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Abstract: AlGaN-delta-GaN quantum well (QW) structures have been demonstrated to be good
candidates for the realization of high-efficiency deep-ultraviolet (DUV) light-emitting diodes (LEDs).
However, such heterostructures are still not fully understood. This study focuses on investigation of
the optical properties and efficiency of the AlGaN-delta-GaN QW structures using self-consistent
six-band k p modelling and finite difference time domain (FDTD) simulations. Structures with different
Al contents in the AlyGa;_xN sub-QW and AlyGa;_yN barrier regions are examined in detail. Results
show that the emission wavelength (A) can be engineered through manipulation of delta-GaN layer
thickness, sub-QW Al content (x), and barrier Al content (y), while maintaining a large spontaneous
emission rate corresponding to around 90% radiative recombination efficiency (nrap). In addition,
due to the dominant transverse-electric (TE)-polarized emission from the AlGaN-delta-GaN QW
structure, the light extraction efficiency (ngxr) is greatly enhanced when compared to a conventional
AlGaN QW. Combined with the large nrap, this leads to the significant enhancement of external
quantum efficiency (ngok ), indicating that AlGaN-delta-GaN structures could be a promising solution
for high-efficiency DUV LEDs.

Keywords: deep-ultraviolet; light-emitting diodes; optical polarization; FDTD

1. Introduction

Ultraviolet (UV) light sources with emission wavelengths (A) from 200 to 280 nm (UVC range)
have been demonstrated to be the most efficient solution for surface/air/water sterilization [1-4]. Of all
UV light sources, deep-UV (DUV) light-emitting diodes (LEDs) are the most promising option due
to their compact size, fast response time, long lifetime, low power consumption, and environmental
compatibility. However, cost and quantum efficiency issues currently impede DUV LEDs from
completely replacing conventional DUV light sources such as mercury arc lamps. The III-Nitride
materials used to fabricate DUV LEDs have been well studied and developed over the past 20 years.
However, several challenges continue to limit the external quantum efficiency (neor) of DUV LEDs
to less than 10% [1,2,5], namely the lack of a native growth substrate, difficult p-type doping, and a
large refractive index mismatch between the III-V semiconductor and air. The integration of advanced
techniques, such as the use of a patterned sapphire substrate, multi-quantum barrier electron-blocking
layers, and a highly reflective p-electrodes have allowed for the attainment of external quantum
efficiencies of around 20%, as demonstrated at A = 278 nm by Takano et al. in 2017 [6]. However, there
is much room for the further improvement of overall device efficiency, especially in the active region.
There are two main issues in the active region for AlGaN-based DUV LEDs, the first being the quantum
confined stark effect (QCSE), in which the large polarization fields in the epitaxial AlGaN layers cause
severe energy band bending which pushes the electron and hole wavefunctions to opposite sides of the
QW, reducing the electron-hole recombination rate. Second, in a AlGaN quantum well (QW) structure

Photonics 2020, 7, 87; doi:10.3390/photonics7040087 www.mdpi.com/journal/photonics


http://www.mdpi.com/journal/photonics
http://www.mdpi.com
https://orcid.org/0000-0002-9998-6986
https://orcid.org/0000-0001-7249-6293
http://dx.doi.org/10.3390/photonics7040087
http://www.mdpi.com/journal/photonics
https://www.mdpi.com/2304-6732/7/4/87?type=check_update&version=2

Photonics 2020, 7, 87 20f13

with a high Al content, the crystal field split-off hole (CH) subband moves upwards and gradually
reaches or bypasses the heavy hole (HH) and light hole (LH) subbands, which leads to dominant
transverse-magnetic (TM)-polarized emission instead of transverse-electric (TE)-polarized emission.
In addition, when the CH subband mixes with the HH and LH subbands, both TE- and TM-polarized
recombination are reduced to much lower values [7,8]. In our previous study, we discuss the critical
Al content at which emission becomes dominantly TM-polarized as well as the influence of the QW
thickness on light polarization switching [8]. In addition to its impact on the recombination process,
the optical polarization of emitted light also plays a critical role in light extraction efficiency [1]. Due to
the interaction of the electric and magnetic field components of light, TM-polarized light prefers to
propagate in the plane of the epitaxial layers, emitting from the edges of the device. The effective
critical angle and escape cone for TM-polarized emission is extremely limited, making it difficult for
TM-polarized light to escape from the top of planar LEDs. As a consequence, an extremely low ngxr for
TM-polarized light is observed from the top/bottom emitting LEDs, usually below 1%, which is much
lower than the TE-polarized ngxt between 10% and 20%.

