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Quantum states and arrangement of valence levels determine most of the electronic and optical
properties of semiconductors. Since the crystal field split-off hole (CH) band is the top valence band in
high-Al-content AlGaN, TM-polarized optical anisotropy has become the limiting factor for efficient
deep-ultraviolet (DUV) light emission. Additional potentials, including on-site Coulomb interaction and
orbital state coupling induced by magnesium (Mg) doping, are proposed in this work to regulate the
valence level arrangement of AIN/Alg75GagsN quantum wells (QWs). Diverse responses of valence
quantum states |p;) (i = x, y, or z) of AlGaN to additional potentials due to different configurations and
interactions of orbitals revealed by first-principles simulations are understood in terms of the linear
combination of atomic orbital states. A positive charge and large Mg dopant in QWSs introduce an
additional Coulomb potential and modulate the orbital coupling distance. For the CH band (p, orbital),

Received 20th September 2021, the Mg-induced Coulomb potential compensates the orbital coupling energy. Meanwhile, the heavy/

Accepted 31st January 2022 light hole (HH/LH) bands (p, and p, orbitals) are elevated by the Mg-induced Coulomb potential.
Consequently, HH/LH energy levels are relatively shifted upward and replace the CH level to be the top

of the valence band. The inversion of optical anisotropy and enhancement of TE-polarized emission are
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1. Introduction

Quantum confinement is essential for semiconductor device
engineering with the rapid development of artificial quantum
structures, including quantum wells (QWs), wires, and dots. It
has been long established that the relevant quantum states
near band edges, that is, the bottom of conduction band (CB)
and the top of valence band (VB), determine the critical proper-
ties of semiconductors. In the design of QWs, quantum states
are commonly understood in terms of the band dispersion and
effective mass. However, with structural miniaturization down
to the atomistic level, the fundamental physics behind quan-
tum states becomes extremely complex, especially for highly
polarized and anisotropic semiconductor systems, such as
high-Al-content AlGaN."
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further confirmed experimentally via spectroscopic ellipsometry.

Generally, the top of valence bands in high-Al-content AlIGaN
can be separated into heavy (HH), light (LH), and crystal field
split-off (CH) hole bands. In view of more complicated quan-
tum states at the top of the valence band as compared to that at
the bottom of the CB, arrangement of valence bands governs
not only hole carriers, but also optical transition probability
and anisotropy of semiconductors. It has been reported in
previous studies that the p, orbital, which presents a strong
head-over-head lobe structure along the [0001] direction,
mainly contributes to the CH band in AlGaN multiple QWs
(MQWs) with the I'; symmetry. Radiative emission related to
the CH band exhibits an abnormal behavior insensitive to
external electric fields. By comparison, HH (I'y) and LH (I';)
bands are mainly contributed by p. and p, orbitals, which
present a side-by-side in-plane lobe structure, and radiative
emission from HH/LH bands is dependent on external electric
fields.” The diverse orbital configurations and orientations for
CH and HH/LH bands also give rise to different additional
orbital inter-coupling energies. The ppc coupling between p,
orbitals compensates, while, the pprn coupling between p./p,
orbitals enhances the band offset of AlGaN MQWs, accounting
for the abnormal confinement behavior of the |p,) state, in
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contrast to localized |p,) and |p,) states.” In addition, the
different constituent orbitals at the valence band edge hint at
the fact that the interaction between p, or p,/p, orbitals tends to
invoke a long range Coulomb effect varying from states to
states. In light of the orbital state coupling, the quantum
confinement at the atomic scale requires consideration of
various additional potentials, such as Coulomb interaction
and orbital inter-coupling, depending on the given orienta-
tions, configurations, and interactions of orbitals. The distinct
orbital characters and behaviors can also be utilized to regulate
valence quantum states of AlGaN subtly, and produce the
desired electronic and optical properties to enhance the per-
formance of AlGaN optoelectronic devices.

