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Abstract: In order to improve the performance of deep ultraviolet light-emitting diodes
(UV LEDs), the effects of different electron blocking layers (EBLs) on the performance of
AlxGa1�xN-based deep UV LEDs at 310 nm have been studied through a numerical
simulation. The simulation results show that the adoption of EBLs is critical to improve the
device performance. In comparison with a conventional structure using EBL with constant Al
composition (0.7), the device structure with an Al-content graded AlxGa1�xN (from 0.9 to 0.4
in the growth direction) EBL possesses numerous advantages such as lower working
voltage, higher internal quantum efficiency, and less efficiency droop under high-current
injection. By detailedly analyzing the profiles of energy band diagrams, distributions of carrier
concentration, and electron current density, the advantages of Al-content graded AlxGa1�xN
EBL are attributed to the resulting lower resistivity, higher barrier for electron leakage, and
simultaneously reduced barrier for hole injection compared with the conventional EBL with
constant Al composition.

Index Terms: III-Nitride, graded AlGaN electron blocking layer, ultraviolet light-emitting
diodes.

1. Introduction
Recently, the development of deep ultraviolet light-emitting diodes (UV LEDs) based on high
Al content AlxGa1�xN materials has attracted considerable attention because of their wide range of
potential applications such as air and water purification, surface disinfection, UV curing, and medical
phototherapy. Despite their tremendous opportunities, AlxGa1�xN based deep UV LEDs still suffer
from relatively low external quantum efficiency (EQE) and emission power [1]. The EQEs of the
reported AlxGa1�xN based deep UV LEDs with emission wavelengths from 280 to 350 nm are
typically less than 10%, which are about one order of magnitude lower than those of LEDs in the near
UV and visible spectral range based on InxGa1�xN [2]–[5]. There are multiple causes responsible for
the low efficiencies of AlGaN based deep UV LEDs. First of all, the high dislocation density in high
Al content AlGaNmaterials grown on sapphire substrates leads to severe nonradiative recombination
[6], [7]. Second, the strong spontaneous and piezoelectric polarization charges induced at the
interface of the active layers make the band diagrams of quantum wells (QWs) tilted and result in
reduced overlap of electron and hole wavefunctions, which further deteriorates the radiative
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recombination rate [8], [9]. Furthermore, the strong electron leakage due to the large imbalance in
electron and hole injection in deep UV LEDs is regarded as an important factor causing the low
internal quantum efficiency (IQE) [10]. For the first issue, low defect AlN bulk substrates andmigration
enhanced growth of AlN templates on sapphire substrates have been adopted to reduce the
dislocation density in AlxGa1�xN materials [7], [11]. While for the latter two issues, energy band
engineering method would be a good solution. Recently, various energy band engineering methods
have been widely used to improve the peak efficiency and to reduce the efficiency droop in III-nitrides
based LEDs. For instance, staggered QWs [12]–[17], InGaN/GaNAs or InGaN/GaNSb/GaN type-II
QWs [18]–[20], InGaN QWs with delta layer [21]–[23], single quantum well with thin Al0:83In0:17N
barriers [24] and polarization matched GaInN/AlGaInN QWs [25] were designed to enhance the
spontaneous emission rate in InGaN QWs by increasing the electron-hole wavefunction overlap.
Wide double heterostructure (DH) active regions were used to reduce Auger recombination [26], and
thus reducing the efficiency droop. In case of AlGaN based UV LEDs, thin QWs are used in the active
region to relieve the polarization effect and enhance the radiative recombination of carriers [27]. Also,
an AlxGa1�xN layer of higher Al content than that in MQWs or AlN layer is inserted between the active
region and p-type hole-injection layer with the hope that thewider bandgapmaterial layer would act as
an electron-blocking layer (EBL) to suppress the escape of the electrons out of the active region into
the p-type hole injection layer [10], [28]–[32]. At the same time, progress have been accomplished
in the past few years on the understanding of the physics of gain media and device physics of
mid and deep UV LEDs based on high Al content AlGaN QWs [33]–[38]. The identification of large
TM-polarized gain in high Al-content AlGaN QW [33], [34] and the use of delta-based QW active
regions [35]–[38] have been reported. All these results show the great potentials of band engineering
in improving the device characteristics of UV LEDs.

