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Abstract: ZnO-based heterostructures are up-and-coming candidates for terahertz (THz) optoelec-
tronic devices, largely owing to their innate material attributes. The significant ZnO LO-phonon
energy plays a pivotal role in mitigating thermally induced LO-phonon scattering, potentially signifi-
cantly elevating the temperature performance of quantum cascade lasers (QCLs). In this work, we
calculate the electronic structure and absorption of ZnO/ZnMgO multiple semiconductor quantum
wells (MQWs) and the current density–voltage characteristics of nonpolar m-plane ZnO/ZnMgO
double-barrier resonant tunnelling diodes (RTDs). Both MQWs and RTDs are considered here as
two building blocks of a QCL. We show how the doping, Mg percentage and layer thickness affect
the absorption of MQWs at room temperature. We confirm that in the high doping concentrations
regime, a full quantum treatment that includes the depolarisation shift effect must be considered, as
it shifts mid-infrared absorption peak energy for several tens of meV. Furthermore, we also focus on
the performance of RTDs for various parameter changes and conclude that, to maximise the peak-to-
valley ratio (PVR), the optimal doping density of the analysed ZnO/Zn88Mg12O double-barrier RTD
should be approximately 1018 cm−3, whilst the optimal barrier thickness should be 1.3 nm, with a
Mg mole fraction of ~9%.

Keywords: wide-bandgap oxide semiconductors; resonant tunnelling; intersubband transitions;
depolarisation shift

1. Introduction

The demand for materials tailored to the mid-infrared (MIR) and terahertz (THz) spec-
tral ranges is on the rise, leading to a growing number of applications [1–5]. Within these
spectrum ranges, semiconductor materials [6–8], especially semiconductor heterostructures
and superlattices (SLs), present an intriguing avenue for exploring and regulating carrier
quantum transport and optical transitions in both radiation sources and detectors [9–17].
In materials science, an SL typically denotes a periodic arrangement of alternating ma-
terials. Following the recent progress in the near-infrared spectral range, semiconduc-
tor SL structures hold promise for extending innovative capabilities into the MIR and
THz domains [18–23]. Additionally, modern epitaxial growth techniques used to create
quantum cascade lasers establish a highly competitive technology for the MIR and THz
ranges [24–26].
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Furthermore, linear and nonlinear optical properties in quantum heterostructures, like
SLs and quantum wells based on wide-bandgap oxide semiconductors, are the focus of
research due to their potential applications in optoelectronics, such as QCLs [1,27–29] and
RTDs [30]. The properties of these devices are based on two quantum phenomena: elec-
tronic confinement and tunnelling. Intersubband transitions (ISBTs) are typically collective
effects that involve large electron densities of interacting particles, and the most important
manifestation of this collective character is that, in the presence of electromagnetic radiation,
each electron is affected by an effective field induced by the excitation of the other electrons,
called a depolarisation field [31,32].

GaAs-based QCLs are the most promising devices emitting in the terahertz frequency
range, but they have lacked significant improvements in recent years and are still limited to
operating at low temperatures (~260 K) [33]. They are fundamentally limited by electron-
longitudinal-optical (LO) phonon resonance at around 36 meV in GaAs, causing parasitic
nonradiative depopulation of the upper laser level at room temperature. The 260 K record
performance has been established due to a paradigm shift in designing structures beyond
LO-phonon resonance energy [34,35], however, the fundamental limit lies in nonradia-
tive electron–LO-phonon scattering between the lasing levels [35], and this can only be
mitigated by using material systems with larger resonant LO-phonon energy. Promising
alternative semiconductors to solve this problem include new material systems like zinc
oxides (ZnO) with their larger LO-phonon energy (~72 meV) [27]. ZnO with a hexagonal
wurtzite structure is currently emerging as a promising II–VI direct wide-bandgap semi-
conductor for its use in photonic devices, such as LEDs, solar cells, thin film transistors and
other heterostructures [36–39]. High resonant electron–LO-phonon energy in ZnO-based
compounds is just one important beneficial property, and their large bandgap, high con-
duction band offset and resistance to electric breakdown are other relevant benefits [39–45].
Furthermore, prospective ZnO-based lasers can cover a 5–12 THz emission frequency
range [46], an important range relevant for the detection and imaging of explosives, which
cannot be covered by standard GaAs-based THz QCLs. Recently achieved progress in the
growth of low-density defect nonpolar m-plane ZnO-based heterostructures [47] opens
a perspective towards the demonstration of ZnO-based unipolar structures capable of
operating at an elevated or even room temperature.