In low-Al-content AL,Ga; ,N (x < 0.4), the top valence band is
the HH/LH bands, thus the optical transition occurs mainly
between the CB and HH/LH bands, resulting in a dominant TE
polarized emission. However, a common feature observed in high-
Al-content AlIGaN MQWs is that the CH band composed of the p,
orbital tends to be the top valence quantum level. The related
optical transition between conduction and CH bands at the band
edge exhibits TM polarization.”” Unlike HH/LH-related TE-
polarized light emission, the TM polarized light propagates laterally
in the well plane limiting light extraction in AlGaN for deep-
ultraviolet (DUV) light-emitting diodes (LEDs).®® Besides, the p,
orbital inter-coupling is likely to be delocalized for holes® accom-
panied by the quantum confined Stark effect (QCSE),'® which
considerably reduces the radiative emission in DUV LEDs. The
fundamental mechanism governing the optical anisotropy and
quantum confinement is rooted in constituent orbitals for quantum
states in AlGaN. Therefore, regulating valence quantum states of
high-Al-content AlIGaN MQWs to change the valence level arrange-
ment and enhance the carrier confinement becomes crucial for
future design of high performance active regions of DUV LEDs." "

In this work, magnesium (Mg) doping as an effective method is
proposed to introduce an additional Coulomb potential and mod-
ulate the orbital state coupling for AIN/Al,,5Gag,sN QWs. By
regulating these two additional potentials, Mg doping successfully
inverts the valence level arrangement and enhances the TE-
polarized emission. First-principles simulations were conducted to
analyze the configuration and spatial distribution of valence quan-
tum states |p;) (i = x, y, or z) in CH and HH/LH bands of undoped
and Mg-doped AIN/Al, ;5Gag,sN QWs. Additional potentials intro-
duced by orbital state coupling, polarization field, and Coulomb
interaction with the aid of the linear combination of atomic orbitals
(LCAO) approach were calculated to investigate the quantum con-
finement mechanism of QWs. Experimentally, undoped and Mg-
doped AIN/Aly;5GagosN MQWs were epitaxially grown. Raman
spectra were recorded to investigate the local lattice variation. The
inversion of optical anisotropy and enhancement of TE-polarized
emission were further confirmed using spectroscopic ellipsometry.

2. Experimental section

Theoretically, first-principles simulations were carried out
using the Vienna ab initio simulation package (VASP) in the
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framework of density functional theory (DFT).**'* The Perdew-
Burke-Ernzerhof (PBE) generalized gradient approximation
(GGA) method was utilized for exchange-correlation interac-
tions among electrons.® It is well known that the conventional
GGA calculation commonly underestimates the band gap of
semiconductors and hybrid DFT can correct these issues.
Although more refined approaches are reported in the litera-
ture, the GGA has been shown to be able to provide, at least
qualitatively, a correct description of the intraband structure in
the cases of III-V quantum structures with no adjustable
parameters, which allows for establishing general trends in
the valence band structure in the present study.”” > QW
models were generated using 2a x 2a x 14c primitive cells
constructed with 9 monolayers of the Alj;5Gay 5N well and 19
monolayers of the AIN barrier. The choice of barrier width is
thick enough to prevent the inter-well interaction effect. An Mg
atom was doped at the center of the well on the basis of the
undoped QW model to regulate the orbital state coupling and
Coulomb potentials. Ga 3d electrons were treated as part of
valence electrons. The 8 x 8 x 3 Monkhorst-Pack grid of k
points was used for sampling the Brillouin zone. A cutoff
energy of 520 eV was used to expand the electronic wavefunc-
tions, which was sufficient for the plane wave basis to achieve
energy convergence. Geometry optimizations were performed
by relaxing all degrees of freedom using conjugate gradient
algorithm with convergence energies of 1 x 10> and 1 x
10~* eV for ions and electrons, respectively.