Although constant Al content EBLs have already been commonly used in UV LED structures, the
related mechanisms have not been completely understood yet. Very recently, the sensitivity of
electron leakage to the design parameters of 1 nm AlN EBL with composition graded interfaces has
been studied in Ref. [32], which shows that the electron blocking effect is extremely sensitive not
only to the EBL material composition but also to the conduction band offset and to the net
polarization. However, the detailed structure and its effects on device performances for the
composition graded interfaces of the 1 nm AlN EBL were not elaborated in Ref. [32]. In addition, it is
still unclear whether the ultrathin 1 nm AlN EBL has advantages over the more conventional AlGaN
EBLs with several tens of nanometers. In this paper, specific designs of AlxGa1�xN EBLs with
conventional thickness for 310 nm emitting UV LED are numerically evaluated in terms of device
performances such as working voltage, internal quantum efficiency and efficiency droop. Three
device structures are investigated by the APSYS (Advance Physical Model of Semiconductor
Devices) simulation program. The first one is the control structure without EBL. The second one is
the structure with an Al0:7Ga0:3N EBL, and the third structure uses an Al content graded AlxGa1�xN
(from 0.9 to 0.4 in the growth direction) layer as the EBL. Our simulation results show that the
device structure without EBL has the lowest working voltage, but its IQE is extremely low. The
adoption of the Al0:7Ga0:3N EBL can greatly upgrade the IQE, but results in higher working voltage.
Compared to the Al0:7Ga0:3N EBL, the adoption of Al content graded AlxGa1�xN EBL cannot only
greatly reduce the working voltage, but also can remarkably increase the IQE, and alleviate the
efficiency droop effect at large bias current.

2. Device Structure and Simulation Parameters
The properties of the LEDs with different EBLs were investigated numerically with the APSYS
(Advanced Physical Model of Semiconductor Devices) simulation program, which was developed
by the Crosslight Software Inc. APSYS is capable at solving the Poisson’s equation, current
continuity equations, carrier transport equations, quantum mechanical wave equation and photon
rate equation related to LED physic properties.

Fig. 1 shows the structures of the deep UV LEDs under investigation. The control UV-LED used
as reference is designed to be grown on a c-sapphire substrate with a 3-�m-thick Si-doped
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Al0:5Ga0:5N layer ðn-doping ¼ 2� 1018 cm�3Þ. The active region consists of five 3-nm-thick
Al0:35Ga0:65N wells separated by six 10-nm-thick Si-doped Al0:5Ga0:5N barriers ðn-doping ¼
5�1017 cm�3Þ. The wells are set to be undoped. Since in practice p-type high Al content AlxGa1�xN
layer is difficulty to achieve, a 100-nm-thick p-type GaN ðp-doping ¼ 1� 1018 cm�3Þ is employed on
top of the active region for hole injection andmaking contacts. The 100-nm thickness of p-GaN ismainly
chosen for a good current spreading and for making good contact with p-electrode in reality. The
relatively large thickness of this layer will certainly absorb a large portion of the UV light emitted
upwards, but it does not matter too much considering the fact that the p-electrode materials like Ni/Au
and solder materials for flip-chip bonding like Au/Sn will absorb most of UV light emitted upwards if not
all. The control structurewithout EBL is named as sampleA. In order to explore the influence of EBLson
the performance of deep UV LEDs, we designed another two structures with 10-nm-thick p-AlxGa1�xN
EBLs inserted between the active region and p-GaN. One of them (denoted as sample B) contains
p-Al0:7Ga0:3N EBL ðp-doping ¼ 2� 1017 cm�3Þ, while the other structure (denoted as sample C)
incorporates anAl content graded p-AlxGa1�xN EBL, in which theAl content is linearly graded from 0.9
to 0.4 in the growth direction. The device geometry is designed to be a square shape of
300 �m� 300 �m.

