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Abstract: We study the enhanced hole confinement by having a large bandgap AlGaN
monolayer insertion (MLI) between the quantum well (QW) and the quantum barrier (QB).
The numerical analysis examines the energy band alignment diagrams, using a selfconsistent 6  6 k  p method and, considering carrier distribution, recombination rates
(Shockley–Reed–Hall, Auger, and radiative recombination rates), under equilibrium and
forward bias conditions. The active region is based on Ala Ga1a N (barrier)=Alb Ga1b N (MLI)=
Alc Ga1c N (well) = Ald Ga1d N (barrier), where b 9 d 9 a 9 c. A large bandgap Alb Ga1b N
mono layer, inserted between the QW and QB, was found to be effective in providing
stronger hole confinement. With the proposed band engineering scheme, an increase of
more than 30% in spatial overlap of carrier wavefunction was obtained, with a considerable
increase in carrier density and direct radiative recombination rates. The single-QW-based
UV-LED was designed to emit at 280 nm, which is an effective wavelength for water
disinfection.
Index Terms: Light emitting diodes (LEDs), semiconductor quantum well, wavefunction
overlap, thin insertion layer, energy barrier, ultraviolet, water disinfection.

1. Introduction
AlGaN based UV LEDs have attracted great attention for applications in environmental purification,
medicine, lighting and vitamin B3 generation in human body [1]. However, due to the large
polarization fields, the illumination power and internal quantum efficiency (IQE) of nitride based
devices is low [2]–[5]. The improvement in carrier recombination rate and increase in radiative
recombination efficiency, in such UV LEDs, remains a great challenge. Novel designs to enhance
optical matrix element have been demonstrated [6]–[8]. To date, UV LEDs development is
championed by SETi Corporation with record external efficiency greater than 11% at 278 nm
emission wavelength [9]. The design rules are not well established due to complex interaction
between polarization fields, lattice strain and bandgap engineering. These issues hence warrant a
careful device design simulation of the layer structure before actual layer structure growth
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Fig. 1. Schematics of the full UVB LED structure, the reference structure design, and the proposed
structure design with thin AlGaN monolayer insertion (MLI).

implementation. Design based on the practical growth related boundary conditions is also vital to
the usefulness of a simulation. This paper explores the thin barrier insertion layer design with
eventual view of realizing the design using 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, in the active
regions [10]–[12]. Band bending results in reduced oscillator strength of carrier recombination, a
dimensionless quantity expressing the strength of direct transitions, and the quantum confined
Stark effect (QCSE). This creates a major challenge in emitter device design on polar c-plane
substrates. Small valence band offset in AlGaN based hetero-structures results in weak hole
confinement for devices based on single quantum well (SQW) design. Weak confinement can lead
to hole leakage into the n-cladding, resulting in undesirable recombination process. To improve
IQE, proposal based on inserting carrier-confinement barrier layer AlGaInN and InGaN based
active regions for visible wavelengths were reported [13], [14]. A similar technique for UV LEDs
design is currently lacking, and requires further study and optimization. Moreover, such designs are
yet to be fully developed in conjunction with AlGaN QW device grown using PSMBE, which can
achieve a controllable growth rate of G 1 nm per minute, favoring the implementation of the insertion
of few monolayers in the active region.
In this investigation, the design of AlGaN ML insertions (AlGaN-MLI), has been studied
numerically. The numerical analysis considered energy band alignment, comparison of carrier
densities in QW, wavefunction spatial overlap, recombination rates and tunneling probability.
AlGaN-MLI, thickness and alloy composition were optimized to achieve largest wavefunction
overlap. Comparing conventional active region design with the proposed structure, we found more
than 30% enhancement in spatial overlap of wavefunctions using Ala Ga1a N (barrier) = Alb Ga1b N
(MLI) = Alc Ga1c N (well) = Ald Ga1d N (barrier), where b 9 d 9 a 9 c, as the active region. The
proposed designed was modeled using the NEXTNANO software [15]. The band diagram of the
structure was obtained by solving Poisson’s, Schrödinger, current continuity, carrier transport and
photon rate equations, self-consistently. The wavefunction overlap, carrier dynamics in AlGaN
based active region, polarization induced band bending due to interface fixed charges were
considered. The proposed UV-LED is designed to emit at 280 nm, which is an attractive wavelength
for water disinfection applications.