First-principles simulations were used to accurately calcu-
late the electronic properties of QWs which were further
explained in terms of a tight-binding based LCAO approach.
Optimized QW structures (i.e. the bond distances) calculated by
DFT were used as input to extract the orbital state coupling
energy.>*' Combining first-principles and LCAO, the funda-
mental physics between the additional potentials and valence
arrangement was investigated. DOS was projected onto py, py,
and p, orbitals for valence bands in the k-space to identify
constituent states. Orbital-dependent wave function character-
istics were projected onto each atom in local coordinates (xyz)
with the z-axis parallel to the c-axis of the crystal and the x-axis
parallel to the [10—10] crystalline direction. The self-consistent
local potential distribution along the [0001] direction was
calculated using the macroscopic average technique, and the
minimum potential point was set to 0 eV as the reference to
illustrate the band offset and polarization-induced band tilting
of QWs.”” Layer-decomposed DOS was illustrated along the
[0001] direction, with the DOS value represented by a contin-
uous color variation from blue to red, to visualize band profiles
of QWs in real space.?®

Experimentally, epitaxial growth was conducted on a c-plane
sapphire substrate via metal organic vapor phase epitaxy
(MOVPE). Source precursors of Al, Ga, and N were trimethyla-
luminum (TMA), trimethylgallium (TMG), and ammonia (NHj3),
respectively. Bis-cyclopentadienyl magnesium (Cp,Mg) and
hydrogen (H,) were used as the Mg impurity source and carrier
gas, respectively. MQW samples were grown on an AIN buffer
layer, followed by a 1.3 um AIN layer, and finally 20 periods of
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AIN/Aly 55Gag ,5N MQWSs. The thickness of the barrier and well
was set to 10 and 3 nm, respectively. Undoped and Mg-doped
MQWs were grown by introducing 0, 80, and 160 sccm of
Cp,Mg gas flow into the reactor during the growth of central
well layers. The corresponding Mg doping concentrations are
approximately 0, 2.0 x 10'®, and 5.0 x 10'® em™?, and samples
are denoted MQWs A, B, and C, respectively. Raman measure-
ment was conducted using a Raman microscope (WITec alpha
300RA) with a 488 nm laser. High-resolution transmission
electron microscopy (HRTEM) was performed to characterize
the structural and crystalline qualities of MQWs (Talos F200).
Spectroscopic ellipsometry (Jobin Yvon UVSEL FUV200) was
used to measure dielectric function spectra due to its sensitivity
to complex optical responses. Measurements were performed
in the energy range of 1.5 to 6.5 eV, with an increase of 0.01 eV,
at an incident angle of 70°. The ellipsometer operated with a
phase-modulated polarizer and an analyzer, and a xenon lamp
was used as the light source. The dispersion model of Tanguy
was used to avoid any possibility of artificial data and minimize
error during extraction of the dielectric function.”**> All major
contributions from the complete structure of samples, includ-
ing semi-infinite c-plane uniaxial sapphire substrate, AIN buffer
layer, AIN thick layer, anisotropic AIN/Aly75GagsN MQWs
(ordinary and extraordinary refraction indexes as fitting para-
meters), and thin overlayers, were considered.>® Fitting errors
of all samples are smaller than 0.8, thereby indicating excellent
reliability and accuracy of simulations.

3. Results and discussion
Quantum confinement mechanism

The quantum confinement behavior of a carrier is inherently
linked to the band profile of QWs in the real space. In the
design of QW band engineering, the band profile based on the
band offset between the Al,Ga; ,N well and the Al,Ga; N
barrier (y > x > 0.5) initiated with a symmetrical square
potential well model, which serves as a good starting point
for understanding the electronic structure for AlGaN QWs.
Taking into account the spontaneous and piezoelectric polar-
ization, the tilted triangular potential well model is widely
adopted to explain the complex quantum behavior in highly
polarized AlGaN QWs, such as the well-known QCSE. However,
the band profile of the triangular well model is treated with
simply linear tilting in many cases,” which is inadequate to
describe all details of AlGaN QWs. In particular, when the
quantum structure is down to the atomic scale, discontinuities
at the interfaces originating from the formation of the atomic
orbital coupling on the quantum confinement become
significant.” The practical band profile are largely concerned
with band offset, additional potentials induced by polarization
field and orbital state inter-coupling, which are crucial for
understanding the complex quantum confinement mechanism
in high-Al-content AIGaN QW.

