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The polarization discontinuity across interfaces in polar nitride-based heterostructures can lead to the forma-
tion of two-dimensional electron and hole gases. In the past, the observation of these electron and hole gases has
been achieved through various experimental techniques, most often by electronic measurements but occasionally
by optical means. However, the occurrence of a two-dimensional hole gas has never been demonstrated optically
in nitride-based heterostructures. The objective of this article is to demonstrate, thanks to the combination of var-
ious optical spectroscopy techniques coupled to numerical simulations, the presence of a two-dimensional hole
gas in a GaN/AlGaN/GaN heterostructure. This is made possible thanks to a GaN/AlGaN/GaN heterostructure
displaying a micrometer-thick AlGaN layer and a GaN cap thicker than in conventional GaN-based HEMTs
structures. The band structure across the whole heterostructure was established by solving self-consistently the
Schrödinger and Poisson equations and by taking into account the experimentally determined strain state of
each layer. The appearance of a two-dimensional hole gas in such structure is thus established first theoretically.
Continuous and quasicontinuous photoluminescence, spanning six orders of magnitude excitation intensities,
reveal the presence of a broad emission band at an energy around 50 meV below the exciton emission and whose
energy blueshifts with increasing excitation power density, until it is completely quenched due to the complete
screening of the internal electric field. Time-resolved measurements show that the emission arising from the
two-dimensional hole gas can be assigned to the recombination of holes in the potential well with electrons
located in the top GaN as well as electron from the bottom AlGaN, each of them displaying different decay times
due to unequal electric fields. Besides the optical demonstration of a two-dimensional hole gas in a nitride-based
heterostructure, our work highlights the rich optical recombination processes involved in the emission from such
a hole gas.

DOI: 10.1103/PhysRevB.109.125401

I. INTRODUCTION

Over the past decades, the progress of epitaxy techniques
for the growth of nitride-based semiconductor materials has
facilitated the development of numerous optoelectronic de-
vices [1,2]. Indeed, gallium nitride and its alloys (InGaN,
AlGaN) enable the coverage of all the visible spectrum,
ranging from red to blue and even to the ultraviolet (UV)
[3,4]. The interest in these materials is also recognized in
the field of electronics for their applications in high-voltage,
high-power, and high-temperature components such as high
electron mobility transistors (HEMTs) [5–7]. The operation
of these transistors is based on the use of a semiconductor
heterostructure.

Compared to HEMTs based on non polar materials like
GaAs/AlGaAs, which need n-doped (or p-doped) layers
within the stack [8], AlGaN/GaN heterostructures offer the
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possibility of achieving high-density two-dimensional elec-
tron (or hole) gases without the need of intentional doping.
This is achieved due to the significant difference in spon-
taneous polarization between the two materials, in addition
to the piezoelectric polarization arising from the lattice mis-
match between them, which generates a charge density at
the AlGaN/GaN interface [9,10]. The sign of the surface
charge density at the interface of polar AlGaN/GaN het-
erostructures depends on the polarity of the material stack.
Note that in this article, by convention, an AlGaN/GaN
heterostructure means that the AlGaN is grown on top of
GaN, while a GaN/AlGaN heterostructure means that GaN is
grown atop the AlGaN layer. If the heterostructure is grown
along the [0001] direction (Ga-polarity), then the surface
charge density is positive. However, growth along the [0001]
direction (N-polarity) results in a negative surface charge
density. The electrostatic equilibrium of the heterojunction
is maintained by the accumulation of negative charges (Ga-
polarity) or positive charges (N-polarity), which feed the
two-dimensional electron gas (2DEG) or the two-dimensional
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hole gas (2DHG), respectively [11,12]. Similarly, in the Ga-
polar GaN/AlGaN/GaN heterostructure, it is possible to have
both a two-dimensional hole gas (2DHG) at the GaN/AlGaN
interface and a two-dimensional electron gas (2DEG) at the
AlGaN/GaN interface if the GaN cap layer is thick enough
to prevent depletion from the pinning of the Fermi level at
the surface [13]. It has been demonstrated that increasing
the thickness of the GaN cap layer increases the mobility of
electrons in the 2DEG while decreasing its density. However,
this effect saturates and stabilizes above a GaN thickness of
500 Å [14].

The effects of polarization in nitride-based heterostructures
are now well-established within the scientific community.
Experimental observations have been conducted to prove
the nature of this electron gas through various techniques,
such as photoluminescence [15], contactless method [16],
or Hall effect measurements [17]. The observation of the
two-dimensional hole gas has been exclusively achieved
through contactless electroreflectance (CER) technique [18]
and magnetrotransport measurement [19] in nitride-based het-
erostructures, whereas it has been observed optically only
for silicon [20,21] and GaAs-based heterostructures [22].
The objective of this article is to demonstrate the first
observation of a two-dimensional hole gas (2DHG) in nitride-
based heterostructure using continuous and time resolved
μ-photoluminescence measurements.

II. EXPERIMENTAL DETAILS

A. Sample description

The structure investigated in the present study consists
of a GaN layer of about 150 nm grown by metal organic
vapor phase epitaxy (MOCVD) on a AlxGa1−xN buffer layer
(1500 nm) with a low concentration of aluminium: x = 0.08.
The two layers are deposited onto a thick layer (3500 nm) of
high-quality GaN on a c-plane sapphire substrate. A schematic
representation of the structure is available in Fig. 1(a). The
growth, along the [0001] direction leads to a Ga-polarity
heterostructure. The 3D growth mode at the initial stages of
the GaN-on-Sapphire template growth reduces the dislocation
density down to a value in the order of 3 × 108 cm−2. This
is followed by a 2D growth step necessary to achieve a flat
surface (typical roughness in the order of 1 nm or less for
5 × 5 mm2). The low aluminum composition of the interme-
diate AlGaN layer enables pseudomorphic growth of the top
layers on the thick GaN layer. Research by Einfeldt et al.
demonstrated that the lattice mismatch becomes negligible
for aluminum concentrations below 10% [23]. The significant
thickness of this layer (1500 nm) compared to the literature
is used to prevent the screening of charge densities at the
differents interfaces of the structure and thus allow the con-
servation of a 2DHG. Upon cooling, the difference in thermal
expansion coefficients among the various materials induces
residual stress. Detchprohm et al. showed that this cooling
induced stress fully relaxes for layers thicker than 50 µm
in the case of GaN epitaxially grown on sapphire substrates
[24]. Given the thickness of the layers under study, one can
assume that the entire structure is uniformly stressed by the
sapphire substrate. The low aluminum content in the AlGaN

FIG. 1. Schematic representation of the studied samples. (a) The
first one is composed by two GaN layers (blue regions) of about
150 and 3500 nm, respectively, and one Al0.08Ga0.92N layer (purple
regions) of about 1500 nm. The layers were grown by metal organic
vapor phase epitaxy (MOVPE) on c-plane sapphire substrate (black
regions). The spatial location (not at the scale) of bidimensional
charge gases is also represented. (b) The same sample as in panel
(a) but in which the GaN surface layer has been removed by plasma
etching, a thin part of the Al0.08Ga0.92N layer was also removed
(30 nm).

layer allows us to neglect differences in thermal expansion
coefficients between it and the GaN layers in comparison to
the sapphire substrate.

