
Enhancing Carrier Injection Using Graded Superlattice
Electron Blocking Layer for UVB Light-Emitting Diodes

Item Type Article

Authors Janjua, Bilal; Ng, Tien Khee; Alyamani, Ahmed Y.; El-Desouki,
Munir M.; Ooi, Boon S.

Citation Enhancing Carrier Injection Using Graded Superlattice Electron
Blocking Layer for UVB Light-Emitting Diodes 2014, 6 (6):1 IEEE
Photonics Journal

Eprint version Publisher's Version/PDF

DOI 10.1109/JPHOT.2014.2374596

Publisher Institute of Electrical and Electronics Engineers (IEEE)

Journal IEEE Photonics Journal

Rights (c) 2014 IEEE. Personal use of this material is permitted.
Permission from IEEE must be obtained for all other users,
including reprinting/ republishing this material for advertising or
promotional purposes, creating new collective works for resale
or redistribution to servers or lists, or reuse of any copyrighted
components of this work in other works.

Download date 18/05/2023 07:39:52

Link to Item http://hdl.handle.net/10754/528237

http://dx.doi.org/10.1109/JPHOT.2014.2374596
http://hdl.handle.net/10754/528237


Enhancing Carrier Injection Using Graded
Superlattice Electron Blocking Layer
for UVB Light-Emitting Diodes
Volume 6, Number 6, December 2014

Bilal Janjua
Tien Khee Ng, Member, IEEE
Ahmed Y. Alyamani
Munir M. El-Desouki
Boon S. Ooi, Senior Member, IEEE

DOI: 10.1109/JPHOT.2014.2374596
1943-0655 Ó 2014 IEEE



Enhancing Carrier Injection Using Graded
Superlattice Electron Blocking Layer

for UVB Light-Emitting Diodes
Bilal Janjua,1 Tien Khee Ng,1 Member, IEEE, Ahmed Y. Alyamani,2

Munir M. El-Desouki,2 and Boon S. Ooi,1 Senior Member, IEEE

1Photonics Laboratory, Computer, Electrical, and Mathematical Sciences and Engineering Division,
King Abdullah University of Science and Technology, Thuwal 23955-6900, Saudi Arabia
2National Center for Nanotechnology, King Abdulaziz City for Science and Technology,

Riyadh 11442-6086, Saudi Arabia

DOI: 10.1109/JPHOT.2014.2374596
1943-0655 Ó 2014 IEEE. Translations and content mining are permitted for academic research only.

Personal use is also permitted, but republication/redistribution requires IEEE permission.
See http://www.ieee.org/publications_standards/publications/rights/index.html for more information.

Manuscript received August 6, 2014; revised November 12, 2014; accepted November 12, 2014.
Date of publication November 26, 2014; date of current version December 19, 2014. This work was
supported by KAUST and King Abdulaziz City for Science and Technology (KACST) under the Tech-
nology Innovation Center (TIC) for Solid State Lighting. Corresponding author: B. S. Ooi (e-mail:
boon.ooi@kaust.edu.sa).

Abstract: We have studied enhanced carrier injection by having an electron blocking
layer (EBL) based on a graded superlattice (SL) design. Here, we examine, using a self-
consistent 6 � 6 k�p method, the energy band alignment diagrams under equilibrium and
forward bias conditions while also considering carrier distribution and recombination
rates (Shockley–Read–Hall, Auger, and radiative recombination rates). The graded SL is
based on AlxGa1�xN (larger bandgap) Al0:5Ga0:5N (smaller bandgap) SL, where x is
changed from 0.8 to 0.56 in steps of 0.06. Graded SL was found to be effective in reduc-
ing electron leakage and enhancing hole injection into the active region. Due to our band
engineering scheme for EBL, four orders-of-magnitude enhancement were observed in
the direct recombination rate, as compared with the conventional bulk EBL consisting of
Al0:8Ga0:2N. An increase in the spatial overlap of carrier wavefunction was obtained due
to polarization-induced band bending in the active region. An efficient single quantum-
well ultraviolet-B light-emitting diode was designed, which emits at 280 nm. This is the
effective wavelength for water disinfection application, among others.