To shed light on the quantum confinement at the top of the
valence band in undoped Al ;5Ga, »5sN/AIN QWs, the electronic

This journal is © the Owner Societies 2022

View Article Online

Paper

structure near the valence band maximum (VBM) was calcu-
lated and analyzed via first-principles simulations, as shown in
Fig. 1 and 2. The undoped QWs are illustrated in Fig. 1a and
Fig. 2a, accompanied by isosurface plots of the orbital-
projected partial charge density for p, and p, orbitals (p, orbital
is similar to p,) in Fig. 1b and 2b, respectively. The partial
charge density is extracted from the CH (p, orbital) or HH/LH
(px/py) quantum levels along the I'-A path of k-space. In the
AlGaN QWs constructed along the ¢ direction, ie., the [0001]
direction of nitride, the top of the valence bands along the I'-A
path exhibits flat and discrete quantum levels due to the strong
confinement effect (as shown in Fig. 5a and b), which deter-
mine most properties of optical transitions. For the p, orbital,
charges are located around the interface region between the left
barrier and center well, and extend to the barrier region by
approximately 10 monolayers, demonstrating the delocalized
behavior.” By close inspection of the orbital configuration, it
can be found that |p,) states show a two-lobed-shape charge
distribution parallel to the z direction, which can overlap with
each other in a head-over-head fashion along the [0001] direc-
tion (right inset in Fig. 1c). While, for the p, orbital (Fig. 2b),
most of charges are located in the well region close to the left
interface. Compared with the p, orbital, the corresponding
charge distribution of |p,) states is more localized in the well
region and only extends into the barrier region by approxi-
mately two monolayers, demonstrating the localization feature.
In addition, |p,) states exhibit (0001) in-plane lobe configu-
ration and overlap with each other in a side-by-side fashion
along the z direction (right inset in Fig. 2c).

It has been pointed out in previous studies® that inter-coupling
between p states typically contains ppo coupling and pprn coupling
according to the tight-binding based LCAO method. For p states
oriented other than purely ¢ or w, the state can be decomposed into
a c-oriented component and a n-oriented component by symmetry.
To extract the additional coupling energy AV in the QW potential
along the quantum confinement direction in line with the z
direction, one can decompose the interactions into the ppc and
ppr coupling as follows:*'

3 . .
AV = Z(Vppc cos® & 4 Vppr sin’ d)
372

= 50222 cos® & — 0.63 sin? J), 1)

where d is the distance between the nearest p; orbital, and ¢ is the
misaligned angle between the p; orbitals.>***”?® Fig, 1c and 2c
display the variation in the coupling distance between nearest N
atoms across the well and barrier. Lattice discontinuity between the
barrier and well region can be clearly observed, which originates
from the difference in the Al-content between the two areas. Based
on the calculated d, the additional orbital coupling energy of p,
orbitals AV derived from eqn (1) is illustrated in Fig. 1d. The average
local potential value along the [0001] direction was also calculated to
illustrate the band offset and polarization-induced band titling of
QWs, as shown in Fig. le. As illustrated in Fig. 1f, the layer-
decomposed DOS of the |p,) state was induced to visualize the
band profile in the real space of undoped QWs.
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Fig. 1 Electronic structures around the VBM for undoped QWs contributed by the p, orbital (z is perpendicular to the plane of the QWs). (a) Crystal
structure of undoped Alg 75Gag 2sN/AIN QWs. (b) Surfaces corresponding to a charge density of 3 x 107> e A~ for the p, orbital extracted from the CH
guantum level along the I'-A path of k-space. The z-axis is along the [0001] direction of the wurtzite lattice. (c) Distance d variation between nearest N
atoms. (d) Coupling potential between p, orbitals. The p, orbital intercoupling can be decomposed into ppco- and ppr-oriented components.
(e) Schematic of the band offset and polarization induced band tilting based on the calculated average potential value. (f) Layer- and p, orbital-

projected DOS at the VBM.

A larger atomic separation d in the well causes a decrease in
the p, orbital coupling energy compared with that in the
barrier, as shown in Fig. 1d. This variation and discontinuity
of the p, coupling energy between the barrier and well com-
pensate the quantum barrier height induced by the band offset.
In addition, the polarization field further provides an addi-
tional potential with tilted and asymmetric shape to the band
profile along the z direction, which is the typical characteristic
of QCSE (Fig. 1e). Accordingly, as shown in Fig. 1f, the band
profile of the undoped QWs has a tilted and rather flat
configuration at the maximum valence energy level, that is,
the p, orbital-contributed CH band. This leads to a very small
quantum barrier height for the QWs (around 240 and 425 meV
for left and right sides, respectively). This tilted band profile
drives holes of |p,) states to the left interface of the barrier and
well, and small potential barriers that provide only minimal
confinement for hole carriers cause the delocalized distribution
of |p.) holes into the barrier (Fig. 1b).