A second sample [Fig. 1(b)] was prepared to investigate
the origin of the photoluminescence. This sample is identi-
cal to the first one, but the surface GaN layer was removed
by plasma etching. The etching depth is 180 nm and, thus,
a thin portion of the Al0.08Ga0.92N layer was also removed
during the process. Images recorded with a scanning electron
microscope (SEM) reveal the presence of hillock-type etching
defects with a periodicity of approximately 50 µm and heights
ranging from 150 to 200 nm. Thanks to the use of microre-
flectivity and microphotoluminescence measurements, with
a spatial resolution in the order of several micrometers, we
could perform measurements on region free of these hillock-
type defects generated upon etching the top GaN.

B. Experimental setup

All experimental measurements were carried out at cryo-
genic temperatures (5.3 K) using a closed-cycle helium
cryostat.

A first optical setup was used for performing μ-
photoluminescence (μ-PL) measurements. To cover a wide
range of excitation light intensities, two laser sources were
employed. For light intensities ranging from a few mW/cm2

to several hundreds of W/cm2, a continuous wave (cw)
Hübner-Photonics Cobolt 320 nm solid-state laser was em-
ployed. A Q-switched laser emitting at 349 nm with a 4 ns
pulse duration and a repetition rate of 5 kHz was utilized
to probe the luminescence of the sample at light intensities
ranging from several hundreds of W/cm2 to MW/cm2. Since
the pulse duration of the Q-switched excitation is longer
than the characteristic recombination times in the materials
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studied, we can treat this excitation as quasicontinuous. The
detection consists of a confocal setup with a 100× NUV Mitu-
toyo microscope objective (2 mm focal length, 0.5 numerical
aperture) used for both excitation and detection. A focal lens
(300 mm focal length) was used for the detection and imaging
through the spectrometer slits. The signal is then analyzed
by a Horiba Jobin Hyvon HR1000 spectrometer (1 m focal
length and 1200 grooves per mm grating) and detected by
a 1024 × 256 pixels CCD (charged-coupled device) camera
with a maximum resolution of 0.1 nm. μ-Reflectivity (μ-R)
measurements were also conducted using a Xenon lamp that
emits light from 200 to 800 nm under normal incidence.

The second optical setup enables time-resolved photolumi-
nescence (TRPL) experiments. To achieve this, a Ti:sapphire
laser with a pulse duration of 150 fs and a repetition rate of
76 MHz is employed. We use the third harmonic at 267 nm
of the laser’s output wavelength. The luminescence is col-
lected using the same microscope objective as described in
the previous paragraph. However, this microscope objective
does not transmit light below 300 nm. Therefore, we excite
the sample from the side. Similarly to the previous method,
the collected luminescence is spectrally dispersed using a
spectrometer equipped with a 600 grooves per mm grating and
then analyzed temporally using a Hamamatsu streak camera.
The maximum temporal resolution of this setup in our exper-
imental conditions is 3 ps.

III. THEORY AND SIMULATIONS

A. Determination of stress across the heterostructure

In the GaN/AlGaN/GaN heterostructure, the AlGaN bar-
rier is pseudomorphically grown on the underlying GaN layer
and, thus, tensily stressed by the GaN-on-Sapphire template,
which reinforces the internal electric field. However, due
to the small Aluminum content the piezoelectric component
likely remains small compared to the spontaneous one. A
residual stress in the GaN layer may also exist as a result of the
cooling down from growth temperature to room temperature
(and even more so to low temperature) due to the difference in
thermal expansion coefficients between nitrides and sapphire.
The residual stress σ1 in GaN can be determined experimen-
tally by measuring the the energy of the excitonic transition
[25]. The energy of the A exciton transition in GaN is linearly
dependent on the in-plane stress [26,27]:

E
(
X n=1

A

) = 3478 − 15.3σ1 (1)

Where E is expressed in meV and σ1 in GPa. To determine the
stress state of the topmost GaN layer (i.e., the surface layer),
we compare its photoluminescence response to the excitonic
transitions of the underlying GaN on sapphire template. For
that, μ-reflectivity (μ-R) experiments were conducted on
the template of the sample, composed of the GaN buffer
layer on the sapphire substrate. The experimental spectrum
obtained (Fig. 2) clearly shows the presence of the two funda-
mental excitonic transitions, X n=1

A and X n=1
B . The results also

show the signature of the first excited state of these excitons:
X n=2

A and X n=2
B . Note that the quality of the sample enables to

observe the photoluminescence of DoX n=1
A in the reflectivity

spectrum. The energy of excitonic transitions is determined
through numerical simulation of the reflectivity spectrum. For

FIG. 2. Experimental results of the reflectivity measurement are
represented by the black squares. The peak at 3.4878 eV (marked by
the arrow) is not a reflectivity feature but is the luminescence peak
of the exciton bound to a neutral donor. The cyan line corresponds to
the numerical simulation of the reflectivity using the transfer matrix
formalism for a multilayer structure. The excitonic resonances are
modeled by using an inhomogeneous broadening model.

this purpose, we employed the transfer matrix formalism for
a multilayer system. The first (air) and last (Al2O3) layers
are considered as semi-infinite. The simulation takes into ac-
count the dispersive indices of each materials, from which the
contribution of excitonic transitions is subtracted. Their con-
tribution to the material’s dielectric function is added through
an inhomogeneous model:

ε(E ) = εb +
∑

j

∫ +∞

0

1√
2πσ j

f j

x2 − E2 + iγ jE

× exp

{
− (x − Ej )2

2σ 2
j

}
dx, (2)

where εb represents the background dielectric function. Each
excitonic resonance j is associated with the following physi-
cal properties: f j is the oscillator strength, Ej is its energy, γ j

and σ j are the homogeneous and inhomogeneous broadenings
of the transition. Adjustment of simulations to the experi-
mental results allowed us to obtain the physical parameters
of the excitons. The use of this mathematical model allowed
us to numerically reconstruct the experimentally obtained
spectrum. The energies of the excitonic transitions determined
through this model are as follows: E (X n=1

A ) = 3494 meV and
E (X n=1

B ) = 3502 meV. These energies match precisely those
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TABLE I. Numerical values used for the coefficients of the elastic tensor, piezoelectric coefficients, and spontaneous polarizations
employed for the calculations.

a0
a (Å) C11

b (GPa) C12
b (GPa) C13

b (GPa) C33
b (GPa) e31

c (C/m2) e33
c (C/m2) Psp

c (C/m2)

GaN 3.189 390 145 106 398 −0.34 0.67 −0.034
AlN 3.112 396 137 108 373 −0.53 1.50 −0.09

aFrom Ref. [28].
bFrom Ref. [29].
cFrom Ref. [30].

of the PL response corresponding to the top GaN (i.e., the sur-
face GaN, see Figs. 5 and 6), confirming the pseudomorphic
growth of the AlGaN and, thus, the same stress for both GaN
layers.