Radiative recombination efficiency (7r4p) can be improved through a reduction of the non-radiative
recombination events [1] or through the improvement of the radiative recombination rate [9-11].
The non-radiative recombination rate is highly dependent on the dislocation density in the
heterostructure, which can be significantly reduced by optimizing the substrate quality and growth
technique. It has been reported that the internal quantum efficiency (1;gr) can be boosted from 1% to
60% if the dislocation density is decreased from 1 X 10'° em~2 to 5 x 108 cm~2 [1]. Recently, higher
quality AIN and SiC substrates have been developed and used for the growth of DUV LEDs [12-16].
In contrast to substrate and growth optimization, few studies have focused on the engineering
of the active region to reduce the both QCSE and tune the optical polarization of emitted light.
Our previous work proposed an idea to solve this issue using AlGaN-delta-GaN QWs [9]. Specifically,
an ultra-thin delta-GaN layer is inserted into the AlIGaN QW center to form an AIGaN/GaN/AlGaN
staggered heterostructure, which is embedded within AIN barriers. Similar InGaN-delta-InN [17] and
AlInN-delta-GaN [10] structures have also been developed for visible and DUV emission, respectively.
There are several advantages to using an AlGaN-delta-GaN QW over a conventional AIGaN QW.
First, the electron and hole wave function overlap is significantly improved through a reduction of the
QCSE. Second, the insertion of delta-GaN layer serves to rearrange the valence band structure and
ensures the HH subband sits above the LH and CH holes subbands at the I' point, which leads to
dominant TE-polarized emission. Third, large energy separation between the HH and CH valence
subbands suppresses the band mixing effect and improves the rate of radiative conduction band to HH
recombination. Due to these advantages, AlGaN-delta-GaN QWs exhibit superior optical properties
when compared with conventional AlGaN square QWs [9].

Although encouraging results have been realized through reliable theoretical calculations,
AlGaN-delta-GalN QW structures have seen little experimental verification due to difficulties with the
epitaxial growth of the structure. Thanks to the development in ultra-thin GaN growth processes [18-22],
we successfully grew and fabricated AIN-delta-GaN QW UV LEDs with emission wavelengths of
A =234, 246 and 298 nm, which can be approximated as high Al-content AlGaN-delta-GaN QWs [23,24].
A custom polarization-dependent electroluminescence (EL) measurement setup was built to study
the polarization properties of the light emitted from the grown structures. Results show that all three
LEDs exhibit TE-dominant emission, confirming our theoretical calculations.

In addition, we continued to pursue the design of improved AlGaN-delta-GaN QW epitaxial
structures. In our current design, AIN barrier layers surround the Aly9Gag 1N-delta-GaN active region,
with the delta-GaN layer having a thickness of 5 A. This epitaxial stack was grown on an AIN/sapphire
substrate with a dislocation density of 101 cm~2 using a Veeco Gen10 molecular beam epitaxy (MBE)
system [25,26]. Long and streaky reflection high-energy electron diffraction (RHEED) patterns and
smooth atomic force microscope (AFM) images indicate a smooth surface after completion of the
growth process. X-ray diffraction patterns and cross-sectional transmission electron microscopy images
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confirm the formation of a two monolayer (ML) delta-GaN layer in the center of the active region.
More growth and characterization details can be found in [25,26]. The optical properties from this
structure were also examined in the previous study, showing up to 85% njgr at A = 255 nm, which is
very promising for DUV LEDs, especially considering that structure was grown on a conventional AIN
template [26].