2. Numerical Simulation Setup
The proposed design based on Ala Ga1a N=Al1b GaN=Al1c GaN=Al1d GaN, where b 9 d 9 a 9 c,
active region, is shown in Fig. 1. The LED modeled in this study consists of a 300 nm Al0:5 Ga0:5 N layer,
n doped, with carrier concentration of 7  1018 cm3 . The active region consists of Al0:55 Ga0:45 N
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TABLE 1

Material properties of the binary used in the simulation considering bowing parameters

bottom barrier layer, followed by the monolayer insertion. Thickness of the bottom barrier including
MIL is kept at 10 nm. Next to MIL is a 3 nm Al1y Ga1y N QW terminated with a 5 nm Al0:72 Ga0:28 N top
barrier. The asymmetric barrier design was chosen due to the difference in mobility of holes in each
intrinsic layer. The active region is assigned an unintentional background electron carrier
concentration of 1  1016 cm3 to prevent doping induced non-radiative recombination and impurity
scattering. For electron blocking layer (EBL), a 10 nm p-doped Al0:8 Ga0:2 N with hole concentration of
5  1017 cm3 is used. A thin p-Al0:4 Ga0:6 N layer is inserted between the EBL and the p-cladding to
improve hole injection. The p-cladding consists of Mg-doped GaN with hole concentration of
7  1018 cm3 .
The material parameters of AlGaN ternary alloys are expressed as
X ðAlx Ga1x NÞ ¼ x. X(AlN) þ ð1  x Þ:X(GaN)  b:x :ð1  x Þ
where, b is the bowing factor and X(AlN) and X(GaN) are the material parameters of binaries AlN
and GaN with values mentioned in Table 1 [10].
Other simulation parameters, such as effective masses for carriers, elastic, piezoelectric,
deformation potentials and 6  6 k  p parameters for ternary compound, were extrapolated linearly
[16]. The valence band offset was set to 850 meV for GaN layer lattice matched to AlN, taking into
account strain and polarization induced band bending effect. The operating temperature of the
device is taken to be 300 K.
Doping dependent mobilities for the AlGaN were obtained using Arora modal, a built-in module
for the numerical software [17]. The Arora model is introduced to depict the mobility as a function of
carrier density, taking into account scattering by charged impurity ions
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where umin , ud , m , d , N , a , N0 are Arora model fitting parameters [18]. NA þ ND is the total
concentration of ionized impurities. For electrons, fitting parameters are taken with dislocation
density of 1  108 cm2 [17]. Due to non-availability of data in current literature, the mobility fitting
parameters for holes in AlN, are assumed to be same as of GaN in the Arora model.

3. Results and Discussion
To optimize the insertion layer, thickness and composition were varied. Different structures were
simulated, as shown in Table 2. Structure A with no insertion layer (IL) is taken as reference.
To understand the recombination rates and carrier localization strength, carrier densities have to
be studied in the active region. As shown in Fig. 2 are profiles of carrier concentration across the
active region under forward bias conditions for different structures. An increase in hole density is
observed with increase in Al mole fraction of the insertion layer. This enhancement in carrier density
can be attributed to stronger confinement of hole in the active region. Shift of valence band to lower
energies due to polarization induced fields is also seen with increase in insertion layer thickness
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TABLE 2

Structures with insertion layers of different thicknesses and alloy composition

Fig. 2. Carrier densities of (a) electrons and (b) holes, under forward bias of 4.5 V, for insertion layer with
different thicknesses and Al mole fraction.