Index Terms: Light-emitting diodes (LEDs), semiconductor quantum well, electron block-
ing layer, graded superlattice, energy barrier, ultraviolet, water disinfection.

1. Introduction
AlGaN based ultraviolet-B (UVB) LEDs have attracted considerable attention as energy efficient
light sources for applications in environmental cleaning, biology, sensing, and solid-state lighting
[1]. Due to high polarization fields and large defect density, the illumination power and internal
quantum efficiency of nitride based devices is relatively low [2]–[7]. Low dopant activation effi-
ciency in large bandgap materials further reduces the device performance and enhancing carrier
injection in the active region remains a great challenge [8], [9]. To date, the development of UV
LEDs is championed by SETi Corporation, with record external efficiency greater than 11% at
278 nm emission wavelength [10]. Due to intricate interactions between lattice strain, polariza-
tion fields, and bandgap engineering, design rules are not well established. Practical growth
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related boundary conditions have to be taken into account when simulating such devices. This
paper explores the graded superlattice (SL) electron blocking layer (EBL) with an eventual view
of realizing the design on AlN / sapphire template substrate based on plasma source molecular
beam epitaxy (PSMBE), which has a controllable monolayer (ML) growth capability.

The major cause of reduced internal quantum efficiency (IQE), in nitride based devices, is
the large band bending caused by high internal polarization fields, close to several MV/cm.
Band bending results in reduced oscillator strength of carrier recombination, a dimensionless
quantity expressed by the strength of direct transitions, and the quantum confined Stark effect
(QCSE). Strong polarization fields in the barrier layers can considerably reduce effective bar-
rier height thus increasing electron leakage into the p-GaN buffer layer, resulting in undesir-
able recombination process. The use of heterointerfaces, superlattices and graded potentials
schemes used in early GaAs-based and InP-based laser/LED work become even more essen-
tial for nitride materials, which have higher degree of complexity due to band bending and dis-
tortions. This creates a major challenge in emitter device designs on polar c-plane substrates.
To improve IQE and injection efficiency, EBL inserted in between p-GaN and active region,
has shown to drastically reduce carrier leakage and improve hole injection. Non-/semi-polar
planes and lattice matched bulk layers using AlInN have been utilized as EBL to mitigate
polarization fields and to increase effective barrier height of the EBL [11], [12]. EBL based on
innovative designs using step-graded [13]–[15], graded [16]–[21], SL [22]–[26] and graded SL
[27]–[30] have been demonstrated. Similar techniques for UV LEDs design are still not ma-
ture, and require further study and optimization. Furthermore, such designs are yet to be fully
developed in conjunction with AlGaN quantum well (QW) devices grown using PSMBE.
PSMBE can achieve a controllable growth rate of G 1 nm per minute, favoring the implementa-
tion of thin SL's that will allow the bandgap engineering scheme discussed herewith to be
implemented.

In this study, the design of EBL based on graded AlxGa1�xN / AlyGa1�yN SL, has been in-
vestigated for UV-LED emitting at 280 nm. The simulation optimizes energy band alignment,
carrier densities in SQW, wavefunction spatial overlap, recombination rates and tunneling prob-
abilities. The graded SL design parameters optimization include the SL period, aspect ratio,
and layer compositions aiming for the largest useful radiative rate. Comparing conventional
bulk layer based EBL design with the graded SL structure, using AlxGa1�xN (larger bandgap) /
AlyGa1�yN (smaller band gap), where x is graded from 0.8 to 0.56 insteps of 0.06 and y ¼ 0:5,
we found four orders of magnitude enhancement in direct recombination rate. The designs
were modeled using the NEXTNANO software [31]. The band diagram of the structure was ob-
tained by self-consistently solving Poisson's, Schrödinger's, current continuity, and carrier trans-
port equations. The effects of wavefunction overlap, carrier dynamics in AlGaN based active
region and polarization induced band bending due to interface fixed charges, were also
considered.