Sizeable optical phonon energy in ZnO-based structures should facilitate the popula-
tion inversion for ISBTs with energy well below the optical phonon energy [47]. Despite
significant advances in the reproducibility and the stability of the p-doping of ZnO, it
remains a considerable challenge, which strongly limits the development of this wide-
bandgap oxide semiconductor for bipolar electrical devices [47]. Still, it may be possible to
use ZnO-based heterostructures for unipolar devices (with only n-type doping), such as
RTDs, quantum-well infrared photodetectors and quantum cascade detectors or lasers [47].
To master the fabrication of ZnO-based quantum cascade structures, a high-quality epi-
taxial growth is crucial, combined with a well-controlled fabrication process, including
(selective) Zn(Mg)O etching and the deposition of low-resistance ohmic contacts. V. Sirkeli
et al. reported a numerical study of the negative differential resistance in nonpolar m-plane
ZnO/ZnMgO THz RTDs with double- and triple-quantum barriers [48]. They showed
that by optimising the design structure of RTDs, the constituent layer material, its width
and the doping level, the mW level of the output power of terahertz emissions from these
devices can be achieved at room temperature [48]. Liu et al. investigated THz intersub-
band absorption in step quantum well structures based on ZnO/ZnMgO materials at
77 K [49]. Recently, Meng et al. demonstrated the first intersubband electroluminescence
from nonpolar m-plane ZnO QC structures [46].

In this paper, we numerically investigate the different combinations of ZnO/ZnMgO
multi-quantum-well and resonant-tunnelling structures to analyse the sensitivity of the
position and magnitude of the intersubband absorption peak and the tunnelling current
peak-to-valley ratio on the monolayer-scale layer structure, Mg composition fluctuation
and doping density variation.
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2. Methods

We start from the one-dimensional envelope function effective-mass Schrödinger
equation:

−ℏ2

2
d
dz

1
m∗(z)

dψi(z)
dz

+ Ue f f (z)ψi(z) = Eψi(z), (1)

where ψi(z) is the envelope wave function; E is the eigenvalue of the electron energy; m∗

is the electron’s effective mass; and Ue f f (z) is the total effective potential energy, which is
given as the following:

Ue f f (z) = Uc(z)− eφ(z) + Uxc(z)− eFz (2)

where Uc is the conduction band edge of the heterostructure, F is the externally applied
electric field and φ(z) is the electrostatic potential. Uxc is the local exchange-correlation
potential, as described in Appendix A. The ZnO band structure indicates very high neigh-
bouring valleys, as illustrated, for example, in [50], where the higher valley minima would
be ~1.5–2 eV above the G valley; thus, we expect no or very small band-mixing effects.
Therefore, the use of a single-band envelope function effective-mass model here is justified.

The total effective potential energy depends on the envelope functions in a semi-
conductor heterostructure, and the system of Schrödinger–Poisson equations needs to be
solved self-consistently. The electrostatic potential of the Poisson equation reads as follows:

d2 φ(z)
dz2 =

e
ε(z)

(n(z)− ND(z)), (3)

where, as above, φ(z) is the electrostatic potential, ε(z) is the dielectric constant and
ND(z) is the doping concentration. In a semiconductor MQW-based heterostructure bound
electron energies can, therefore, be calculated fully quantum mechanically, and the electron
density n(z) is given as follows:

n(z) = ∑i Ns,i|ψi(z)|2, (4)

where Ns, i is the sheet carrier density corresponding to the i-th electron bound state, which
is defined as follows:

Ns,i =
mtikBT

πℏ2 ln
(

1 + e
EF−Ei(0)

kBT

)
. (5)

In the above equation, EF is the Fermi energy, Ei(0) is the quasi-bound state energy
for the zero transversal wave vector (kt = 0), kB is the Boltzmann constant and T is the
crystal lattice’s absolute temperature. mti is the transversal mass, defined as follows:

1
mti

=
∫

ψ∗
i (kt = 0)

1
m∗(z)

ψi(kt = 0)dz. (6)

In finite gap semiconductors, nonparabolicity is typically characterised by the energy-
dependent effective mass [51,52]. It is taken as a weak effect here, as it must be sufficiently
close to the band edge with a finite gap. The material system that we consider in this work
has a wide energy gap; thus, the band nonparabolicity can be neglected.