leading to increase in hole density by a couple of magnitudes. In the reference structure, the small
valence band offset can lead to overflow of holes into the n-side, adversely affecting the device
performance. Thus the issue of hole leakage into n-cladding, for a single QW based device, is
mitigated by using a insertion layer. A negligible change in the electron density profile is observed in
the presence of insertion layer. The hole density increases with increase in the Al composition of the
insertion layer as the valence band is shifted downwards.
When the carriers are injection into the active region, they can either recombine radiatively or
non-radiatively. The recombination rates, in the simulation, are modeled as
RTot ¼ RInj  ðRSRH þ RAuger þ RDirect Þ
where
p:n  ni2
;
p :ðn þ ni Þ þ n :ðp þ ni Þ
 2



¼ Cp : n  ni2 :p þ Cn : p 2  ni2 :n;


¼ C: n:p  ni2

RSRH ¼
RAuger
RDirect

where n , p , Cn and Cp are Shockley–Read–Hall, Auger and direct radiative recombination rates
parameters, respectively. In the case of nitride based devices, Auger recombination term Cp :n2 :p is
dominant, due to a poor hole injection into the active region. The coefficients used in the simulation
are shown in Table 3 [10], [19], [20]. At a lower carrier injection, the recombination is dominated by
non-radiative recombination. With an increase in the forward bias, direct radiative recombination
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TABLE 3

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

Fig. 3. Recombination rates of: (a) SRH, (b) Auger and (c) Direct, in the quantum well region (314 nm–
317 nm) under forward bias of 4.5 V, for insertion layer with different thicknesses and Al concentrations.
The solid red line and black dotted line represent the insertion layer (IL) thicknesses of 0.25 nm and
0.5 nm, respectively.

takes over. For high carrier injection, Auger recombination can be significant. Auger recombination
rate has been considered as a dominant mechanism for efficiency rollover, or droop, in nitride
based devices [21].
Since Auger recombination is a three particle process, an increase in carrier density increases
the Auger recombination rate. For large bandgap material, the Auger recombination is suppressed
due to smaller Auger recombination coefficients G 1031 cm6 s1 . SRH recombination on the other
hand is a single particle process and can be significant at lower carrier densities for large bandgap
materials in which the trap states are closer to the center of the bandgap. For UV devices, both SRH
and Auger can be significant and have to be taken into consideration in device design.
The recombination rates for the structures are shown in Fig. 3. A general trend of increase in
recombination rates is observed with an increase in Al mole fraction in the insertion layer. This is
due to the stronger carrier confinement and larger carrier density caused by polarization induced
band bending. The SRH recombination is a single particle process and is caused by both holes and
electrons being recombined through trap states. Since the hole concentration is more confined on
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 higher electron
density in the QW. Due to considerably larger electron density compared to that of holes, the Auger
recombination follows the electron density profile. The abrupt changes in recombination profile
across the active region are due to a change in recombination coefficients with composition. Direct
recombination rates, being weighted by the spatial matrix element, maximizes for an AlN insertion
layer of 0.25 nm thickness. Direct recombination decreases with further increases in thickness as
the wavefunction overlap decreases with no significant improvement in carrier densities. Both SRH
and Auger are seemed to be significant.
To understand the effectiveness of the AlGaN insertion layer, in enhancing hole confinement, the
band diagram of reference structure A (no insertion layer) and structure C (with 0.25 nm thick
Al0:8 Ga0:8 N IL) are calculated and shown in Fig. 4(a) and (b), respectively. The valence band offset
is increased by 203 meV in structure C as compared to the reference structure leading to stronger
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Fig. 4. Band diagram, under forward bias of 4.5V, for structure A and C.