2. Numerical Simulation Setup
The graded SL design based on Alx!yGa1�x!1�yN / AlzGa1�zN where ðx 9 y � zÞ is shown in
Fig. 1. The LED modeled in this study consists of a 300 nm n-doped Al0:5Ga0:5N layer, with carrier
concentration of 7� 1018 cm�3. The active region consists of Al0:55Ga0:45N bottom barrier ðBBÞ
layer, followed by a 3 nm Al1�yGa1�yN QW terminated with a 5 nm Al0:65Ga0:3N top barrier ðBT Þ.
The asymmetric barrier design was chosen to enhance hole injection and to improve carrier
confinement, taking into account the difference in electron and hole mobilities [32], [33]. The active
region was assigned an unintentional background electron carrier concentration of 1� 1016 cm�3

to inhibit doping induced non-radiative recombination and impurity scattering. Following BT is an
EBL to reduce carrier leakage. For EBL designs bulk Al0:8Ga0:2N, linearly graded, SL and graded
SL layers, with dopant concentration of 1:5� 1019 cm�3 were simulated. Thin p-Al0:4Ga0:6N layer is
inserted between the EBL and the p-GaN to improve hole injection. The p-contact layer consists of
Mg-doped GaN bulk layer with hole concentration of 7� 1018 cm�3.
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The material parameters of AlGaN ternary alloys are expressed as

X ðAlxGa1�xNÞ ¼ x :X ðAlNÞ þ ð1� xÞ:X ðGaNÞ � b:x :ð1� xÞ (1)

where b is the bowing factor, and X ðAlNÞ and X ðGaNÞ are the material parameters of binaries
AlN and GaN, and x is the Al composition. The commonly accepted values for these parameters
are mentioned in Table 1 [34], [35]. Other simulation parameters, such as effective masses for
carriers, elastic and piezoelectric constants, deformation potentials and 6 � 6 k.p parameters
for ternary compounds, were linearly extrapolated [36]. The valence band offset was kept at
850 meV for GaN layer lattice matched to AlN, taking into account strain and polarization in-
duced band bending effects. The operating temperature of the device is taken to be 300 K.

Doping dependent mobilities for the AlGaN were obtained using Arora model, which is a built-
in module for the numerical software we used [37]. The Arora model is introduced to depict the
mobility as a function of carrier density, taking into account scattering by charged impurity ions

uðT ;NiÞ ¼ un;p
min

T
To

� ��n;p
m

þ
un;p
d

T
To

� ��n;p
d

1þ NDþNA

Nn;p
0

T
Toð Þ�n;pN

 !An;p
a

T
Toð Þ�n;p

a

(2)

TABLE 1

Properties of the binary materials used in the simulation considering bowing factor b

Fig. 1. Schematics of the full UV-B LED structure, with four variants of EBL design schemes, i.e., the
bulk AlGaN layer (A), the linear graded Alx!yG1�x!1�yN (B), the SL AlxGa1�xN / Al0:5Ga0:5N (C),
and the graded SL Alx!yGa1�x!1�yN =AlzGa1�zN, where ðx 9 y � zÞ (D).
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where umin, ud , �m, �d , �a, and N0 are Arora model fitting parameters for electrons ðnÞ and holes
ðpÞ [38]. NA þ ND is the total concentration of ionized impurities. For electrons, fitting parameters
are taken with dislocation density of 1� 108 cm�2. Due to non-availability of data in current liter-
ature, the mobility fitting parameters for holes in AlN, are assumed to be the same as of GaN in
the Arora model. T and To are the lattice and room temperature, respectively. To take into ac-
count polarization enhanced doping effect, Mg activation energy, as shown in Table 1, were
considered inside the EBL region while complete ionization of dopants atoms was assumed for
the rest of the device structure.