B. Consequences on sheet charge density
and simulations of band alignment

The fitting of μ-reflectivity data allowed us to determine
exciton energies of 3494 meV for the GaN layers. This energy
corresponds to a biaxial stress σ GaN

1 of −1.046 GPa according
to Eq. (1). This stress corresponds to a piezoelectric polar-
ization about 2.27 × 10−3 C/m2 in the GaN layers, according
to the following expression with the coefficients provided in
Table I:

Ppz
3 = 2σ1 ×

(
e31 − C13e33

/
C33

C11 + C12 − 2C2
13

/
C33

)
. (3)

The total polarization (piezoelectric + spontaneous) in these
GaN layers is thus P = −0.03173 C/m2.

In the AlGaN layer, the total biaxal stress σ AlGaN
1 is caused

by the lattice mismatch between the AlGaN layer and the GaN
layers. It can be expressed as function of stress and stress free
lattice parameters:

σ AlGaN
1 =

(
C11 + C12 − 2C2

13

C33

)
×

(
aAlGaN

c − aAlGaN
0

aAlGaN
0

)
. (4)

The pseudomorphic growth of the structure implies: aAlGaN
c =

aGaN
c with

aGaN
c = aGaN

0 ×
(

1 + σ GaN
1

C11 + C12 − 2C2
13

/
C33

)
. (5)

The coefficients used for the calculation related to the AlGaN
layer were determined using Vegard’s law with the coeffi-
cients provided in Table I. The total polarization in the AlGaN
layer is thus P = −0.0382 C/m2. All the contributions to the
total polarization are given in Table II. In each layer, the total
polarization is directed opposite to the growth direction, i.e., it

TABLE II. Spontaneous, piezoelectric, and total polarizations
determined for the GaN layers and the AlGaN layer of the sample
studied here.

Psp (C/m2) Ppz (C/m2) P (C/m2)

GaN −0.034 2.27 × 10−3 −0.03173
Al0.08Ga0.92N −0.0385 3 × 10−4 −0.0382

is parallel to [0001]. Moreover, it is larger (in absolute value)
in the Al0.08Ga0.92N layer compared to the GaN layers. In
reality, this difference is primarily due to the incorporation
of Al atoms into the material that increases the spontaneous
polarization. The piezoelectric polarization induced by the
stress in the layers is negligible compared to the spontaneous
polarization.

The difference of polarization between the different layers
induces a sheet charge density σ at the interface between
them:

σ = ‖−→P (top)‖ − ‖−→P (bottom)‖. (6)

We can thus determine the sheet charge density at the
GaN/Al0.08Ga0.92N interface, denoted as σ ↑, and the sheet
charge density at the Al0.08Ga0.92N/GaN interface, denoted
as σ ↓:

σ ↑ = ‖−→P (GaN↑)‖ − ‖−→P (AlGaN)‖
= −6.5 × 10−3 C/m2, (7)

σ ↓ = ‖−→P (AlGaN)‖ − ‖−→P (GaN↓)‖ = 6.5 × 10−3 C/m2

= −σ ↑. (8)

The results obtained here are in good agreement with the
literature: We indeed find a negative surface charge density at
the GaN/Al0.08Ga0.92N interface and a positive surface charge
density at the Al0.08Ga0.92N/GaN interface, both of a charge
density of 4 × 1012 cm−2.

To maintain the electrostatic equilibrium of the het-
erostructure, free charges will move to the two-dimensional
hole gas (2DHG) on the GaN side at the GaN/Al0.08Ga0.92N
interface and the two-dimensional electron gas (2DEG) on
the GaN side at the Al0.08Ga0.92N/GaN interface. This ac-
cumulation of free charges at different interfaces alters the
band alignment within the heterostructure. The resulting band
diagram was calculated with Nextnano software, which solves
self-consistently the Poisson and Schrödinger equations at
equilibrium along the z direction. The simulations were con-
ducted at a temperature of 10 K, close to the temperature at
which the experimental measurements are performed. As the
materials are not intentionally doped, a low density of residual
donors was set in the simulations: N+

D = 1015 cm−3.
Figure 3 presents the calculation results for the

GaN/Al0.08Ga0.92N/GaN heterostructure. The pinning of
the Fermi level at the surface was set to 1 eV, which is
consistent with litterature values and corresponds to the
Schottky barrier height measured in GaN Schottky diodes
[18,31]. Let us add that the exact value of the Fermi-level
pinning does not fundamentally affect the result as the top
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FIG. 3. Numerical simulation of band alignment in the
GaN/Al0.08Ga0.92N/GaN heterostructure using a self-consistent
one-dimensional resolution of the Schrödinger and Poisson equa-
tions. The simulation highlights the presence of a 2DHG at the
GaN/Al0.08Ga0.92N interface and a 2DEG at the Al0.08Ga0.92N/GaN
interface. Optical injection of charge carriers occurs in the two layers
closest to the sample’s surface. Electrons and holes experience the
effects of the electric field, and one can observe the optical recombi-
nation of electrons with holes from the 2DHG.

GaN layer is quite thick. The simulation highlights the
presence of a 2DHG at the GaN/Al0.08Ga0.92N interface and
a 2DEG at the Al0.08Ga0.92N/GaN interface. The charge
density in these two potential wells is 8 × 1011cm−2. 2D
gases are usually not observed with such low aluminum
contents. They appear in our structure as the AlGaN layer
is very thick, contrary to usual barriers in HEMT devices.
Note that an important internal electric field is present in the
surface GaN layer (171 kV cm−1) and in the Al0.08Ga0.92N
layer (24.2 kV cm−1).

When the upper GaN layer is removed (Fig. 4), the 2DHG
disappears. The 2DEG is slightly affected by the etching (9 ×
1011cm−2) due to the reduced thickness of the Al0.08Ga0.92N
layer. The pinning of the Fermi level on the surface is fixed
at 1.13 eV, as would be expected for a Schottky barrier on
AlGaN, following an increase of the barrier with the band gap.
The internal electric field in the Al0.08Ga0.92N layer is reduced
by a factor of 3: 7.70 kV cm−1.