Fig. 5. Band diagram and wavefunction profiles corresponding to a) electron and b) holes, in the active
region, for different structures. The fraction indicated, such as 0.7, 0.8, 0.9, and 1 are the Al
compositions, and the Ref structure does not have the IL layer. The solid red line and black dotted line
represent the insertion layer (IL) thicknesses of 0.25 nm and 0.5 nm, respectively.

hole confinement. In the reference structure, due to a lack of hole confinement, the hole leakage
into the n-cladding can lead to non-radiative recombination. For conduction band, the energy barrier
height introduced by the bottom barrier, is reduced from 219 meV to 169.9 meV leading to an
improved electron injection in structure C. The bottom barrier is engineered to provide a positive
electric field that forces holes back into the well, and leads to reduced hole leakage. The bandgap
and thickness of top barrier are optimized to enhance electron confinement and avoid two
dimensionless electron gas (2DEG) formation at the top barrier/EBL interface. In addition the
asymmetric barrier-thicknesses are used to accommodate the differences in electron and hole
mobilities.
The wavefunction profile gives an idea about the extent of carrier confinement in the active region
and the strength of recombination. Fig. 5, shows the carrier wavefunctions with the corresponding
band edges. For the reference structure, a valence band offset of 63 meV results in lack of hole
confinement, causing the hole wave function to spread out into the barrier. In presence of an
insertion layer, as shown in Fig. 4(b), confinement energy increases to 265 meV for structure C,
causing the wave function to localize inside the well. For a 0.25 nm IL, increase in the insertion layer
Al mole fraction, leads to increase in hole confinement as shown in Fig. 5(b). Therefore, insertion
layer minimizes the hole overflow into the n-cladding. A decrease in wavefunction overlap was
observed with thicker IL due to stronger bend bending and carriers confinement, at the bottom
barrier well interface. A flip in electric field direction is observed, in the bottom barrier region, with
increase in insertion layer thickness. In nitrides based heterointerfaces, difference in total
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TABLE 4

Wavefunction overlap of carriers with different IL thicknesses and Al mole fraction

polarization fields, results in formation of fixed sheet charges. For a large bandgap material, under
tensile strain on top of a small bandgap material, both spontaneous and piezoelectric polarization
fields are in the negative c-direction, resulting in formation fixed positive sheet charge at the
interface. The positive sheet charge can attract negative free carrier, thus resulting in a reduction or
even flipping of electric field in the region at the interface. The maximum sheet carrier concentration
at the interface, which is barrier-thickness dependent, increases with thickness [22]. This flip in
electric field can adversely enhance hole leakage into n-doped layer. Taking conduction band into
account, presence of the positive field creates a 2DEG at the bottom barrier/IL interface for thicker
ILs. The 2DEG can act as a reservoir, from which the electrons can easily tunnel into the active
region. The band bending also reduces the effective barrier height for electrons which enhances
tunneling. The effect of IL on conduction band inside the QW, negligible shift in the electron
wavefunction is seen. Beside the relatively insignificant effect on the electron distribution inside the
quantum well, better confinement of the holes plays the major role in improving the device
performance.
According to Fermi’s golden rule, the transition matrix element is proportional to the square of the
electron-hole wave function overlap or spatial overlap matrix element ðjh h 1 j e 1 ij2 Þ. With increase
in overlap, the spontaneous radiative recombination is enhanced.
As shown in Fig. 5, the presence of the insertion layer shifts the hole wavefunction towards the
quantum well. This reduction in charge separation in the quantum well, results in an enhancement
of spatial matrix overlaps of more than 30% for structure B (Al0:7 Ga0:3 N IL of thickness 0.25 nm) and
more than 13% for structure C (Al0:8 Ga0:2 N IL of thickness 0.25 nm) compared to ref structure (no
IL). A thorough optimization of the insertion layer was performed to maximize spatial overlap
parameter. With increase in overlap, the spontaneous radiative recombination is enhanced. Hence,
this optimization is vital to improved device performance.
During the optimization of the insertion layer, well thickness was kept constant while composition
was adjusted to keep the emission wavelength approximately 280 nm. For the reference structure
the quantum states are non-localized causing a spread in wavefunction leading to smaller overlap.
With an increase in the insertion layer height, the carrier confinement increases leading to the
localized wavefunctions and the increase in wavefunctions overlap. Further increase in the Al mole
fraction of the insertion layer leads to a confined quantum states with wavefunction localized at the
insertion-QW interface. Stronger localization at the edge of the quantum well, due to large
polarization fields, leads to a reduction in wavefunction overlap. For structure G (Al0:9 Ga0:1 N with IL
thickness of 0.5 nm), a slight spatial shift of electron wavefunction to the right results in reduction in
overlap with that of holes (see Table 4).
A large band gap material layer adversely affects the electron injection into the QW by creating an
energy barrier. The electrons can either tunnel or thermally excited over the barrier using
kb T  25 meV energy from lattice. Since the effective mass of carrier is large in nitrides, there is a
drastic decay of wavefunction inside the energy barrier layer thus greatly reducing tunneling
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Fig. 6. (a) Tunneling probability, T ðE Þ for energy barriers with Al mole fraction of 0.8 with different IL
thickness as indicated (b) the change in tunneling probability, T ðE Þ, with increasing Al mole fraction in
insertion layer with thickness of 0.25 nm1 ML for structure B, C, D and E, with Al ¼ 0:7; 0:8; 0:9; 1,
respectively. Inset shows the rectangle barrier approximation for the Al0:8 Ga0:2 N IL pseudomorphic on
Al0:5 Ga0:5 N, for carrier tunneling probability T ðE Þ study, with varying insertion layer thicknesses.