The recombination of carriers being injected into the active region is modeled as follows, with
simulation parameters �n, �p, Cn, Cp, and C tabulated in Table 2 [5], [34], [39]:

RTot ¼ RInj � ðRSRH þ RAuger þ RDirectÞ (3)

where

RSRH ¼ p:n � n2
i

�p:ðn þ niÞ þ �n:ðp þ niÞ (4)

RAuger ¼Cp: n2 � n2
i

� �
:p þ Cn: p2 � n2

i

� �
:n (5)

RDirect ¼C: n:p � n2
i

� �
: (6)

3. Results and Discussion
To optimize the SL design, the Al mole fraction, SL thickness ratio with varying duty cycle and thick-
ness of bottom AlGaN / top AlGaN of (1 nm/1 nm, 1 nm/2 nm, 2 nm/1 nm, 1 nm/3 nm, 2 nm/2 nm,
and 3 nm/1 nm) and SL period (2 nm, 3 nm, 4 nm) were studied. Optimized structures for different
configuration are shown in Table 3.

Carriers being injected into the QW can recombine either radiatively or non-radiatively. In
SQW based designs one can easily get into the problem of excess carriers being leaked into
doped buffer layers resulting in unwanted recombination. To see how efficient the EBL design is
in preventing carrier leakage and in improving hole injection, one has to study the carrier con-
centration profiles inside the active region.

TABLE 2

Parameters used to model SRH, Auger, and direct radiative recombination rates

TABLE 3

EBL design based on different schemes
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The variation in carrier concentration in the active region is an indication of the strength of
carrier localization and injection efficiency. Fig. 2 shows the spatial distribution of carriers in the
active region under forward bias conditions for different structures. Moderate increase in elec-
tron density is obtained for SL (structure C) and graded SL (structure D) compared to bulk
(structure A) and linearly graded bulk layer (structure B). It has been shown both experimentally
and theoretically that introduction of large bandgap layer (EBL) in between p-contact layer and
active region can considerably reduce electron leakage. For structures C and D, multiple carrier
reflection at interfaces of SL, further increases the effective barrier height leading to lower car-
rier leakage [23]. For holes, increase of three orders of magnitude in carrier density is observed
in structure D compared to structure A. Grading in SL reduces the effective barrier height which
holes have to overcome, in order to reach the QW. Along with that, alternating small and large
bandgap layers with small valence band offsets can promote tunneling of carriers as compared
to single bulk layer. In addition to reduced effective barrier height and bandgap and improved
tunneling current, the SL and graded SL layers also enhances dopant ionization via polarization
induced negative fixed charges at the interfaces and polarization induced fields inside the layers
[40]. All the above mentioned effects led to the increase in hole and electron carrier densities in-
side the active region; prior being more significant.

After the carriers are injected into the active region, they can either recombine radiatively or
non-radiatively. For large bandgap materials, in which the trap levels are deep, SRH is consider-
ably enhanced at low injection levels. As forward bias is increased, carrier densities inside the
active region increases, thus facilitating bi-particle direct radiative recombination process. Be-
yond the turn-on voltage, at high carrier injection, Auger non-radiative recombination becomes
dominant. Auger recombination is a three particle process that requires inter- and intra-band
transition of carriers. In the case of nitride based devices, due to poor hole injection into the
active region, Auger recombination term Cp � n2 � p is dominant. Auger recombination has been
identified as one of the main reason for efficiency rollover or droop, in nitride based devices at
high injection current levels [41]. This effect is also investigated in the following. Nevertheless,
for the UVB devices, both SRH and Auger can still be significant and have to be taken into
considerations when optimizing the device design. This is shown in Fig. 3, in which the recombi-
nation rates for the four structures are compared. As expected, an enhancement in all recombi-
nation rates was observed for SL based EBL design schemes (structures C and D). Improved
injection efficiency in structure D, attributed to reduced electron leakage, enhanced hole injec-
tion and reduced spatial carrier separation resulted in an increase in the useful recombination
rate. This led to structure D having 4 orders of magnitude higher recombination rate as com-
pared to that of structure A. The SRH recombination is a single particle process governed by
both holes and electrons recombination through trap states. Since the hole concentration profile