In the simulations presented above, the system is con-
sidered at equilibrium, and no charges are injected by an
external system. When carriers are injected into the struc-
ture (optical injection in this study), they are affected by
the band alignment at equilibrium, but they can also modify
this alignment when injected in large quantities. Nevertheless,
we can use these simulations to attempt to anticipate the
behavior of injected charges in the structure. In the complete
heterostructure, the optical injection of charge carriers occurs
mainly in the GaN surface layer, but the light is not fully
absorbed by this layer (e−αd ∼ 16.5% ; α ∼ 1.2 × 105 cm−1

[32]), and a small quantity of charge carriers is generated in
the Al0.08Ga0.92N layer. The electron-hole pairs generated in
the layers experience the effects of internal electric fields: (i)

FIG. 4. Numerical simulation of the band alignment in the struc-
ture after etching the upper GaN layer reveals the presence of the
2DEG, which is relatively unaffected due to the thickness of the
Al0.08Ga0.92N layer. The 2DHG has disappeared due to the etching,
but it is still possible to observe the optical recombination of elec-
trons affected by the internal electric field with holes bound to surface
states.

electrons generated in the top GaN layer drift toward the sur-
face while those generated in AlGaN drift toward the bottom
GaN layer; (ii) holes generated in the top GaN layer and in the
AlGaN layer both drift towards the top AlGaN/GaN interface
in the potential well forming the 2DHG. Consequently, it
becomes possible to observe the low-energy optical recombi-
nation of electrons with the 2DHG through the Franz-Keldysh
effect. Since the electrons of the top GaN and AlGaN layers
and the holes of the 2DHG are spatially separated in the
material, their wavefunction overlap is expected to be weak,
resulting in an optical transition of low intensity but with a
long decay time.

In the structure where the GaN layer was removed, the
thickness of the AlGaN layer is sufficient for the optical in-
jection of electron-hole pairs to occur exclusively in this layer.
Contrary to the previous structure, electrons drift towards the
interior of the material. The holes drift towards the surface
and can become trapped at surface states. Consequently, the
observed optical transition should be similar to that observed
in AlGaN in the first structure but at lower energy due to hole
localization at surface states.

IV. EXPERIMENTAL RESULTS

A. μ-PL results for GaN/Al0.08Ga0.92N/GaN based
heterostructure

Figure 5 shows μ-photoluminescence (μ-PL) measure-
ments as a function of the light intensity performed on the
GaN/Al0.08Ga0.92N/GaN heterostructure using a cw laser
with an excitation wavelength of 320 nm. The GaN excitonic
transitions are visible in all these spectra: the free A exciton
(X n=1

A = 3.494 eV), the free B exciton (X n=1
B = 3.5025 eV),

and the A exciton bound to a neutral donor (DoX n=1
A =

3.4878 eV). The donor might be ascribed to silicon, following
localization energies reported previously in the literature [33].
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FIG. 5. The μ-PL spectra were obtained from low to high exci-
tation densities using the 320 nm cw laser. The typical transitions of
GaN are observed. Additionally, a transition with a broad spectral
range that blueshifts with increasing laser power density is observed.
This transition, characteristic of internal electric field effects in the
structure, can be associated with the recombination of the 2DHG.

We can note that free excitons display the same energies
as those in the GaN buffer layer, which were determined
through reflectivity. This observation confirms the pseudo-
morphic growth assumed in the numerical simulations of the
band structure. At lower energies ([3.43–3.47] eV), there is a
broad peak that blueshifts as the laser light intensity increases.
This transition is almost two orders of magnitude less intense
than the emission of DoXn=1

A at low light intensities (approxi-
mately 1 W/cm2) and becomes almost as intense at the largest
excitation light intensities (approximately 250 W/cm2). The
shift is characteristic of electric field variations in the struc-
ture, due to Stark effect. Referring to the simulations in Fig. 3,
we can associate this transition with the recombination of
electrons in the top GaN and AlGaN layers with holes in the
2DHG. The blueshift is caused by the screening of the internal
electric field by optically injected free carriers. As the electric
field is screened, the optical recombination occurs between
holes from the 2DHG and electrons that are spatially closer,
due to the reduction of field-induced drift, leading to emission
at higher energies and with a larger probability. Moreover,
on the peak associated with the 2DHG a periodic modulation
of the peak intensity can be observed, which is not present
elsewhere in the spectrum. This behavior can be explained
by the 150 nm GaN layer serving as a Fabry-Pérot cavity
for light. Jana and Sharma demonstrated that the interference
signal contrast is more significant when the light source is
localized at the GaN/AlGaN interface [34]. The observation
of interference oscillations exclusively on the peak associated
with the 2DHG suggests that this signal originates from the
AlGaN/GaN interface, consistent with the simulation results
shown in Fig. 3, which localize the 2DHG at this interface.

FIG. 6. The μ-PL spectra obtained with the 349 nm Q-switched
laser show the typical transitions of GaN. The transition associated
with the 2DHG is observed up to a power density of 446 kW/cm2,
which corresponds to the complete screening of the internal electric
field in the structure.

Conversely, the absence of these oscillations in the rest of the
spectrum indicates that the luminescence is emitted uniformly
throughout the structure.

The use of a Q-switched laser emitting at 349 nm offers two
advantages: (i) it allows studying photoluminescence spectra
at much higher peak power densities; (ii) since the wavelength
used is higher than the gap of Al0.08Ga0.92N, carriers will
only be injected into the GaN layers [35]. Similar to the
CW laser at 320 nm, not all the laser beam is absorbed in
the topmost GaN layer, and a small fraction passes through
the transparent Al0.08Ga0.92N layer, creating carriers in the
buffer GaN layer. Figure 6 presents the luminescence spectra
obtained with the Q-switched laser. The excitonic transi-
tions associated with GaN are observed again. Now, the first
phonon replica of the free A exciton is visible, which was
not observable in the spectra obtained with the CW laser at
320 nm due to its overlap with the transition associated with
the 2DHG. Again, we observe the transition associated with
the 2DHG, which blueshifts with increasing power density.
Above 446 kW/cm2, we no longer observe this transition,
indicating complete screening of the internal electric field in
the structure. The presence of one optical phonon replica of
the excitonic transition in GaN can provide us an indication
of the electronic temperature of the structure. Indeed, Segall
and Mahan demonstrated that the photoluminescence in-
tensity associated with this type of recombination can be
described by the following expression [36]:

I1LO
PL (E ) = I0 + A × η3/2 × exp{−η/(kBT )}, (9)

where η(E ) = E − (EX − ELO). Here, EX represents the en-
ergy of the free exciton, ELO is the energy of the longitudinal
optical phonon, set at 91.9 meV in GaN, in accordance
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with the experimental results obtained through Raman spec-
troscopy [37], and kB is the Boltzmann constant. A and I0

are adjustable parameters. Fitting the experimental results
in Fig. 6 with this model allowed us to determine an elec-
tronic temperature of approximately 40 K. An increase in
electronic temperature is also observed as the laser intensity
increases. Comparing these results to those obtained with the
continuous-wave laser (Fig. 5), where the electronic tempera-
ture is not affected by the light excitation, we can make two
conclusions regarding these temperature differences: (i) the
ratio of photoluminescence intensities between the X n=1

A and
DoX n=1

A peaks is much larger when the electronic temperature
is elevated, indicating that thermal energy allows the delo-
calization of excitons on neutral donors. (ii) The increase in
temperature could also contribute to the disappearance of the
peak associated with the 2DHG since the thermal energy of
charge carriers could enable them to escape the potential well
associated with the 2DHG, which is shallow (about 5 meV)
due to the low difference in polarization between the different
layers in comparison with HEMT heterostructures.