The energy bandgap of AlxGa1�xN ternary alloy at room temperature can be expressed as

EgðAlxGa1�xNÞ ¼ xEgðAlNÞ þ ð1� xÞEgðGaNÞ � 0:7xð1� xÞ (1)

where the values of bandgap at room temperature under unstrained condition are 6.138 and 3.435 eV
for AlN and GaN, respectively [39]. Both the band offset ratios of AlGaN/AlGaN and AlGaN/GaN are
set to be 0.5/0.5 according to the report of Piprek et al. [40]. The polarization effect of AlxGa1�xN alloy
with wurtzite structures is considered using the model of Fiorentini et al. [41] with 50% of the
polarization charges compensated by defects and interface charges. The Caughey-Thomas
approximation [42] is introduced to depict the mobility as a function of carrier density

�ðNÞ ¼ �min þ
�max � �min

1þ ðN=NrefÞ�
(2)

where �min, �max, Nref, and � are the fitting parameters of the Caughey-Thomas model. Other
parameters used in the simulation are listed as follows: the operating temperature is set at 300 K,
nonradiative carrier lifetime is set to be 5 ns and internal absorption within the LED device is assumed
to be 1000 m�1 here. We assume the extraction efficiency of light out of the substrate bottom to be
30%, considering that light emitted toward p-side (50%of total light emission) is completely lost, and a
60% of light emitted toward sapphire is extracted out of the substrate bottom. Detailed material
parameters of semiconductors used in this simulation can be found in [39].

Fig. 1. Vertical cross section of the simulated UV LED structure with lateral injection geometry.
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3. Results and Discussion
The simulated current-voltage (I–V ) curves of the three samples are plotted in Fig. 2. The turn-on
voltage of sample A is 3.7 V. While for sample B, the adoption of p-Al0:7Ga0:3N EBL increases the
turn-on voltage remarkably to about 10.7 V, which should be attributed to the high resistance nature
of p-Al0:7Ga0:3N EBL. Due to the high activation energies of Mg in high Al content AlxGa1�xN
materials, the hole concentration is very low, leading to a large resistivity. On the other hand, the
turn-on voltage of sample C is found to be 4.4 V, only slightly larger than that of sample A, which
indicates that the Al content graded p-AlxGa1�xN EBL in sample C has larger conductivity than the
EBL in sample B.

Fig. 3 shows the energy band diagrams and quasi-Fermi levels of deep UV LEDs with different
EBLs at injection current of 200 mA. As shown in Fig. 3(a), there is no energy barrier at the top side
of the MQWs in sample A since no EBL was adopted. Due to the rapid drop of the conduction band
energy from the last barrier to the p-GaN layer, electrons can easily overflow to the p-GaN layer
because of the higher density and mobility of electrons than holes. Thus electron leakage will be a
serious problem in sample A. For the band diagram of sample B with p-Al0:7Ga0:3N EBL shown in
Fig. 3(b), we first notice that severe band tilting with a total potential drop of 6.6 eV occurs in the
p-Al0:7Ga0:3N EBL. The large potential drop is essential to generate 200 mA current in the high
resistance p-Al0:7Ga0:3N EBL. In Fig. 3(c), we can clearly see that a triangle potential barrier of
207 meV height for electrons is formed between the last barrier and the p-Al0:7Ga0:3N EBL, which
can reduce the electron leakage. However, due to the severe band tilting in p-Al0:7Ga0:3N EBL, the
barrier becomes so thin that electrons might easily tunnel through it. In addition, due to the large
difference in polarizations between the last Al0:5Ga0:5N barrier and the p-Al0:7Ga0:3N EBL, a high
density of positive polarization charges exist at their interface, which attracts electrons from the
n-type side and repel holes from the p-type side. Therefore, the band of the last Al0:5Ga0:5N barrier
severely bends downward, facilitating the leakage of electrons from the last quantum well. At the
interface between the p-Al0:7Ga0:3N EBL and the p-type GaN layer, a barrier of 314 meV height [see
Fig. 3(d)] for hole transport is present, which will significantly lower the probability of hole injection
into MQW regions. In contrast, as shown in Fig. 3(e), when Al content graded EBL is adopted as in
sample C, the barrier height for electrons is increased to 449 meV, which means much enhanced
electron blocking effect in sample C as compared to sample B. The higher electron barrier should be
mainly due to the larger band offset of Al0:5Ga0:5N/Al0:9Ga0:1N at the interface of the last Al0:5Ga0:5N
barrier and the Al content graded EBL. The band tilting in the Al content graded EBL is much
alleviated as compared to sample B, which is helpful for blocking the electron leakage. The
Al content graded EBL has a high density of holes as will be shown later. Its high conductivity will
reduce the voltage drop across this layer. The smaller band offset of Al0:4Ga0:6N/GaN at the interface
of the graded EBL and the p-type GaN layer in sample C reduces the effective potential height for
holes from 314 meV in sample B to 249 meV. Accordingly, the use of Al content graded EBL can