Fig. 2. (a) Electron and (b) hole concentrations at 4.5 V forward bias for EBL design schemes A to D in
Table 3, i.e., the bulk AlGaN layer (A), the linear graded Alx!yG1�x!1�yN (B), the SL AlxGa1�xN /
Al0:5Ga0:5N (C), and the graded SL Alx!yGa1�x!1�yN / AlzGa1�zN, where ðx 9 y � zÞ (D).
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is skewed towards the bottom side of the well, cumulative SRH from both electron and holes
peaks on that side. For nitride based devices, Auger recombination process is dominated by
e-e-h transition due to the comparatively higher electron density in the QW. The Auger recombi-
nation profile therefore follows the electron density profile [compare Figs. 2(a) and 3(b)]. There-
fore, these non-radiative recombination processes cannot be ignored when designing the active
region of the UV-LED. Also, it is noted that the abrupt changes in recombination rate profile
across the active region (BB �QW and QW� BT ) interfaces are caused by changes in recombi-
nation coefficients due to changing composition.

The merits of structure C and D are further examined in Fig. 4 by means of comparing the
non-radiative recombination processes in the EBL layer. It is evident that the undesirable non-
recombination processes are stronger in structure C than in structure D. This is due to stronger
polarization induced band bending in structure C, resulting in deep localized confinement re-
gions across the EBL layer [see green region in Fig. 5(b)]. On the other hand in structure D, the
grading reduces the net polarization field, thus weakening the band bending effect. At 4.5 V
bias voltage, SRH recombination is more significant in structure C as compared to structure D,
resulting in reduced hole injection. The difference in Auger recombination rates are insignificant
in both structures [see Fig. 4(b)]. Thus, in structure D, compositional grading in the SL is effec-
tive in reducing total non-radiative recombination processes which improves the hole injection
efficiency into the active region.

To understand the effectiveness of the graded SL (structure D) compared to non-graded SL
(structure C), in enhancing hole injection and reducing electron leakage, the band diagram of op-
timized structures are shown in Fig. 5. The polarization mismatch at hetero-interfaces results in
the formation of large fixed sheet-charge densities, causing triangular shaped band bending in
the active region and the EBL. For structures without SL in EBL, the electrostatic field bends the

Fig. 4. Non-radiative recombination rates, corresponding to (a) SRH and (b) Auger, in the EBL re-
gion (322 nm – 342 nm) for structure A, B, C, and D.

Fig. 3. Recombination rates of (a) SRH , (b) Auger and (c) Direct in the quantum well (QW), bottom
barrier (BB), and top barrier (BT) under forward bias of 4.5 V for EBL design schemes A to D.
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conduction band of the top barrier downwards resulting in reduced effective barrier height of
EBL for electrons while increasing barrier height for holes. Downward bending also leads to the
formation of two-dimensional electron gas (2DEG), which traps electrons and augments the
possibility for electrons to spill over into p-type region resulting in more consumption of holes,
and further reducing the hole injection efficiency. Compared to structures A and B, the non radi-
ative recombinations are higher in structures C and D due to the higher electron leakage into
the EBL.

