indicated by

the upward bending of the valence band edge toward the

hole Fermi level (Fig. 6). This high density of free holes is

mainly attracted by the negative interface polarization

charges at the RHS of the i-AlGaN layer. In addition, the

hole barrier Ep¼ 269 meV is now lower than in the reference

device. Due to their larger effective mass, the tunnel proba-

bility of holes is generally smaller than that of electrons. But

the strong hole accumulation at the thin EBL still causes a

significant tunnel injection into the MQW. We confirmed

this unexpected dominance of hole tunneling over electron

tunneling with simple analytical tunnel models for rectangu-

lar barriers19 using the band offsets and the quasi Fermi lev-

els from Fig. 6. Disabling the hole tunneling in the APSYS

simulation results in strong electron leakage. Thus, RHS

hole accumulation and hole tunneling through the thin

AlGaN layer are found to be the key mechanism for the

observed efficiency enhancement. As more holes reach the

MQW, less electrons leak out, resulting in electron depletion

at the EBL and an enhanced barrier energy En. In other

words, electron leakage is not a cause but rather a conse-

quence of poor hole injection.

The single thin layer allows for even better hole injec-

tion than the MQB since hole tunneling is not restricted to

MQB quantum levels. But with this device example, the

chirped MQB already eliminates the electron leakage, so the

thin i-AlGaN layer cannot improve the IQE characteristic in

Fig. 2 any further. For the same reason, a higher i-AlGaN

band gap or a lower thickness do not give better IQE results

in this case. But growing the i-AlGaN thickness to 3 nm

results in larger electron leakage of about 2% at 160 mA

since the hole tunneling probability is reduced. Dropping the

Al content of the 1-nm layer from 0.15 to 0.10 gives a simi-

larly enhanced electron leakage, because the lowered inter-

face polarization charge density attracts less holes.

Complete removal of the EBL in our simulation leads to

a dramatic rise in electron leakage, i.e., a strongly reduced

hole injection, since the p-GaN hole density is now much

FIG. 4. Conduction band edge profile near the chirped MQB and MQB elec-

tron reflectivity spectrum simulated at 400 A/cm2.

FIG. 5. Valence band edge profile near the chirped MQB and MQB hole

reflectivity spectrum simulated at 400 A/cm2.

FIG. 6. Energy band diagram near the 1-nm-thin EBL at 400 A/cm2.
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smaller. This finding is in agreement with previous measure-

ments of ultra-violet LED efficiency improvements after

insertion of an 1-nm-thin i-AlN layer below the p-side clad-

ding layer.20

In summary, we show by advanced numerical device

simulation that the LED efficiency improvement achieved

with chirped MQB electron blocking layers is caused by

enhanced hole injection into the MQW and not by electron

reflection, as commonly assumed. We propose to use a very

thin single i-AlGaN layer instead of the MQB to further

improve hole injection.
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