Although tremendous progress has been made, there are still several issues remaining which
obstruct the development of efficient DUV LEDs based on AlGaN-delta—-GaN QW active regions.
To have a better understanding of the proposed structure, the physics from the AlGaN-delta-GaN
QWs with different Al contents in the AlyGa;_xN sub-QW and AlyGa;_yN barrier regions require
further investigation. In addition, the ngxr of AlGaN-delta-GaN QW-based DUV LEDs need to be
studied to allow for the attainment of high nggr. In this study, we examined the physics and optical
properties of AlGaN-delta-GaN active regions with differing delta-GaN thickness, barrier Al content,
and QW Al content using a self-consistent six-band k-p model. Finite difference time domain (FDTD)
simulations were also used to investigate the light radiation properties and ngxr of AlGaN-delta-GaN
QW LEDs emitting between A = 230 nm and A = 280 nm and compare them to those of conventional
AlGaN QW LEDs. Results show large enhancements in light extraction efficiency (ngxr) through use
of AlGaN-delta-GaN QWs which emit primarily TE-polarized light, which is easier to extract into
free space.

2. Materials and Methods

The optical properties of the AlGaN-delta-GaN QWs were calculated using a self-consistent
6-band k-p model which considers the effects of spontaneous and piezoelectric polarization electric
fields, strain, and carrier screening. More details of the model can be found in references [27-30].
The simulated structures, including a conventional AlIGaN QW and the proposed AlGaN-delta-GaN
QW, have a 6 nm fixed width barrier layer on each side of the QW structure. AIN is used as the
substrate for all calculations. For the conventional AlGaN QW, the QW thickness is fixed at 3 nm for a
fair comparison. For the AlGaN-delta-GaN QW, we focused only on a structure with a symmetric
design, which had a delta-GaN QW layer embedded between two 1.5 nm AlGaN sub-QW layers,
as shown in Figure 1a. Note that the band structure parameters such as deformation energy have large
variability which strongly influences the energy band lineups and profiles. The parameters used in this
study and listed in Table 1 are taken from references 27 and 31 and have been widely used to study the
fundamental physics of I1I-Nitride-based devices. The carrier density n is fixed atn =5 x 108 cm=3
for all calculations.

Three-dimensional FDTD simulations were performed to investigate the ngxr of bottom emitting
DUV LEDs on sapphire substrates emitting between A = 230 nm and A = 280 nm using Synopsys
Fullwave [32]. Both TE and TM polarizations were investigated in our study. Rsoft Fullwave solves
Maxwell’s equations in the time domain to allow for a much higher accuracy than ray tracing approaches,
which neglect phenomena such as thin film interference and mode coupling. As shown in Figure 1b,
the structure used for simulations consists of an AIN on sapphire substrate, a 100 nm n-AlGaN layer,
a 50 nm multiple quantum well (MQW) region, a 25 nm p-AlGaN layers, and a 20 nm p-GaN contact
layer. Since UV LEDs are usually packaged in a flip-chip configuration, with light generated within the
MQW region emitted through the sapphire substrate, our simulation structure inverts the orientation
of the epitaxial layers to mimic this orientation in a “bottom emitting” configuration.
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Figure 1. (a) Schematic of the AlGaN-delta-GaN structure studied in this work. The barrier thickness is
fixed at 6 nm and the sub-QW thickness is 1.5 nm on each side of the delta-GaN layer. (b) Cross-sectional
representation of the three-dimensional structure used for the finite difference time domain (FDTD)

simulation. Perfectly matched layer (PML) and perfect electric conductor (PEC) boundary conditions
(BC) are shown at the domain surfaces, MQW stands for multiple quantum well.
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Table 1. Material parameters for GaN and AIN [27].