In quantum heterostructures based on potential barriers like resonant tunnelling
structures, all electron energy levels belong to a continual spectrum, and the resonant
electron states can be quantified by the tunnelling coefficient, τ(E). If the electric field (i.e.,
terminal voltage) F is applied across the structure, the current density can be calculated
using the Esaki–Tsu formula [53]. This simplified approach assumes a coherent picture
of electron tunnelling, using the approximation that electron transport is not affected by
any phase-coherence breaking scattering effects [54]. This carrier transport model has been
commonly used to characterise resonant tunnelling structures based on different material
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systems [54–56]. On the basis of these assumptions, the current density in the tunnelling
structure can be calculated as follows:

J =
ekBT

2π2ℏ3

∞∫
Ec

m∗τ(E)ln

 1 + e
EF−E
kBT

1 + e
EF−E−eVR

kBT

dE (7)

where for the reference level Ec = 0, the conduction band minima can be used; τ(E) is the
transmission (i.e., tunnelling) coefficient; EF is the Fermi energy in the highly doped emitter
of resonant tunnelling structure; VR is the potential drop across the structure (such that
VR = F × lenght o f resonant structure); and m∗ is the effective mass in the well material.
The Fermi energy, EF, is calculated here using Fermi–Dirac statistics in a highly doped
emitter/collector, assuming that all donors are ionised, i.e., the electron concentration in the
emitter/collector is n = ND [57]. The magnitude of the current density (obtained from this
coherent electron transport model) does not take into account other contributing factors
to the total current, such as the scattering current and the thermionic current; thus, only
the relative trends in the carrier transport and the possible negative differential resistivity
behaviour can be identified and predicted in a prospective experiment. We can also express
the electron density in the resonant tunnelling structure as follows [54,56]:

n(z) = kBT

2
3
2 π2ℏ3

∫ ∞
Ec
|ψ(z, E)|2 (m ∗) 3

2 E− 1
2 ln

[
1 + e

(EF−E)
kBT

]
dE+

kBT

2
3
2 π2ℏ3

∫ ∞
Ec−eVR

|ψ(z, E)|2 (m ∗) 3
2 E− 1

2 ln
[

1 + e
(EF−E−eVR)

kBT

]
dE

(8)

In a multi-quantum-well structure, the subbarrier energy spectra, in a good approxi-
mation, can be assumed as discrete. The energies and wave functions of the bound states
found from the Schrödinger–Poisson solver are further used to calculate the optical absorp-
tion, A(ωℏ), for the intersubband transitions. In the single-particle picture, the absorption
coefficient is [32] calculated as follows:

α2D,s(ω) = Cs∑
α

fα∆NαL(ω − ωα), (9)

where Cs is a constant, fα is the oscillator strength of the transition α and L(ω − ωα) is a
Lorentzian centred in the intersubband transition frequency, ωα.

In a situation in which a single subband is occupied, a blue shift of the absorption
peak is observed (relative to the transition frequency), corresponding to the excitation of
a collective mode of the system, called the intersubband plasmon [32]. In the case that
the confined levels in the QW are closely spaced together and more than one of them is
populated by electrons, several intersubband transitions occur simultaneously, resulting in
an optical spectrum that consists of a single resonance whose energy is entirely different
in comparison with the bare intersubband transitions. The resonance corresponds to the
excitation of a collective mode of the system, the multisubband plasmon, resulting from the
phase locking of all different intersubband transitions. Multisubband plasmons have been
the subject of intense research over the last decade [58] and have proven to be an excellent
platform for investigating the ultrastrong coupling of light and matter excitations in an
optical cavity. Multisubband plasmon can be imagined as a charge density wave where
the collective dipole oscillates along the growth direction of the quantum well (z-axis),
whilst the plasmon propagates in the quantum well plane (x-y plane), with a characteristic
in-plane wavevector [59].