A similar analysis can be conducted for the band profile
constructed by p, or p, orbitals. As indicated in Fig. 2b and the
right inset of Fig. 2c, the |p,) or |p,) state in HH/LH bands

5532 | Phys. Chem. Chem. Phys., 2022, 24, 5529-5538

induced orbital inter-couplings can also be decomposed into
two components according to eqn (1). The additional orbital
coupling energy AV of p, orbitals, derived from eqn (1) was
calculated and is illustrated in Fig. 2d. The larger atomic
separation d in the well also decreases the coupling energy
AV in the well compared with that in the barrier. However, the
decreased value from the barrier to well is much smaller than
that in the case of p, orbitals. Consequently, combining with
the polarization-induced additional potential and the band
offset shown in Fig. 2e, the quantum barrier heights of the
|px) or |py) states are much higher compared with those of the
p. orbitals. As illustrated by the layer-decomposed DOS in
Fig. 2f, the band profile of the |p,) or |p,) state is tilted, but
with a less flat character compared with that of the p, orbital.
Quantum barriers for |py) or |py) hole carriers are 350 and
550 meV in the left and right sides of QWs, which are 110 and
125 meV higher than those of the p, orbital, respectively. The
stronger quantum confinement for |p,) or |p,) hole states
attributed by increased barriers is consistent with the localized
behavior, as shown in Fig. 2b. These results indicate that the
quantum confinement of QWs is greatly dependent on

This journal is © the Owner Societies 2022
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Fig. 2 Electronic structures around the VBM for undoped QWs contributed by the p, orbital (x is parallel to the plane of the QWs). (a) Crystal structure of
undoped Alg 75Gag 2sN/AIN QWs. (b) Surfaces corresponding to a charge density of 3 x 107> e A3 for the p, orbital extracted from the HH/LH quantum
levels along the I'-A path of k-space. The z-axis is along the [0001] direction of the wurtzite lattice. (c) Distance d variation between nearest N atoms.
(d) Coupling potential between p, orbitals. The p, orbital intercoupling can be decomposed into ppo- and ppr-oriented components. (e) Schematic of
the band offset and polarization induced band tilting based on the calculated average potential value. (f) Layer- and p, orbital-projected DOS at the VBM.

additional potentials, such as polarization field and orbital
state inter-coupling, closely linking to the orientations, config-
urations, and interactions of orbitals.

Regulation of valence quantum states using additional
potentials with Mg doping

Based on the abovementioned results, it becomes clear that the
weakened quantum confinement and reduction of carrier over-
lap are highly dependent on the various additional potentials in
the valence band, which can be utilized to overcome the
obstacles under consideration by modulating valence quantum
states in high-Al-content AlIGaN QWs. According to eqn (1), the
orbital inter-coupling energy is closely related to the coupling
distance. Impurity doping turns out to be advantageous for
regulating the coupling energy by introducing local lattice
variation as well as additional Coulomb potential to QWs due
to the Coulomb interaction between carriers and the charged
dopant atoms. The Mg atom commonly serves as the acceptor
for p-type doping in group-III nitrides,*" and previous stu-
dies have reported that using Mg doping in InGaN MQWs can
improve the hole injection and crystal quality, thus enhancing
the performance of InGaN LEDs.**** When Mg is doped in

This journal is © the Owner Societies 2022

nitride via the substitution of Ga or Al, a local positive center is
formed due to the lack of a single valence electron. The
interaction between hole carriers and Mg will introduce an
additional Coulomb potential to QWs. Moreover, given the
larger radius of the Mg atom (145 pm) than those of Ga
(136 pm) and Al (118 pm),**** Mg doping will produce addi-
tional distortion to the local lattice, and lead to the variation of
coupling distance between orbitals, which can be utilized to
regulate the orbital coupling energy. Based on these analyses,
Mg doping in the QWs is designed for regulating quantum
states in the valence band of high-Al-content AlIGaN QWs via
additional potential engineering.