Parameter GaN AIN
a(A)atT=300K 3.189 3.112
c(A)atT=300K 5.185 4.982

Eg(eV)atT=300K  3.437[31] 6.16 [31]
Acr (eV) 0.010 -0.227
Aso (eV) 0.017 0.036
ml /mq 0.21 0.32
mk/mg 0.20 0.30

Al -7.21 -3.86
A2 —-0.44 -0.25
A3 6.68 3.58
A4 —3.46 -1.32
A5 -3.40 -1.47
A6 —-4.90 ~1.64
D1 (eV) -36 -29
D2 (eV) 1.7 49
D3 (eV) 5.2 9.4
D4 (eV) 2.7 —4.0
C11 (GPa) 390 396
C12 (GPa) 145 137
C13 (GPa) 106 108
C33 (GPa) 398 373
d13 (pm/V) -1.0 21
d33 (pm/V) 1.9 54

40f13
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The size of the simulation domain was set to be 5 ym in width and length, and 1.6 pm in height
in order to optimize the simulation convergence and simulation run time. A non-uniform 3D mesh
with cell dimensions between 1 and 5 nm was used. Although a UV LED epi-stack would be grown
on a sapphire substrate at least 200 um thick, simulating such a device with an acceptable degree of
accuracy using direct solution of Maxwell’s equations would require significant simulation time, so a
200 nm-thick sapphire was used here. Use of a growth substrate of significantly reduced thickness is
common practice when performing an FDTD simulation of LEDs as it allows for an order of magnitude
reduction in the simulation run time while maintaining the accuracy of the simulation [33-35]. Table 2
lists the refractive index (n) and extinction coefficient (k) of the materials used in this study. Refractive
index values for all materials were taken from Palik et al. [36] while the Al contents for each layers
were selected based on the reported values [1]. Vegard’s law was employed here to determine the
refractive index of AlGaN material at a specific wavelength.

Table 2. Refractive index (n) and extinction coefficient (k) of the materials [36].

GaN AIN Sapphire Electron Blocking Layer (EBL)
A n k n k n k Al Content n k
230 2756 0.6176 2499 0.0275 1.865 —0.026 0.97 0.022 2.507
240 2699 05593 2441 0.0220 1.855 —-0.019 0.96 0.0096 2.451
250 2.657 05188 2396 0.0191 1.845 —0.016 0.95 0.008 2.410
260 2.626 04886 2362 0.0161 1.837 —0.010 0.94 0.0062 2.378
270 2.604 04644 2334 0.0118 1.830 —0.004 0.93 0.0043 2.353
280 2589 04435 2312 0.0089 1.824 —0.001 0.92 0.0022 2.334
p/n/Barrier-AlGaN Quantum Well (QW) AlGaN Active Region
A Al Content ng k Al Content np k n = (ng + np)/2
230 0.86 2.535  0.0640 0.77 2.558 0.124 2.546
240 0.8 2492 0.0477 0.70 2.518 0.078 2.505
250 0.76 2.459  0.0318 0.63 2.493 0.149 2.476
260 0.72 2436  0.0248 0.55 2.481 0.128 2.458
270 0.68 2421  0.0107 0.48 2.474 0.204 2.448
280 0.64 2412 0.0067 0.41 2.475 0.201 2.444

A perfect electric conductor (PEC) boundary condition was used at the bottom of the simulation
domain in place of a reflective p-metal contact, while perfectly matched layer (PML) boundary conditions
were used for all other domain surfaces. To measure the ngxt of a given structure, a three-dimensional
power monitor box was positioned to enclose a dipole source located at the center of the active
region and simulation domain and measure its luminous power flux [33]. Another two-dimensional
monitor was located at the top of the simulation domain, 1 um above the sapphire surface, to measure
the luminous power flux passing through the sapphire-air interface. By calculating the ratio of the
luminous power flux through these two monitors over the course of each simulation run, we were able
to determine the fraction of light emitted by the dipole source which successfully escapes across the
sapphire-air interface into free space. The monitor at the top of the simulation domain also served to
record the spatial intensity of incident radiation, allowing for the generation of far field intensity plots
and the determination of the angular distribution of light escaping across the sapphire-air interface.
Additional two-dimensional monitors were placed vertically within the simulation domain to record
the spatial electric field intensity to allow for the further characterization of the angular distribution of
light within different regions of the simulated structures.
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3. Results and Discussion