B. μ-PL results for the etched structure

Photoluminescence measurements on the etched struc-
ture confirm that the observed transition corresponds to
emission from the top GaN/AlGaN interface and, thus, to
the 2DHG found therein. Indeed the 2DHG is suppressed
when etching the top GaN layer and we expect the as-
sociated transition to disappear. To experimentally verify
this, we conducted measurements on the etched sample us-
ing the 349 nm Q-switched laser. The advantage of this
laser is that its wavelength is higher than the gap of the
Al0.08Ga0.92N layer. Thus, the excitation light goes through
this layer unabsorbed and creates carriers solely in the
buffer GaN layer. Looking at the spectra obtained with
this laser in Fig. 7, we observe the usual transitions of
GaN: X n=1

A =3.494 eV, X n=1
B =3.5036 eV, DoX n=1

A =3.489 eV,
X n=1

A − 1LO=3.406 eV, DoX n=1
A − 1LO=3.397 eV, and the

two electron satellite (TES=3.468 eV). However, there is no
signature of the 2DEG or any effect of the electric field.
This indicates that the blueshifting transition observed in the
complete structure corresponds precisely to the recombination
of electrons with holes in the 2DHG.

If we use an excitation wavelength of 320 nm, then
the wavelength is now lower than the corresponding to
the Al0.08Ga0.92N gap so carriers are solely injected in the
Al0.08Ga0.92N layer. Looking at the photoluminescence spec-
tra presented in Fig. 8, we observe a broad spectral transition
that blueshifts with increasing excitation density. Compared
to the transition associated to the 2DHG in Fig. 5, the broad
transition in Fig. 8 shows an intensity that is almost three or-
ders of magnitude less intense than the GaN DoX n=1

A emission
(i.e., almost one order of magnitude smaller than the 2DHG
emission). Besides, the emission is shifted toward lower ener-
gies by about 20 meV compared to the 2DHG emission. We
associate this transition, denoted as e− − h+

ss∗, with the recom-
bination of electrons affected by the internal electric field of
the Al0.08Ga0.92N layer with the holes bound to surface states.
The presence of GaN luminescence in the spectra suggests

FIG. 7. μ-PL spectra were obtained using the 349 nm Q-
switched laser on the etched structure. The use of this laser enables
the optical injection of charge carriers solely into the buried GaN
layer. The typical transitions of GaN are observed, but no charac-
teristic transition related to the internal electric field or the 2DEG is
observed.

FIG. 8. μ-PL spectra were acquired using the 320 nm cw laser
on the etched structure. The entire population of charge carriers is
optically injected into the Al0.08Ga0.92N layer. A broad, spectrally
shifting transition is observed with increasing excitation density,
which can be associated with the recombination of electrons with
holes bound to surface states, denoted as e− − h+

ss∗. The presence of
characteristic peaks from GaN can be explained by the reabsorption
of Al0.08Ga0.92N emission by the underlying GaN.

125401-7



LOÏC MÉCHIN et al. PHYSICAL REVIEW B 109, 125401 (2024)

FIG. 9. (a) Experimental results of TRPL measurement using the
third harmonic of the Ti:sapphire laser (150 fs–266 nm–76 MHz).
The color scale corresponds to the light intensity received by the
streak camera (logarithmic scale from red for high intensities to
black for low intensities). (b) Average of intensity over a spectral
range corresponding to the width of the transition associated with
the 2DHG for four different powers (500 µW−1 mW–2.5 mW–5
mW). The experimental data are represented by cyan squares, and
the fit with the model of Eq. (12) is shown with solid blue lines. The
baseline of each spectrum is shifted vertically for clarity.

the reabsorption of Al0.08Ga0.92N luminescence by the GaN
buffer layer.

C. TRPL results

The TRPL results complete our understanding of the opti-
cal recombination mechanisms in the studied structures. The
results presented in Fig. 9(a) show the photoluminescence
time evolution obtained from the GaN/Al0.08Ga0.92N/GaN
heterostructure. It is evident from the results that the decay
time of the transitions associated with GaN [FX: free exciton
(3.4945 eV) and DoX (3.4886 eV)] is shorter than the one
of the 2DHG (3.470 eV). Additionally, a temporal redshift
of this last transition is observed, which is coherent with the
explanation provided for the blueshift of the transition with
increasing optical power density on the sample: when the laser
pulse reaches the structure, a significant number of injected
free carriers screens partially the internal electric field. Over
time, these carriers recombine radiatively or nonradiatively,
and the band structure returns to its equilibrium state. The
temporal redshift is thus the same phenomenon observed in
the case of continuous (quasicontinuous) excitation when the
power density is decreased.

In Fig. 9(b), we can see the decay of the transition associ-
ated with the 2DHG for several excitation power. The results
presented so far indicate that this transition results from the
radiative recombination of free electrons with holes localized
in a potential well at the interface between the GaN and
Al0.08Ga0.92N layers. In this case, the density of photoexcited
charge carriers over time is expressed using a bimolecu-
lar model. This recombination process is described by the

following differential equation:

dn(t )

dt
= G(t ) − βn2(t ), (10)

where G is the generation term, n is the charge carrier den-
sity in the material, and β is the sum of the radiative βr

and nonradiative βnr bimolecular recombination coefficients.
Considering that the generation term is a Dirac delta function
G(t ) = δ(t ), the evolution of the charge carrier density over
time is then written as

n(t ) = n(0)

βn(0)t + 1
. (11)

Experimentally, the measured light intensity depends on
the radiative bimolecular recombination coefficient I (t ) =
βrn2(t ), and the model used to fit the experimental results can
be expressed as

I (t > t0) = A + I (t0)

(γ × (t − t0) + 1)2 , (12)

where A is a constant background, I (t0) is the experimental
photoluminescence intensity at t = t0, and γ =

√
I (t0)β2/βr

is a fitting parameter. The fit of the experimental data is
presented in Fig. 9(b). The shape of the theoretical curve
reproduces the form of the experimental results. This confirms
that we observe the radiative recombination of free carriers,
as we hypothesized. It can be observed that γ increases as the
excitation power increases. At high power (1–5 mW), the the-
oretical curve deviates from the experimental points at the end
of the decay; this is explained by a nonnegligible contribution
from the luminescence associated with the preceding pulse.
Finally, these results do not allow us to identify the origin of
the electrons involved in this transition, which, as shown in
Fig. 3, can be located in either the surface GaN layer or the
Al0.08Ga0.92N layer.