current. This limits the barrier layer thickness to few monolayers. To study the effect of tunneling,
the tunneling probability, T ðE Þ, of a thin barrier layer was simulated under zero polarization fields
(see Fig. 6). The band bending due to the polarization field is neglected for simplicity. To depict the
real device the insertion layer is strained to Al0:5 Ga0:5 N. As seen from Fig. 5, under flatband
condition, the insertion layer can be assumed to have a rectangular potential. For thicker insertion
layers due to bend banding, the effective barrier height is considerably reduced thus the rectangular
barrier approximation might not be very strong. However, this allows us to perform the tunneling
studies for better IL design.
As shown in Fig 6(a), T ðE Þ decreases considerably with an increase in insertion layer thickness.
In nitride material system, due to large carrier effective masses, decay of carrier wavefunction
inside the barrier is quite strong. For 0.5 nm thick IL, and approximately 2 ML (mono-layer) thick
Al0:8 Ga0:2 N barrier, the tunneling probability is less than 10%, for carrier energies up to 25 meV.
With a thinner insertion layer of 0.25 nm 1 ML, and with similar Al concentration, the tunneling
probability increases to greater than 40%. This limits the insertion layer thickness to few
monolayers, for effective electron injection into the QW. Fig. 6(b), shows the effect of Al mole
fraction on T ðE Þ for a 0.25nm thick IL. The reduction in T ðE Þ, with increase in Al mole fraction in the
IL, is consistent with quantum mechanical analysis of energy barriers for large bandgap nitride
materials. The ripple effect is observed due to resonant tunneling 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 led to this oscillation effect in the tunneling probability
profile.

4. Conclusion
In this paper, we proposed a monolayer thick AlGaN insertion layer (IL), to enhance the device
performance of a UV-LED design emitting at 280 nm. The numerical results show that the hole
density can be increased based on stronger confinement and downward shift of the valence bands.
The design without insertion layers suffers from high hole-leakage current and reduced spatial
matrix overlap due to a spread in the hole-wavefunction into the barrier layer. The insertion layer
increases the effective barrier height for the hole thus increasing their confinement and suppressing
the hole spill-over and out of the active region. In addition, T ðE Þ modeling puts an upper limit of
2 ML for effective electron injection into the active region. An enhancement of more than 30% in the
spatial matrix element was observed in structure C with insertion layer thickness of 0.25 nm  1 ML
and Al concentration of 70%.
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