3.1. Physics of AlGaN-Delta-GaN QW Designs with Different Sub-QW and Barriers

As introduced previously, promising results such as extremely high 85% 1;or have been achieved
from MBE-grown Alj 9Gag 1N-delta-GaN structures with 5 A delta-GaN layer thickness at ~255 nm.
However, in order for AlGaN-delta-GaN QW structures to be suitable for widespread implementation
in DUV LEDs, their emission wavelength should be easily adjustable through THE alteration of
the Al content in the AlxGa;_xN sub-QW and AlyGa;_yN barrier regions without sacrificing their
characteristic high efficiencies. This work extends our study of the physics of AlGaN-delta-GaN
QWs to structures with different sub-QW and barrier designs. For example, by reducing the Al
content (x) in the AlyGa;_yN sub-QW, the emission wavelength redshifts due to a reduction in the
effective bandgap, which is determined by both the delta-GaN layer thickness and Al content (x) in
the Al Gaj_xN sub-QW. Our previous study reported peak emission wavelengths of A = 253.6 nm
from an Alj;Gag3N-delta-GaN QW structure and A = 245.1 nm from an Al gGag,N-delta-GaN QW.
Both structures had a delta-GaN thickness of d = 3 A. More Al contents in AlyGaj_yN sub-QW are
studied here and plotted in Figure 2a. Different delta-GaN layer thicknesses (d) of 3 A, 4 A, and 5 A
were all considered. In general, the emission wavelength decreases as the Al content x increases due to
the widening of the effective bandgap as more Al is incorporated into the sub-QW, which is consistent
with the results of our previous study. Specifically, for the AlGaN-delta-GaN QW with a 5 A delta-GaN
layer, the emission wavelength can be varied from A = 278 nm to A = 261 nm by increasing the sub-QW
Al content from 60% to 80%. Moreover, A = 252-269 nm and A = 243-261 nm ranges can likewise be
achieved using 4 A and 3 A delta-GaN layers, respectively. Note that there are wavelength overlaps
between the three ranges, allowing for flexibility in the design of AlGaN-delta-GaN QW structures
and the targeting of precise emission wavelengths. For example, to achieve A = 262 nm emission, one
could use Alg 1 Gag39N-delta-GaN QW with 3 A delta-GaN, Alj ¢sGag 3 N-delta-GaN QW with 4 A
delta-GaN, or Al 7sGag o N-delta-GaN QW with 5 A delta-GaN, as highlighted in Figure 2a.

In addition to the Al content in the sub-QW, the physics of the AlGaN-delta-GaN QW structures
with different Al contents (y) in the AlyGa;_y N barrier were also investigated in this study. Asy increases
from 0.6 to 1, the magnitudes of the electrostatic fields in both the barriers and sub-QWs increase,
as shown in Figure 2b, which leads to severe band bending in structures with high Al-content AlIGaN
barriers. Figure 2c,d compare the band structures and wave function positions of Al 5GagsN-delta-GaN
QW structures with AlysGag4N and AIN barriers, respectively. The large electrostatic field in the
structure with an AIN barrier causes heavy band bending, which exacerbates the QCSE and reduces the
electron-hole wavefunction overlap, leading to a degradation in the optical properties and efficiency
of this design. On the other hand, for the AljGag 4N barrier structure, band bending is significantly
reduced, increasing the wavefunction overlap significantly.

In our previous work, we found that the emission wavelength can be engineered by altering
the thickness of the delta-GaN layer. More specifically, A ~254, 276 and 293 nm can be achieved
using delta-GaN thicknesses of d = 3 A, 6 A, and 9 A, respectively, for a Aly;GagsN-delta-GaN
QW structure [9]. However, only certain wavelengths can be achieved by changing the delta-GaN
layer thickness. Here, we present an alternate solution for manipulating the emission wavelength of
AlGaN-delta-GaN QW structures. Figure 2a indicates that tuning the sub-QW Al content (x) can adjust
the wavelength. Figure 3 plots the wavelength distribution for AlGaN-delta-GaN QWs with different
sub-QW and barrier Al contents. The delta-GaN thickness is fixed at d = 3 A for these calculations.
By varying the Al content in the sub-QW and barrier regions, the emission wavelength can be tuned
from A = 235 nm to A = 291 nm for the structure with a 3 A delta-GaN layer, which is much wider than
the range possible by adjusting only the sub-QW Al content. In general, the emission wavelength is
shown to decrease with decreasing barrier Al content. This can be attributed to a reduction in the
polarization field for a lower Al content barrier designs.
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Figure 2. (a) Emission wavelengths from AlyGa;_,N-delta-GaN QW/AIN barrier with different sub-QW
Al contents (x = 0.6-0.8) and delta-GaN thicknesses (d = 3-5 A); (b) electrostatic fields in barriers
and sub-QWs from Al 5Gag sN-delta-GaN QWs with d = 3 A. Band structure and wave function of
Al 5Gag sN-delta-GaN QW with (c) the Aly ¢Gag 4N barrier and (d) the AIN barrier.