When performing the TRPL measurements on the etched
sample (Fig. 10), we indeed observe the transition previously
seen in μ-photoluminescence. It occurs at a lower energy
compared to the one involving the 2DHG. Similar to the initial
sample, this transition exhibits a temporal redshift, which can
be explained in the same way. Attempts to fit the data with a
mono-exponential function have been made. However, due to
the very low intensity of this transition, it is challenging to ob-
tain a precise decay time from these data. The estimates lead
to a time of approximately 600 ps. The lower luminescence
intensity of this transition compared to that of the 2DHG can
be attributed to the fact that holes are less localized and less
numerous when they are bound to surface states compared
to being trapped in the potential well of the 2DHG. The
mono-exponential nature of the transition indicates that there
is only one recombination channel here. The characteristic
decay time appears to be smaller than that associated with
the recombination of electrons from the layer of Al0.08Ga0.92N
with the 2DHG. This can be explained by the fact that the
internal electric field within this layer is less significant in the
etched sample than in the unetched sample.

Figure 11 presents the decay of excitonic transitions ob-
tained on the two samples presented in this study. Figure 11(b)
shows the decays of the free exciton X n=1

A , the bound exciton
DoX n=1

A , and the AlGaN obtained on the etched sample. Since
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FIG. 10. Experimental results of TRPL measurement on the
etched sample. The colormap is in logarithmic scale. The redshifted
transition is associated with the recombination of electrons with
holes bound to surface states, denoted as e− − h+

ss∗. This transition
occurs at lower energy compared to the one involving the 2DHG in
the initial sample. Additionally, the decay of two other transitions,
TES (cut) and FX-2LO, can also be observed.

FIG. 11. (a) Time-resolved photoLuminescence (TRPL) results
obtained on the complete heterostructure (GaN/Al0.08Ga0.92N/GaN)
for the decay of the free exciton Xn=1

A as a function of laser power.
The red lines represent bi-exponential and mono-eponential fits of
these decays. (b) TRPL results obtained on the etched heterostructure
(Al0.08Ga0.92N/GaN) for the three main transitions operating in the
sample: X n=1

A −DoX n=1
A –AlGaN. The decays are measured for the

same laser power to study the dynamics of recombination mecha-
nisms in the structure. The solid lines correspond to the decay fits
performed with models consistent with the structure’s dynamics. The
baseline of each spectrum is shifted vertically for clarity.

the laser excitation has a wavelength of 266 nm, the thickness
of the surface AlGaN layer is sufficient to absorb all the light
excitation before it reaches the GaN buffer layer. Therefore,
the only way to create charge carriers in the GaN is for it
to be excited by photons from the radiative recombination of
carriers in the AlGaN layer. This mechanism is well captured
by the simulation of the TRPL results. Indeed, we see that
the maximum intensity of the transitions is reached in the
following temporal order: AlGaN → X n=1

A → DoX n=1
A . This

order corresponds to the excitation of GaN by the lumines-
cence of AlGaN. The decay of the free exciton nx(t ) can
then be mathematically described by the following differential
equation, where the generation term G(t ) represents the fed of
GaN by photons from AlGaN:

dnx(t )

dt
= G(t ) − nx(t )

τx
= C × ns(t ) − nx(t )

τx
. (13)

Here, τx represents the decay time of the free exciton. C
is a constant ranging from 0 to 1, which corresponds to
the fraction of photons that contribute to feed the bottom
GaN (in contact with the sapphire substrate). ns(t ) is the
electron/hole pair density in the AlGaN. The experimental
results in Fig. 11(b) show that this density decreases in a
bi-exponential manner. Therefore, ns(t ) can be expressed as
follows:

ns(t ) = C1 × exp

{−(t − t0)

τs1

}
+ C2 × exp

{−(t − t0)

τs2

}
,

(14)
where C1 and C2 are positive constants. τs1 and τs2 are the
decay times of AlGaN determined experimentally. The an-
alytical solution of differential Eq. (13) allows us to fit the
decay of the free exciton with the sum of three decreasing
exponentials:

nx(t ) = n0
x + a × exp

{−(t − t0)

τs1

}
+ b × exp

{−(t − t0)

τs2

}

−c × exp

{−(t − t0)

τx

}
, (15)

where a, b, c, and n0
x are positive constants. We can observe

that the mathematical model used precisely reproduces the
shape of the curves obtained in the experiment, validating
our hypotheses regarding the mechanisms at the origin of the
observed luminescence.

Figure 11(a) shows the decay of the transition associ-
ated with the free exciton X n=1

A as a function of excitation
power in the complete heterostructure. For the lowest powers
(10 µW−50 µW−100 µW), the symmetry of the photolumi-
nescence intensity with respect to t0 suggests that the decay
time of the free exciton is shorter than the resolution limit of
the experimental setup under the current measurement con-
ditions. Therefore, the monoexponential fit of experimental
data provides only an upper bound of 12 ps for the lifetime
of free excitons at these powers. The observed short decay
times are associated with emission from the surface layer of
GaN. From 500 µW to 5 mW, a longer time appears in the ex-
perimental decay; the biexponential fit gives a value of about
τ2 = 500 ps for this long time. In comparison to the times
determined in Fig. 11(b), we can attribute this time to the
luminescence of free excitons in the GaN buffer layer. With
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increasing excitation power, the decay time of the free exciton
also increases, reaching τ1 = 78 ps at 5 mW. This suggests
a gradual screening of the electric field in the structure. At
lower powers (1 mW−500 µW), the short decay time of the
free exciton slightly rises to τ1 = 24 ps, indicating the initial
stages of field screening. These results suggest that increasing
the excitation power gradually screens the electric field in the
structure, leading to the lifetime of free excitons in the upper
GaN layer approaching that of free excitons in the GaN buffer
layer, as determined in Fig. 11(b).

V. CONCLUSION

In summary, the study of the GaN/AlGaN/GaN het-
erostructure has revealed the existence of a two-dimensional
hole gas (2DHG) through the observation of its luminescence.
This observation has been made possible by a distinct geome-
try compared to typical HEMT structures, particularly with a
substantial thickness of the AlGaN barrier layer, and the GaN
cap layer.

Numerical simulations carried out in this work have pre-
dicted the existence of a two-dimensional hole gas (2DHG)
and a two-dimensional electron gas (2DEG) within the
GaN/AlGaN/GaN heterostructure studied. Band alignment
calculations for both samples have enabled the prediction of
optical transitions associated with 2DHG, which were ex-
pected to be of low intensity and exhibit a long decay time
due to the weak wavefunction overlap of electrons and holes
resulting from the spatial drift of electrons induced by electric
field effects.