As shown in Fig. 3a and 4a, the Mg atom was doped at the
center of the well by substituting Ga on the basis of the
undoped QW model. Fig. 3b shows the p, orbital-projected
partial charge density for Mg-doped QWs. It is observed that
charges have been shifted integrally into the center of well
compared with the undoped QWs. The effective confinement of
|p) hole states in the Mg-doped well is beneficial for electron-
hole overlap and radiative emission. Fig. 3c depicts the varia-
tion in the distance for p, orbitals between nearest N atoms.
The d in the plane closed to Mg increases with Mg being doped

Phys. Chem. Chem. Phys., 2022, 24, 5529-5538 | 5533
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at the well due to the large radius of Mg. Consequently, as
illustrated in Fig. 3d, the additional coupling energy AV of p,
orbitals reduces by approximately 24.5 meV around the plane
with Mg doping.

Meanwhile, Mg is a local positive center that also introduces
an additional Coulomb potential to the band profile of QWs
due to the interaction with hole carriers. According to the basic
electromagnetic theory, the Coulomb potential induced by the
interaction between hole carriers and Mg can be simply calcu-
lated as follows:

2100 b100)
V = ———d ——d 2
Coulomb EL 4reg L)2 —z Z+6JL/24ﬁ802 —L/)2 = ()
where L is the thickness of QWs, ¢, is the permittivity of
vacuum, Q(z) is the charge density, z is the position along the
[0001] direction. The Mg-induced Coulomb potential for the
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charge of p, orbital based on eqn (2) is illustrated in Fig. 3e.
Compared with the localized interaction of orbital inter-
coupling, the long range Coulomb interaction is capable of
extending into the entire area of the barrier and well. The
Coulomb potential for the p, orbital is also relatively flat and
smooth across the entire QW due to the delocalized distribu-
tion of |p,) quantum states. Moreover, the Coulomb potential
induced by Mg in the well region is larger than that in the
barrier region. This increased Coulomb potential in the well
region compensates the reduced orbital coupling energy
induced by Mg. Therefore, the height of the quantum barrier
in two interfaces for the p, orbital of Mg-doped QWs is similar
to that in the case of undoped QWs (Fig. 3g). In spite of this, the
additional Coulomb potential at the center of the well region is
much larger than that at the interfaces of the well and barrier.
Hence the band tilting induced by the intrinsic polarization
potential is significantly reduced, which infers the suppression
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of QCSE. The confinement is consequently enhanced, as con-
firmed by the layer- and p, orbital-projected DOS diagram and
partial charge density distribution shown in Fig. 3g and b,
respectively. Therefore, the majority of |p,) quantum states are
redistributed at the center of QWs.

Additional potential engineering via Mg doping modulates
the band profile and enhances the hole confinement more
significantly for p, and p, orbitals. Fig. 4b shows the p, orbital-
projected partial charge density for the Mg-doped QWs. Com-
pared with the case of undoped QWs, the distribution of
localized |p,) hole states in the Mg-doped QWs shifts to the
center of the well, and further experiences a significant volume
shrinkage. Strongly confined |p,) hole states at the center of
QWs will increase the electron-hole overlap and radiative
emission rate. According to the increased d induced by Mg
doping (Fig. 4c), the additional coupling energy AV of p,
orbitals slightly decreases by approximately 5.8 meV in the