To investigate the optical properties of AlGaN-delta-GaN structures, spontaneous emission
radiative recombination rates per unit volume (Rs,) were calculated. Figure 4a shows the corresponding
Rsp for the AlGaN-delta-GaN QWs whose emission wavelengths were shown in Figure 3. The Rsy,
drops significantly as the Al content difference between the QW and barrier increases, which can be
attributed to strengthening the polarization electric field in the active region due to an increase in the
lattice mismatch-induced strain. However, although R, decreases with increasing barrier Al content,
even high-Al-content structures maintain Ry in excess of > 1 x 102 s~ lem™3. Asa comparison, the Ry
values for conventional 3 nm AlGaN QWs were calculated and plotted in Figure 4b as a function of
emission wavelength. The conventional AlGaN QW exhibits low Ry values of around 1 x 10® s lem™3
throughout the DUV range from A = 230 nm to A = 280 nm, due to the severe manifestation of the
QCSE. In contrast, by carefully engineering the Al content of the barrier and sub-QW regions, an Rs of
around 4 x 10%° s~lem™3 can be maintained for the AlGaN-delta-GaN QW structure, an enhancement of
40 times when compared with a conventional AlIGaN QW emitting between A = 230 nm and A = 280 nm.
It is noteworthy that the Rsy, of the conventional AlGaN QW increases up to 3 X 10® s™'em ™ at an
emission wavelength of A = 230 nm, however, the vast majority of the photons generated by this
structure at A = 230 nm are TM-polarized and difficult to extract from the LED structure into free space.
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Figure 3. Wavelength color map for a 3 A AlGaN-delta-GaN QW with different sub-QWs and barrier
Al contents.
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Figure 4. (a) Spontaneous emission rate color map for a 3 A AlGaN-delta-GaN QW with different
sub-QW and barrier compositions. Band structure and wave function of AlysGagsN-delta-GaN
QW with (b) Rgp values from conventional AIGaN QW (solid line) and the highest Ry, value from
AlGaN-delta-GaN QW (dash line) at different wavelengths; red line plots the degree of polarization
(DOP) from the conventional AlIGaN QW.

Another advantage of the AlGaN-delta-GaN QW design over conventional AlGaN QWs,
as discussed in our previous study [9], is to ensure dominant TE-polarized emission. Because the
presence of the delta-GaN layer ensures a dominant conduction band to HH recombination and a
large energy separation between the HH and CH subbands, the vast majority of emitted light have TE
polarization for all AlGaN-delta-GaN QW designs. Therefore, the degree of polarization (DOP), which
is defined as p = gg;ﬁﬁ , is near unity for all AlGaN-delta-GaN structures, regardless of barrier and
sub-QW composition. On the other hand, for conventional AlIGaN QWs, small or even negative DOP
values are observed, indicating dominant TM-polarized emission, especially for shorter wavelengths.
Because TM-polarized light is difficult to extract from both the top and bottom of planar LED devices,
the neor of conventional AlIGaN QWs is extremely poor, making AlGaN-delta-GaN QW designs a

promising high efficiency alternative.