As shown in Fig. 5(a), in the structure A the 2DEG formation at BT � EBL interface is most
pronounced and severe due to the polarization induced negative sheet charge density. For line-
arly graded EBL (structure B), the 2DEG formation is slightly mitigated due to the effect of polar-
ization induced volume charge inside EBL and the reduced effective bandgap. These effects
create an effective potential height of 0.53 meV close to the active region. In polar materials,
the induced fixed charges at the interface of small and large bandgap materials depend on the
net polarization at the interface and the thickness of the larger bandgap layer [42]. For structure
A, the relatively thicker EBL results in high polarization induced sheet charge density causing
the downward bending of the bands and formation of 2DEG. In comparison to bulk Al0:8Ga0:2N
based EBL, which introduces a remote barrier height of 0.77 eV, structure D creates a barrier
height of 0.74 eV in proximity to the well, thus reducing unwanted recombination at the EBL� BT

interface region. It is noted that the presence of polarization induced sheet charges in the case
of SL AlxGa1�xN / AlyGa1�yN interfaces for structure C resulting in an upward bending of the en-
ergy level at BT � EBL interface, thereby increasing the conduction band barrier and eliminating
the 2DEG formation. Further improvement can be achieved by increasing the electrostatic field
of the large bandgap AlxGa1�xN layer by increasing the AlyGa1�yN thickness. Alternately, in-
creasing the Al composition in the AlxGa1�xN can also increase BT � EBL band offset, but at the
expense of pulling down the conduction band in BT relative to Efn thereby preventing an effective
suppression of the electron leakage into EBL and increasing the chances of forming a 2DEG.
The structures C and D have been carefully optimized by taking into account the composition
and thickness of the individual layers inside the SL.

In addition, in structure D (graded SL) the effective energy barrier [Fig. 5(b)] seen by holes is
decreased by 0.26 eV to 0.42 eV from 0.68 eV in structure A. This is due to downward bending
of the top barrier height in valence band. For the linearly graded EBL design (structure B), vol-
ume charge induced band bending, results in a 0.60 eV barrier height. This is smaller to the bar-
rier height in structure A but still considerably larger than structures C and D. This is due to the
upward band bending of BT producing a smaller barrier height, thus creating the minimum resis-
tance pathway for holes injected into the EBL from the p-GaN. Tunneling current, in the presence
of small bandgap AlyGa1�yN in SL, is also enhanced for holes. The highest direct radiative rate

Fig. 5. Band diagram of (a) conduction band and (b) valence band under forward bias of 4.5 V for
structures shown in Table 3. The barrier heights are measured with respect to the quasi Fermi
levels. i.e., the bulk AlGaN layer (A), the linear graded Alx!yGa1�x!1�yN (B), the SL AlxGa1�xN /
AlyGa1�yN (C), and the graded SL Alx!yGa1�x!1�yN / AlzGa1�zN, where ðx 9 y � zÞ (D).
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was obtained for graded SL EBL design consisting of 5 period AlxGa1�xN / Al0:5Ga0:5N (1 nm/
3 nm thick). In this design the Al composition (x) is graded from 0.8 to 0.56 in steps of 0.6.

For structure A, the absence of polarization fixed charges inside EBL is due to insignificant
dopant ionization. The graded SL has the advantage of enhancing dopant ionization efficiency
via polarization induced negative fixed sheet charged density, at the AlxGa1�xN / AlyGa1�yN
graded SL interfaces. This effect increases the free hole density and hole injection into the
active region [40], [43], [44]. The SL also promotes deep acceptors to ionize into the valence
band more easily, thereby improving dopant ionization inside the EBL. The increased free hole
density will reduce current crowding and will further lower lateral resistivity for Mg-doped SL.

The position of quasi Fermi levels (Efn, and Efp), relative to energy bands, indicate the carrier
densities across the device, under non-equilibrium condition. To investigate the effectiveness of
EBL in mitigating electron leakage while minimizing resistance to hole current, the Efn is plotted
in Fig. 6(a), under forward bias of 4.5 V, for different structures. Compared to structure B, struc-
ture A introduces an energy barrier for electrons remote to the QW. This results in enhanced
carrier leakage in the EBL, allowing the Efn to drop further into the EBL. For structures C and D,
SL creates the energy barriers, in proximity to BT, bringing down the Efn in energy, close to
active region. But due to tunneling, carrier density is more inside EBL leading to stronger non-
radiative recombination processes (see Fig. 4).