Time-integrated µPL revealed the luminescence associ-
ated with 2DHG. The use of a quasi-continuous-wave laser
emitting at a wavelength of 349 nm on a sample where the
surface GaN layer has been etched demonstrated that this
transition can not be attributed to the deeper-lying 2DEG.
These measurements validated the assumptions derived from
simulations: The transition associated with the 2DHG is much
less intense than the usual free-exciton and donor-bound ex-
citon transitions from GaN while exhibiting a significantly

longer decay time. The fit of this decay with a bimolecular
model confirms that the measured luminescence indeed orig-
inates from the recombination between holes from the 2DHG
and free electrons, without, however, determining whether
the electrons are localized in the surface GaN layer or in
the AlGaN layer. Finally, TRPL measurements of the decay
time of the free exciton have provided deeper insights into the
mechanisms underlying the observed luminescence. (i) In the
etched structure, photons emitted from the recombination of
electron-hole pairs in AlGaN can excite the GaN buffer layer,
explaining the observation of the GaN luminescence signal in
time-integrated luminescence measurements. (ii) In the com-
plete structure, these measurements allow us to demonstrate
that the decay time of the free exciton in the GaN surface
layer is drastically reduced by the internal electric field. As
the excitation power increases, the exciton decay time also
increases, approaching the one in the GaN buffer layer. This
indicates the full screening of the electric field in this layer at
the highest excitation power.

Overall, our work demonstrates the first optical detection
of radiative recombinations involving holes within a GaN-
based 2DHG, and provides insights into the interplay between
electric field, charge drift and radiative recombinations within
a nitride-based electronic heterostructure. Thus, the current
results constitute the first step to understand charge transport
in electronic or optoelectronic devices and could, therefore, be
useful for the analysis of other materials and heterostructures
based on nitride semiconductors.

ACKNOWLEDGMENTS

The authors acknowledge funding from the French Na-
tional Research Agency (Grant No. ANR-21-CE24-0019-
NEWAVE). We also thank C2N, member of RENATECH,
the French national network of large micro-nanofabrication
facilities, for technological processes on our samples. We
acknowledge support from GANEXT (Grant No. ANR-11-
LABX-0014); GANEXT belongs to the publicly funded
‘Investissements d’Avenir’ program managed by the French
National Research Agency, France.

[1] S. Nakamura, T. Mukai, and M. Senoh, Candela-class high-
brightness InGaN/AlGaN double-heterostructure blue-light-
emitting diodes, Appl. Phys. Lett. 64, 1687 (1994).

[2] S. Nakamura, M. Senoh, S. Nagahama, N. Iwasa, T. Yamada,
T. Matsushita, H. K. H. Kiyoku, and Y. S. Y. Sugimoto, InGaN-
based multi-quantum-well-structure laser diodes, Jpn. J. Appl.
Phys. 35, L74 (1996).

[3] H. Sekiguchi, K. Kishino, and A. Kikuchi, Emission color con-
trol from blue to red with nanocolumn diameter of InGaN/GaN
nanocolumn arrays grown on same substrate, Appl. Phys. Lett.
96, 231104 (2010).

[4] M. Kneissl, T.-Y. Seong, J. Han, and H. Amano, The emergence
and prospects of deep-ultraviolet light-emitting diode technolo-
gies, Nat. Photon. 13, 233 (2019).

[5] G. J. Sullivan, M. Y. Chen, J. A. Higgins, J. W. Yang, Q.
Chen, R. L. Pierson, and B. T. McDermott, High-power 10-GHz

operation of AlGaN HFET’s on insulating SiC, IEEE Electron
Device Lett. 19, 198 (1998).

[6] J. R. Shealy, V. Kaper, V. Tilak, T. Prunty, J. A. Smart, B. Green,
and L. F. Eastman, An AlGaN/GaN high-electron-mobility tran-
sistor with an AlN sub-buffer layer, J. Phys.: Condens. Matter
14, 3499 (2002).

[7] M. A. Khan, A. Bhattarai, J. N. Kuznia, and D. T. Olson,
High electron mobility transistor based on a GaN-AlxGa1-xN
heterojunction, Appl. Phys. Lett. 63, 1214 (1993).

[8] R. Dingle, H. L. Störmer, A. C. Gossard, and W. Wiegmann,
Electron mobilities in modulation-doped semiconductor hetero-
junction superlattices, Appl. Phys. Lett. 33, 665 (1978).

[9] O. Ambacher et al., Two-dimensional electron gases induced
by spontaneous and piezoelectric polarization charges in N- and
Ga-face AlGaN/GaN heterostructures, J. Appl. Phys. 85, 3222
(1999).

125401-10

https://doi.org/10.1063/1.111832
https://doi.org/10.1143/JJAP.35.L74
https://doi.org/10.1063/1.3443734
https://doi.org/10.1038/s41566-019-0359-9
https://doi.org/10.1109/55.678543
https://doi.org/10.1088/0953-8984/14/13/308
https://doi.org/10.1063/1.109775
https://doi.org/10.1063/1.90457
https://doi.org/10.1063/1.369664


EXPERIMENTAL DEMONSTRATION OF A … PHYSICAL REVIEW B 109, 125401 (2024)

[10] O. Ambacher et al., Pyroelectric properties of Al(In)GaN/GaN
hetero- and quantum well structures, J. Phys.: Condens. Matter
14, 3399 (2002).

[11] I. P. Smorchkova, C. R. Elsass, J. P. Ibbetson, R. Vetury, B.
Heying, P. Fini, E. Haus, S. P. DenBaars, J. S. Speck, and
U. K. Mishra, Polarization-induced charge and electron mobil-
ity in AlGaN/GaN heterostructures grown by plasma-assisted
molecular-beam epitaxy, J. Appl. Phys. 86, 4520 (1999).

[12] G. Martínez-Criado, C. Miskys, U. Karrer, O. Ambacher, and
M. Stutzmann, Two-dimensional electron gas recombination in
undoped AlGaN/GaN heterostructures, Jpn. J. Appl. Phys. 43,
3360 (2004).

[13] S. Heikman, S. Keller, Y. Wu, J. S. Speck, S. P. DenBaars,
and U. K. Mishra, Polarization effects in AlGaN/GaN and
GaN/AlGaN/GaN heterostructures, J. Appl. Phys. 93, 10114
(2003).

[14] A. Asgari, M. Kalafi, and L. Faraone, The effects of GaN cap-
ping layer thickness on two-dimensional electron mobility in
GaN/AlGaN/GaN heterostructures, Physica E 25, 431 (2005).

[15] J. P. Bergman, T. Lundström, B. Monemar, H. Amano, and
I. Akasaki, Photoluminescence related to the two-dimensional
electron gas at a GaN/AlGaN heterointerface, Appl. Phys. Lett.
69, 3456 (1996).

[16] Y. Turkulets and I. Shalish, Contactless method to measure
2DEG charge density and band structure in HEMT structures,
IEEE J. Electron Devices Soc. 6, 703 (2018).