3.2. Efficiencies of AlGaN-delta-GaN QWs

To further demonstrate the superior optical properties of AlGaN-delta-GaN QW in terms
of efficiency, the calculated Rs, values were used to derive nrap based on the equation
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NraD = Rsp/ (A-n + Rsp + C-n3) [1]. Shockley—Read-Hall (SRH) coefficient (A) values, which generally
range from 1 x 10° to 1 x 10'° 571, are strongly influenced by the threading dislocation density in the
heterostructure. In this study, an A value of 1 X 107 s~ was used for all nrap calculations [37]. The Auger
coefficient (C) is usually ignored for LED applications. Here, we used a C value of 1 X 1033 em®/s [37],
which is consistent with the values reported and calculated in the literature. Figure 5 plots the
nrap from Alg5Gag sN-delta-GaN QWs with AlyGa;_N (x = 0.6-1) barriers. The large R, value of
454 x 10%° slem™3 from the structure with the Aly¢Gag 4N barriers leads to an extremely high nrap
of 90%. As the Al content in the barrier increases, the Rs, value drops below 1 x 10%° s~1em=3, which
corresponds to the low nrap of 10%. As mentioned previously, by correctly selecting Al contents in
both sub-QW and barrier, a large Ry, value can be maintained over the entire emission range from
A =230 nm to A = 280 nm. This can allow for the attainment of 90% nrap, which is comparable or
higher to the reported values over nearly the entire DUV range [21,38-45]. It has been demonstrated
that by reducing the dislocation density from 1 x 10! cm™ to 5 x 108 cm™2, the ;g can be improved
from 1% to 60% for the conventional AlIGaN QW structure [1]. It is highly likely that by using higher
quality, lower defect density substrates, the nrap of AlGaN-delta-GaN QW structures can likewise be
enhanced, possibly to near 100%. In addition to nrap, the carrier lifetime can also be estimated using
R, data based on the equation 7 = (A-n + Rsp + C'n3) /n. Results show a low 10 ns radiative carrier
lifetime from the AlGaN-delta-GalN QW, which is much smaller than that of a conventional AlGaN
QW (~1000 ns) calculated by the values in Figure 4b.
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Figure 5. Radiative recombination efficiency (black) and radiative carrier lifetime (red) from a Aly 5Gag 5N-
delta-GaN QW with different barrier Al content; the delta-GaN layer thickness is fixed at 3 A.

To study the light extraction properties from DUV LEDs, we consider both TE- and TM-polarized
emission. Here, the TE-polarized light is defined light which has its electric field component
perpendicular to the growth direction (¢ axis) while the TM-polarized light has an electric field
component parallel to the growth direction. Figure 6a plots the polarized light extraction efficiencies
for typical LEDs between A = 230 nm and A = 280 nm. In general, both TE- and TM-polarized ngxr have
low values due to the large refractive index difference between the semiconductor and air. However,
the TM-polarized photons are even more difficult to extract from the top/bottom of the device because
of their natural emission shape inside the active region. As a consequence, a ngxr of less than 1% is
observed for TM-polarized photons between 230 nm and 280 nm. Although TE-polarized photons
have a relatively large nexr , generally between 10% and 20%, the TM-polarized photons generated in
the active region still serve to lower the overall ngxr. Different ngxr values at different wavelengths
can be attributed to the light propagation profiles variation caused by the different refractive index
for each structure, as well as the absorption difference. Here, we introduce the concept of “effective”
next, which considers both the extraction efficiency of TE and TM-polarized components, as well as
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the degree of polarization of the structure at a certain wavelength, in order to study the practical light
extraction behavior of DUV LEDs. As shown in Figure 6a, the effective ngxr for the conventional
AlGaN QW is almost identical to the TE-polarized ngxr at longer emission wavelengths (A = 270 nm
to A = 280 nm) because the majority of the photons generated in the active region are TE-polarized.
However, at shorter emission wavelengths, especially around A ~ 230 nm, more TM-polarized photons
are generated, which rarely contribute little to the total light output of the device as they are much more
difficult to extract. As a result, only 7% ngxr is realized for the conventional AlGaN QW at A = 230 nm,
around half that of the TE-polarized ngxr. In contrast, for an AlGaN-delta-GaN QW structure, almost
all emission is TE-polarized even at shorter emission wavelengths, enabling high effective extraction
efficiencies across the entire DUV range and reducing the need for additional extraction enhancement
methods, such as surface roughening or the formation of photonic crystals or nanowires.