It is known that the introduction of bulk AlGaN EBL reduces the hole concentration inside the
active region. This is evident in structure A, whereby the energy barrier created at the EBL – BT

interface considerably reduces the hole injection, thus increasing the energy level of Efp relative
to the valence band. For structure B, linear compositional grading reduces effective barrier
height inside the EBL, leading to better hole injection as shown in Fig. 2(b). For non-graded
(structure C) and linearly graded (structure D) SL structures, the reduced shift of Efp values rela-
tive to valence band (the corresponding eigenvalues) led to higher hole densities. The SLs intro-
duces alternating large and small bandgap layers, which in the presence of small valence band
offsets can significantly enhance hole tunneling current. The reduced barrier height and
enhanced tunneling mechanisms for holes, through the SL, are the main contributing factors in
improving holes injection into the active region.

With the implementation of graded SL EBL, we observe the improvement in carrier localization in
the QW, i.e., improved wavefunction overlap, resulting in enhanced direct radiative recombination.
This is plotted in Fig. 7 which shows the carrier wavefunctions with their corresponding band
edges. The adoption of asymmetric barrier design confines the electrons more strongly than holes
inside the active region. In addition, a 2DEG formation is observed at the BT � EBL interface for
structures A and B due to strong polarization induced fixed charges. The 2DEG reduces energy

Fig. 6. Quasi-Fermi level profiles (Efn , and Efp), corresponding to (a) electron and (b) holes, across
the active region, for structures A-D. Also shown in Fig. 6(b) are the fundamental eigenvalues
(�4.52 eV, �4.53 eV, �4.56 eV) supported in the QWs of various structures. The smallest relative
position between the Efp and the corresponding eigenvalue for design structure D resulted in the
highest hole density in Fig. 2(b).
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barrier height for electrons, thus enhancing carrier separation, and electron leakage from QW into
EBL. This promotes non-radiative recombination processes. This can obviously be mitigated using
the graded SL (structure D), which consisted of alternating thin AlxGa1�xN and thick AlyGa1�yN
layers, by producing upward band bending of the BT conduction band.

In comparison to electrons, for structures A and B, a valence band offset of 60 meV consti-
tutes weak hole confinement, causing the hole wavefunction to spread out into BB [see Fig. 7(b)].
For structure C and D, to keep the fundamental transition at �280 nm, the QW composition is
slightly reduced. This results in an 84 meV valence band offset. The presence of (a) larger band off-
set of 84 meV, (b) the electric field screening in the presence of large carrier density in the QW,
and (c) the corresponding upward band bending of BT, resulted in reduced carrier separation in
structure C and D. As for the BB, there is no significant effect on the built-in polarization fields when
using the SL in the EBL design compared to bulk AlGaN layer.

According to the Fermi's golden rule, radiative recombination strength is determined by the
magnitude of transition matrix element, a dimensionless quantity proportional to the square of
the electron-hole wavefunction overlap (spatial overlap matrix element, jh�hj�eij2). An increase
of �140 – 150%, from 0.10 to 0.25 and 0.26, in the spatial overlap matrix elements is observed
in structures C and D respectively as shown in Table 4 This is in agreement with the more local-
ized wavefunction in Fig. 7. Due to such increase in wavefunction overlap, the spontaneous ra-
diative recombination is enhanced.

It is also noted that electrons which are not captured by the QW, can either tunnel through or
thermally escape over the barrier, using kbT � 25 meV thermal energy from the crystal lattice,
at room temperature. In conventional design, the EBL is inserted in between active region and

Fig. 7. Plot of (a) conduction and (b) valence bands, as well as the corresponding electron and hole
wavefunction profiles in the active region for various structures.