This journal is © the Owner Societies 2022

plane with Mg doping, as shown in Fig. 4d. Moreover, the Mg-
Induced Coulomb potential for the charge of the p, orbital
based on eqn (2) is calculated and illustrated in Fig. 4e. The Mg-
induced Coulomb potential for the p, orbital is significantly
larger and more concentrated at the center of QWs compared
with that in the case of the p, orbital. This phenomenon
contributes to the side-by-side in-plane lobe structure of the
px orbital and the strongly localized behavior of |p,) quantum
states. Compared with delocalized p, orbital states, which
present a head-over-head lobe structure along the confinement
direction, the Coulomb interaction between p, orbital states
and Mg is significantly larger and more concentrated around
the center of the quantum well. Consequently, combining with
the orbital coupling energy, the energy levels of |p,) quantum
states in the QWs are significantly increased, and the height of
quantum barriers in the left and right interfaces of QWs is
also greatly increased. This finding can be confirmed in the
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layer- and p, orbital-projected DOS diagram shown in Fig. 4g.
Band tilting and bending are also evidently compensated and
suppressed by Mg-induced additional potentials. Quantum
barriers for |p,) hole carriers are 620 and 640 meV in the left
and right sides of Mg-doped QWs. These values are 270 and 90
meV higher than those for the p, orbital in the undoped QWs,
and are 250 and 270 meV higher than those for the p, orbital in
Mg-doped QWs, respectively. Suppressed band tilting and
increased quantum barriers provide a significantly stronger
quantum confinement for the |p,) states, and lead to strongly
localized and concentrated charge distribution at the center of
Mg-doped QWs (Fig. 4b).

These additional potentials induced by Mg doping not only
compensate or enhance quantum barriers for the band profile
in the real space, but also directly affect energy levels and
relative arrangement of valence bands (CH, HH, and LH) in the
k-space of AIN/Aly;5Gag,sN QWs. Fig. 5a and b show the
electronic band structures of undoped and Mg-doped QWs in
the k-space from I” to A point, respectively. The energy of p, and
p, orbital-contributed quantum levels is increased by Mg dop-
ing, with respect to that of p, orbital-contributed quantum
levels. The physical mechanism behind this valence level
rearrangement is rooted in the increased energy levels of |p,)
quantum states due to enhanced additional potential terms,
including orbital coupling and Coulomb interaction with Mg.
Generally, the optical anisotropy of AlGaN is characterized by
the crystal-field splitting energy 4., representing the energy
difference between HH/LH and CH bands. Increasing the 4.,
value in Al-rich AlGaN is favorable to improve the TE-polarized
light emission and light extraction efficiency of DUV LEDs. As
shown in Fig. 5a, the 4. of undoped QWs is —24.0 meV,
indicating the dominant emission light with TM polarization.
For Mg-doped QWs (Fig. 5b), the 4., is increased to positive
122.3 meV, suggesting that the emission light at the band edge
is reversed to be the TE polarization via Mg doping.
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the size of blue, green, and red circles, respectively.
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The spontaneous emission rate Ry, of QWs can be calculated
using Fermi’s golden rule as follows:*®

Ry = C x [hvey|[Mr(Ecv) pu(Ecv)v(1 — fo)dEey,  (3)

where C is a constant, Ecy is the transition energy from the
conduction band to the valence band, # is the Planck constant,
vev is the frequency of the generated light, p, is the reduced
density of states, fc and fy are the Fermi-Dirac distribution for
electrons and holes, and Mt (Ecy) is the transition matrix
element. As compared to that for the TE-polarized light emis-
sion in the undoped QWs, the R, of TE-polarized light emis-
sion significantly increases by approximately 13.38 times after
Mg doping. The increased spontaneous rate strongly confirms
the enhanced TE-polarized emission because of the additional
potential modulation via Mg doping.

Experimentally enhancing TE-polarized emission of MQWSs via
Mg doping

Furthermore, the concept of additional potential modulation via Mg
doping is demonstrated experimentally by designing and growing
undoped AIN/Al,75Gag2sN MQWs A, slightly Mg-doped MQWs B,
and heavily Mg-doped MQWs C via MOVPE. The complete epitaxial
structure of MQWSs sample is shown in Fig. 6a and c, including an
AIN buffer layer, a 1.3 pm AIN layer, and 20 periods of AIN/
Aly75GagsN MQWs. Fig. 6b presents the cross-sectional HRTEM
image of the Mg-doped AIN/Al, ;5Gag 25N MQWSs (MQWs B). The flat
and sharp interfaces of MQWs are clearly recognized, which
suggests the good structural and crystalline quality of MQWSs. The
growth of barriers and wells agrees well with the structure design.
Based on the TEM results, the high quality of the as-grown AIN/
Aly 75Gag 25N MQWSs can be confirmed and the experimental struc-
ture is closed to the simulation model.