Fig. 2. Simulated I–V performance curves of three samples.
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effectively enhance the electron confinement and reduce the barrier for holes to inject into active
region at the same time.

Fig. 4 shows the profiles of carrier concentration across the active region at the bias current of
200 mA for the three samples with different EBLs. As shown in Fig. 4(a), the electron concentrations
of the first three quantum wells in samples A and B are almost the same, about 4:0� 1018 cm�3,
while those in the last two wells are noticeably higher in sample B than in sample A. In addition,
going from the last barrier to the p-type GaN layer, the electron concentration of sample B drops
rapidly from 3:3� 1019 cm�3 to 4:9� 1014 cm�3, indicating that the p-Al0:7Ga0:3N EBL is helpful to
reduce electron leakage into the p-GaN. Compared with sample A and sample B, the electron
concentrations in all MQWs of sample C are much higher, and that in the p-type layer decreases
obviously. The much lower electron concentration in p-type layer is the proof of enhanced electron
blocking effect in sample C resulted from the highest barrier for electrons. On the other hand, the
distribution of hole concentration in MQWs also varies with the EBL layers as shown in Fig. 4(b).
The hole concentrations in MQWs of sample A are very low compared with sample B and C.
Considering the much lower density and mobility of holes compared with electrons, electrons in

Fig. 3. Energy band diagrams of (a) sample A, (b) sample B and (e) sample C at bias current of 200 mA
and the enlarged drawings of the (c) conduction band and (d) valance band of sample B.
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sample A can easily fly over to the p-GaN layer where they can recombine with holes radiatively or
nonradiatively. Therefore, a large portion of holes are consumed in the p-type region without being
injected into the MQWs, leading to the lowest hole concentration in the MQWs of sample A. When
EBL is adopted in either sample B or C, the chance for leakage of electrons into the p-GaN layer is
lower, and thus holes are less recombined with the leaked electrons and are more likely injected
into MQWs, which leads to the generally higher hole concentrations in sample B and C than in
sample A. In addition, the hole concentrations in the MQWs of sample C is significantly higher than
that of sample B, which should be associated with the higher blocking barrier for electron leakage
and the simultaneously lower barrier for hole injection resulting from Al content graded EBL in
sample C as compared to the p-Al0:7Ga0:3N EBL in sample B. The more effective electron blocking
effect and lower barrier for hole injection together lead to the highest hole concentration in MQWs of
sample C. We also notice that the hole concentration in the Al content graded EBL of sample C is
much higher ð9 1� 1018 cm�3Þ than that of the p-Al0:7Ga0:3N EBL in sample B ð�6� 1013 cm�3Þ,
which is responsible for the much higher conductivity in the Al content graded EBL and the
correspondingly much lower working voltage in sample C than in sample B. The high hole
concentration in Al content graded EBL is thought to be originated from the polarization gradient
due to the linearly varied Al composition from 0.9 to 0.4 along the growth direction. The polarization
gradient generates a high density of negative polarization charges, for which a high density of holes
is attracted to compensate.

The effects of different EBLs on the electron leakage are also manifested by the profiles of
electron current densities for the three structures, as shown in Fig. 5. Electrons are injected from the
n-type side into MQWs and recombine with holes transported from the p-type region, which leads to

Fig. 5. Distributions of electron current density near the active regions of sample A, B and C at bias
current of 200 mA.