TABLE 4

Wavefunction overlap of carriers for various structures
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p-contact layer to reduce this carrier leakage. The effectiveness of various EBL structures in re-
ducing carrier leakage and the tunneling properties of carriers has to be studied. The common
single bulk EBL layer can be effective in blocking electrons, but it will also introduce resistance
to holes injected from the p-GaN. The SL EBL, on the other hand, has reduced effective band
gap, stronger band bending in the presence of polarization fields, and scattering at multiple in-
terfaces. These effects make it effective in blocking electrons while providing a low resistance
path for holes. Since the effective mass of carriers is large in large bandgap nitride material,
there is a drastic decay of wavefunction within the large bandgap AlxGa1�xN barrier layer of the
SL leading to low tunneling probabilities. This motivates one to implement thinner AlxGa1�xN in
the AlxGa1�xN / AlyGa1�yN SL, EBL. Thin large bandgap layer inside the SL can significantly
reduce tunneling current, while polarization enhanced band bending in presence of wider
smaller band gap material can significantly enhance the barrier height. To study the effect of
tunneling, the tunneling probability, T(E), of the structures under equilibrium conditions is plotted
in Fig. 8. To depict the real device while reducing complexity, only the tunneling studies for the
EBL segment is simulated at equilibrium conditions, with the structures strained to the
Al0:5Ga0:5N buffer layer.

As shown in Fig. 8(a), due to the larger barrier height across EBL, the structures A and B
have zero transmission up to 1.2 eV. As for structures C and D, polarization induced band bend-
ing considerably reduces T(E), up to 1 eV even with a much smaller effective bandgap. Since
all structures are quite efficient in blocking electrons, at low voltage bias, no significant differ-
ence in electron densities inside the active region are observed [see Fig. 2(a)]. For 1 nm thick
AlxGa1�xN, and approximately 2 ML (mono-layer) thick Alx¼0:8Gað1�xÞ¼0:2N barrier, the tunneling
probability is less than 10% for carrier energies up to 25 meV. With a thinner Alx¼0:8Gað1�xÞ¼0:2N
of 0.25 nm (�1 ML), the tunneling probability increases to greater than 40% [45]. This limits the
thickness of the large bandgap layers inside the SL to a minimum of at least 2 ML for effective
reduction in electron leakage via tunneling. Therefore 4 ML �1 nm is chosen to be the effective
tunneling barrier in our design. The ripple effect in Fig. 8(b) is observed due to resonant tunnel-
ing of electrons through quantum states supported in the quantum barrier system. In addition,
the interference effects of incident and reflected wavefunctions at the barrier also lead to this
oscillation effect in the tunneling probability profile. For holes, strong band bending and small
valence band offset, leads to significant hole tunneling current through the EBL. Non-
compositional graded EBL designs based on AlGaN multiple quantum barrier (MQB) have been
demonstrated to provide significantly higher effective barrier height compared to bulk layers
[23]. In our design, even though the number of barriers utilized in the simulated EBL designs is
not significant, the multiple reflection effect of the MQB-like structure cannot be neglected.
Future simulation work will take into account efficiency droop study in conjunction with experi-
mental realizations.

Fig. 8. Plot of (a) energy bands and (b) tunneling probability T(E) for various structures under equi-
librium conditions.
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4. Conclusion
In this paper, we report a graded superlattice (SL) electron blocking layer (EBL) design, to en-
hance the device performance of a UV-LED emitting at 280 nm. The numerical results show
that such design can efficiently suppress electron leakage while enhancing hole injection into
the active region. Polarization induced band bending in the top barrier (BT) increases electron
localization and increases the spatial matrix overlap up to 150%. The undesirable formation of
two-dimensional electron gas (2DEG) is also suppressed by designing EBL based on SL and
graded SL instead of conventional bulk AlGaN EBL layer without graded SL. Due to stronger
carrier confinement and improved hole injection, enhancement in direct radiative recombination
rate of more than four order of magnitude was observed in structures with SL, as compared to
those without. To avoid non-radiative recombination inside the EBL, graded SL proved to be
more effective in reducing SRH recombination under forward bias.
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