30% o 25%
by (a) ~o—~TE —e—TM —e— Effective Q (b)
c c
9 25% S 20% 1
© g ° AlGaN-delta-GaN QW
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Figure 6. (a) TE-polarized ngxr (green), TM-polarized ngxr (red), and effective ngxr (black) from the
conventional DUV LEDs at different wavelengths and (b) nggr from conventional AlGaN QW (red)
and the AlGaN-delta-GaN QW (black); (c) polarized far field patterns from DUV LEDs at different
emission wavelengths.

Assuming that the injection efficiencies from all the DUV LED structures are 100%, the total
NEQE can be calculated based on the nrap and effective ngxr collected previously, and is plotted in
Figure 6b. For the conventional AlIGaN QW, the total g is limited to less than 4% due to low
nrap and low npxr caused by difficult to extract TM-polarized photons. For AlGaN-delta-GaN QWs,
for which ngp is much higher throughout the DUV emission range (A = 230 nm to A = 280 nm), nggE is
determined primarily by the effective ngxr, which ranges between 12% and 21%. Here, we used 90%
nrap for the AlGaN-delta-GaN QW at all wavelengths, which was obtained through the engineering
of the active region, as discussed previously. The current record nggr from a DUV LED without
encapsulation is 16.1%, reported for a device emitting at A = 278 nm and utilizing a patterned sapphire
substrate, a highly reflective p-electrode, and a transparent p-AlGaN layer to improve ngxr with
no improvements to the active region [6]. By integrating our AlGaN-delta-GaN QW structure with
these other methods of improving ngxr it is quite possible that record high efficiencies could be
realized, making DUV LEDs much more suitable replacements for conventional UV light sources.
In addjition to external quantum efficiency enhancement, AlGaN-delta-GaN QWs could also improve
the light emission profile. Figure 6¢ plots the polarized far field patterns from DUV LEDs at different
wavelengths (A ~ 230-280 nm). In general, TE-polarized light has a Lambertian radiation pattern while
TM-polarized light presents a “rabbit-ear” pattern. For shorter emission wavelengths around 230 nm,
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conventional AlIGaN QWs emit a significant amount of TM-polarized light, leading to a “rabbit-ear”
pattern, in which the majority of the light escapes into free space at high angles from the surface normal.
In contrast, the AlGaN-delta-GaN QW ensures the dominant TE-polarized emission and therefore the
Lambertian shape, which is more desirable for LED applications.

4. Conclusions

In conclusion, this work extends the study of the AlGaN-delta-GaN QW designs by investigating
the physics and efficiency of structures with different Al contents in AlyGa;_xN sub-QW and AlyGa;_yN
barrier regions. It was found that the electrostatic field becomes larger as the barrier Al content increases,
worsening the QCSE and red-shifting the emission wavelength. Further investigation of the structure
revealed that the emission wavelength of AlGaN-delta-GaN QWs can be adjusted through the
engineering of the sub-QW Al content, barrier Al content, and the delta-GaN layer thickness while
maintaining high Rsp and an n;op of around 90% over the entire DUV range. In general, structures
with a smaller Al content difference between barrier and sub-QW region show a larger spontaneous
emission rate due to the reduced strain effects and polarization electric field intensities. Compared to
conventional AlIGaN QWs, Ry, enhancements of up to 40 times were realized for AlGaN-delta-GaN QW
structures. In addition, the use of AlGaN-delta-GaN QW structures ensures the minimal emission of
TM-polarized light, improving the effective ngxr. The EQE calculated using the radiative recombination
efficiencies generated by six-band k p calculations and the light extractions efficiencies taken from the
FDTD simulations for AlGaN-delta-GaN QWs emitting between 230 nm and 280 nm ranges between
12% and 21%. These values are 3 to 7 times higher than those of conventional AlIGaN QWs emitting
over the same wavelength range. These results show that AlGaN-delta-GaN QW structures could
be promising alternatives to conventional AlIGaN QWs for the development of record high-efficiency
DUV LEDs.
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