Fig. 4. Distribution of (a) electron concentration and (b) hole concentration of sample A, B and C at bias
current of 200 mA.
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a lower electron current density in the p-type side than that in the n-type side. The electron current
overflowing to the p-type layers is defined as the electron leakage current. As shown in Fig. 5, the
ratio of the electron leakage current to the injection electron current is almost 100% in sample A,
which means that most of the injected electrons in sample A escape out of the active region into the
p-type GaN layer without contributing to wanted light emission. With the adoption of the p-Al0:7Ga0:3N
EBL in sample B, the ratio decreases to about 90%, indicating that although the electron leakage is
somewhat reduced, it still remains dominant. When replacing the p-Al0:7Ga0:3N EBL with Al content
graded one the ratio becomes almost zero. Therefore, it can be concluded that the Al content
graded EBL is much more effective in preventing electrons escaping from the active region into the
p-GaN layer.

Fig. 6 shows the plots of IQE and light output power as functions of the injection current for the
three samples. The IQE of sample A is extremely low at all current levels, which is obviously due to
the severe electron leakage as described above. The almost 100% leakage of electrons into the
p-GaN layer not only results in the very low electron concentrations in MQWs, but also depletes
holes in the p-GaN so that hole concentrations are also very low in MQWs, both of which lead to the
extremely low IQE in sample A. The issue of electron leakage in UV LEDs without EBL was also
discussed in Ref. [32], where about 50% electron leakage was found. The less electron leakage in
Ref. [32] could be mainly due to the usage of p-Al0:6Ga0:4N cladding layer right after the
Al0:55Ga0:45N/Al0:49Ga0:51N MQWs, which might also block electrons even without the 1 nm AlN EBL.
The IQEs of the other two samples with EBLs are obviously improved compared with sample A. The
IQE of sample B reaches the maximum value of 37.9% at current of 20 mA, and then drops rapidly as
the current increases (down to only 6% as the current rises to 200 mA). For sample C, when the
current is below 15 mA, it has almost the same IQE as sample B. After the current exceeds 15 mA,
the IQE of sample C still increases until the current reaches 60 mA, where its IQE has the maximum
value of 46%. After that, the IQE of sample C slowly decreases, and reaches a value of 42% at the
current of 200 mA. Therefore, sample C not only has higher maximum IQE but also has much lower
efficiency droop as compared to sample B. As shown in Fig. 6(b), at the bias current of 200 mA, the
output powers of three samples are 0.0451, 13.7, and 103.9 mW for sample A, B and C, respectively.
All these results demonstrate that sample C has the best performance overall because of the largest
maximum IQE value and lowest efficiency droop, which are all attributed to the great advantages of
Al content graded EBL in providing effective electron blocking at the interface of the last barrier and
EBL, and at the same time reducing barrier for hole injection at EBL/p-GaN interfaces.

4. Conclusion
In summary, we have investigated the effects of different EBLs on the performance of AlxGa1�xN
based 310 nm deep UV LEDs. The device structure without EBL suffers from the high electron
leakage out of the active region into the p-type region, which results in very low IQEs at all injection

Fig. 6. Plots of (a) internal quantum efficiency and (b) light output power as functions of driving current
for the three samples.
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currents due to the very low densities of electrons and holes in the MQWs. The adoption of EBL can
effectively suppress the spill-over of electrons out of the active region, and thus can greatly improve
the IQE. However, due to the high resistivity of the conventional Al0:7Ga0:3N EBL, the working
voltage is unacceptably high for the corresponding device structure. On the other hand, the Al content
graded EBL has amuch higher conductivity due to the presence of high concentration of holes, which
results in reasonable working voltages. In addition, the Al content graded EBL has the great
advantages of higher blocking barrier for electron leakage and the simultaneously lower barrier for
hole injection, which results in much higher densities of electrons and holes in MQWs at high injection
currents. Therefore, the adoption of Al content graded EBL in deep UV LEDs has great promise in
improving the overall device performance.
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