[17] I. Nifa, C. Leroux, A. Torres, M. Charles, D. Blachier,
G. Reimbold, G. Ghibaudo, and E. Bano, Characterization
of 2DEG in AlGaN/GaN heterostructure by Hall effect,
Microelectron. Eng. 178, 128 (2017).

[18] L. Janicki, R. Chaudhuri, S. J. Bader, H. G. Xing, D. Jena,
and R. Kudrawiec, Electric fields and surface fermi level in
undoped GaN/AlN two-dimensional hole gas heterostructures,
Phys. Status Solidi RRL 15, 2000573 (2021).

[19] R. Chaudhuri, S. J. Bader, Z. Chen, D. A. Muller, H. G. Xing,
and D. Jena, A polarization-induced 2D hole gas in undoped
gallium nitride quantum wells, Science 365, 1454 (2019).

[20] F. Martelli, Radiative recombination associated with a two-
dimensional space charge layer in silicon, Solid State Commun.
55, 905 (1985).

[21] I. A. Buyanova, W. M. Chen, A. Henry, W.-X. Ni, G. V.
Hansson, and B. Monemar, Photoluminescence of the two-
dimensional hole gas in p-type δ-doped Si layers, Phys. Rev.
B 53, 9587 (1996).

[22] S. Glasberg, H. Shtrikman, and I. Bar-Joseph, Photolumines-
cence of a low-density two-dimensional hole gas in a GaAs
quantum well: Observation of valence-band Landau levels,
Phys. Rev. B 63, 201308(R) (2001).

[23] S. Einfeldt, V. Kirchner, H. Heinke, M. Dießelberg, S. Figge,
K. Vogeler, and D. Hommel, Strain relaxation in AlGaN under
tensile plane stress, J. Appl. Phys. 88, 7029 (2000).

[24] T. Detchprohm, K. Hiramatsu, K. Itoh, and I. Akasaki,
Relaxation process of the thermal strain in the GaN/α-
Al2O3 heterostructure and determination of the intrinsic lattice

constants of GaN free from the strain, Jpn. J. Appl. Phys. 31,
L1454 (1992).

[25] B. Gil and O. Briot, Internal structure and oscillator strengths
of excitons in strained α-GaN, Phys. Rev. B 55, 2530
(1997).

[26] O. Aoudé, P. Disseix, J. Leymarie, A. Vasson, M. Leroux,
E. Aujol, B. Beaumont, A. Trassoudaine, and Y. André,
Continuous-wave and ultrafast coherent reflectivity studies of
excitons in bulk GaN, Phys. Rev. B 77, 045206 (2008).

[27] O. Aoudé, Etude des propriétes excitoniques de GaN par
spectroscopies continue et résolue en temps à l’échelle
de la femtoseconde, Ph.D. thesis, Université Blaise Pas-
cal – Clermont-Ferrand II, 2006, https://theses.hal.science/tel-
00688782.

[28] I. Vurgaftman, J. R. Meyer, and L. R. Ram-Mohan, Band pa-
rameters for III–V compound semiconductors and their alloys,
J. Appl. Phys. 89, 5815 (2001).

[29] A. Polian, M. Grimsditch, and I. Grzegory, Elastic constants of
gallium nitride, J. Appl. Phys. 79, 3343 (1996).

[30] A. Zoroddu, F. Bernardini, P. Ruggerone, and V. Fiorentini,
First-principles prediction of structure, energetics, formation
enthalpy, elastic constants, polarization, and piezoelectric con-
stants of AlN, GaN, and InN: Comparison of local and
gradient-corrected density-functional theory, Phys. Rev. B 64,
045208 (2001).

[31] M. Gladysiewicz, R. Kudrawiec, J. Misiewicz, K. Klosek, M.
Sobanska, J. Borysiuk, and Z. R. Zytkiewicz, Influence of
AlN layer on electric field distribution in GaN/AlGaN/GaN
transistor heterostructures, J. Appl. Phys. 114, 163527
(2013).

[32] J. F. Muth, J. Lee, I. Shmagin, R. Kolbas, H. Casey, B. Keller,
U. K. Mishra, and S. Denbaars, Absorption coefficient, energy
gap, exciton binding energy, and recombination lifetime of GaN
obtained from transmission measurements, Appl. Phys. Lett.
71, 2572 (1997).

[33] B. Monemar, P. P. Paskov, J. P. Bergman, A. A. Toropov, T. V.
Shubina, T. Malinauskas, and A. Usui, Recombination of free
and bound excitons in GaN, Phys. Status Solidi B 245, 1723
(2008).

[34] D. Jana and T. K. Sharma, An unambiguous identification of
2D electron gas features in the photoluminescence spectrum
of AlGaN/GaN heterostructures, J. Phys. D: Appl. Phys. 49,
265107 (2016).

[35] M. J. Bergmann and H. C. Casey Jr., Optical-field calculations
for lossy multiple-layer AlxGa1−xN/InxGa1−xN laser diodes,
J. Appl. Phys. 84, 1196 (1998).

[36] B. Segall and G. D. Mahan, Phonon-assisted recombination of
free excitons in compound semiconductors, Phys. Rev. 171, 935
(1968).

[37] V. Yu. Davydov, E. Kitaev, I. N. Goncharuk, A. N. Smirnov,
J. Graul, O. Semchinova, D. Uffmann, M. B. Smirnov, A. P.
Mirgorodsky, and R. A. Evarestov, Phonon dispersion and ra-
man scattering in hexagonal GaN and AlN, Phys. Rev. B 58,
12899 (1998).

125401-11

https://doi.org/10.1088/0953-8984/14/13/302
https://doi.org/10.1063/1.371396
https://doi.org/10.1143/JJAP.43.3360
https://doi.org/10.1063/1.1577222
https://doi.org/10.1016/j.physe.2004.07.002
https://doi.org/10.1063/1.117250
https://doi.org/10.1109/JEDS.2018.2841374
https://doi.org/10.1016/j.mee.2017.05.009
https://doi.org/10.1002/pssr.202000573
https://doi.org/10.1126/science.aau8623
https://doi.org/10.1016/0038-1098(85)90204-2
https://doi.org/10.1103/PhysRevB.53.9587
https://doi.org/10.1103/PhysRevB.63.201308
https://doi.org/10.1063/1.1326852
https://doi.org/10.1143/JJAP.31.L1454
https://doi.org/10.1103/PhysRevB.55.2530
https://doi.org/10.1103/PhysRevB.77.045206
https://theses.hal.science/tel-00688782
https://doi.org/10.1063/1.1368156
https://doi.org/10.1063/1.361236
https://doi.org/10.1103/PhysRevB.64.045208
https://doi.org/10.1063/1.4827376
https://doi.org/10.1063/1.120191
https://doi.org/10.1002/pssb.200844059
https://doi.org/10.1088/0022-3727/49/26/265107
https://doi.org/10.1063/1.368185
https://doi.org/10.1103/PhysRev.171.935
https://doi.org/10.1103/PhysRevB.58.12899