Mg doping-induced variation of d can be detected from the
strain conditions of MQWs taking into account that the dis-
tance variation between nearest N atoms is represented in the
lattice distortion. It is generally believed that d along the z
direction gradually lengthens when the strain conditions of the
lattice transfers from tensile to compressive, as shown in the
inset of Fig. 6d. To characterize strain conditions of the well
region of MQWSs, Raman measurement was conducted on
samples. As shown in Fig. 6d, the typical E,(high) GaN-like
mode allowed by the Raman selection rule is observable in the
Raman spectra.’” The shift of the E,(high) GaN-like mode is
sensitive to the biaxial strain conditions of AIGaN.*® It is noted
that Ga only exists in the quantum well region in the present
case of AIN/Al, ;5Gag.,5N MQWs, so that, the GaN-like mode can
accurately reflect the strain conditions of the Al ;5Gag ,5N well
without the signal influence from the AIN barrier region. The
E,(high) GaN-like mode under zero stress with 75% Al compo-
sition is located at 610.8 cm™*, as indicated by the dotted line in
Fig. 6d.*° The peaks of the E,(high) GaN-like mode for undoped
MQWs A, slightly Mg-doped MQWs B and heavily Mg-doped
MQWs C are located at 614.8 cm ', 618.2 cm 2, and
621.3 cm ™, respectively, suggesting that Mg doping enhances
the compressive strain in the Aly;5Gag,sN well. More
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importantly, this strain variation confirms the enlarged orbital
coupling distance between two nearest N atoms by Mg doping,
which is consistent with simulation results.

Spectroscopic ellipsometry was further applied to verify the
valence level regulation using additional potentials with Mg doping
and measure dielectric function spectra of MQWs, as shown in
Fig. 6e. A close inspection of the onset of ¢, of MQWSs A shows that

band-edge lines of sg and & are clearly separated from each other,

and the threshold energy of gg is lower than that of &5 . This finding
implies that the optical properties of undoped AIN/Al;-5Gag 5N
MQWs are highly anisotropic and TM-polarized emission will be
dominant. Hence, the p, orbital-contributed CH band is the top
valence band in undoped MQWs. Noticeably, onset positions of ag
and & have been switched over, and the threshold energy of &

becomes lower than that of 9! for Mg-doped MQWs B and C.
Compared with the slightly doped MQWs B, the intensity of ¢ is
further enhanced for heavily Mg-doped MQWs C. The increased
contribution of & at the band edge strongly confirms that the HH
and LH bands have replaced the CH band to be the top valence
bands, and the TE-polarized emission will be enhanced in Mg-
doped AIN/Al, 75Gao 25N MQWSs. Consequently, the concept of addi-
tional potential modulation is verified through impurity doping to
regulate valence quantum states of high-Al-content AlIGaN MQWs,
which are expected to be applicable to other semiconductor
systems, especially for materials with strong polarization and
anisotropy, such as InGaN and ZnMgO.

4. Conclusions

In conclusion, the regulation of the valence level arrangement
of AIN/Aly;5Gag,sN QWs is demonstrated by modulating

This journal is © the Owner Societies 2022

additional potentials, including on-site Coulomb interaction
and orbital state coupling induced via Mg doping. Based on
first-principles simulations, the quantum confinement in QWs
is understood in terms of the additional potentials with the
LCAO introduced by orbital state inter-coupling, polarization
field, and Coulomb interaction. Mg doping in the quantum well
was performed to regulate orbital coupling and Coulomb
interaction. By greatly increasing the Coulomb potential with
Mg doping, the height of quantum barriers is greatly increased
for the p, and p, orbitals, which suggests the enhanced hole
confinement. In addition, the HH/LH bands are relatively lifted
up to be the top valence band by the additional potential terms
with Mg doping, leading to an enhanced TE-polarized emis-
sion. Experimentally, the valence level rearrangement and
dominant TE emission were successfully achieved in Mg-
doped AIN/Al, ;5Gap 5N MQWs in accordance with the spectro-
scopic ellipsometry characterization. The additional potential
modulation presented here is potentially useful for other
material systems and functional devices to regulate quantum
states with more degrees of freedom.
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