The absorption coefficient can be calculated by integrating all of the current densities
associated with different multisubband plasmons (see Appendix B):

α2D,m(ω) = Cm∑
n

1
Wn

∣∣∣∣∫ +∞

−∞
Jn(z)dz

∣∣∣∣2L(ω − Wn) = Cm∑
n

WnFnL(ω − Wn), (10)
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where Cm is a constant, WnFn is the effective oscillator strength for the n-th multisubband
plasmon mode and L is a Lorentzian (or Gaussian) centred at the multisubband plasmon
frequency, Wn. Each effective oscillator strength results from the contribution of all of the
optically active intersubband plasmons. They are weighted by the different quantities
associated with individual transitions, such as dipole matrix elements or transition frequen-
cies. They also depend on the coupling among the intersubband plasmons, which enters
through the eigenvectors of the matrix, M. The coupling among the intersubband plasmons
results in a redistribution of the absorption amplitude from the intersubband transitions to
the multisubband plasmon modes. The total absorption satisfies the conservation of the
total transition probability:

∑
α

ωα|zα|2∆Nα = ∑
n

WnFn. (11)

where zα represents a dipole matrix element of the transition α.

3. Results and Discussion
3.1. Multiple-Quantum-Well Structure

In the first part of this section, we compare the results of the ISBT optical absorption
simulation in the multiple-QW structure analogues to those of the structure introduced
in [46], which could serve as one period in a QCL active region. The well material was ZnO,
whilst the barrier material was Zn88Mg12O. The structure was grown on a nonpolar m-plane
ZnO substrate. The appearance of cracks in the epitaxial layer grown on a mismatched
substrate—such as (Zn, Mg)O on ZnO—can be predicted using the critical thickness
criterion, as provided in Reference [60]. The critical thickness is defined as the maximum
thickness that can be grown before the nucleation of the first crack in the layer. It turns out
that for the THz cascade device samples (which have a low Mg content range), relaxation
on the m-plane was not a problem, because the critical thickness for 15% of Mg is above
1 µm, which allows for the growth of THz cascade devices made from m-plane ZnO and
(Zn, Mg)O without defects. On the other hand, the realisation of a QCL in the IR range
using the m-plane is not possible, because the Mg content is higher, and, consequently, the
critical thickness is greatly reduced.

A temperature of T = 300 K and an operating external electric field of F = 73 kV
cm were

set for all simulations. Figure 1 shows the conduction band diagram of the structure. The
effective masses in the well and barrier were taken as equal, reading as m∗ = 0.28 m0.
The effective masses of the QWs and the barriers were taken to be the same as that of the
ZnO polaron mass provided in [61] due to the strong interaction between electrons and
phonons in this highly ionic material. The assumption of equal effective masses in the
well and barrier did not introduce a significant error, since the Mg content was taken to be
approximately 12%, leading to a conduction band offset of ~200 meV.

The conduction band offset is calculated as ∆Ec = 0.675 ∆Eg [61,62], where ∆Eg is the
difference in the band gap between the two semiconductors in the junction and is calculated
as 25 meV multiplied by the % of the Mg in the barrier.

Figure 2 shows that the calculated absorption peak for the moderate Ga-doping values
(ND = 3 × 1018 cm−3) was approximately 70 meV. The difference between the single- and
multisubband-plasmon pictures was only a couple of meV. Comparatively, for the large
values of Ga doping (ND = 5× 1019 cm−3), we noticed that in a single-plasmon picture, the
absorption peak was approximately 100 meV, whilst in the multisubband-plasmon picture,
the peak was around 170 meV, which represents a significant difference, showing that the
effect of the depolarisation shift cannot be disregarded. The more we increased the doping,
the more pronounced the depolarisation shift became. This is also illustrated in Figure 3,
in which the energy corresponding to the absorption peak is plotted as a function of the
doping density. The inset in Figure 3 shows the dependence of the absorption coefficient
on the doping density.
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Figure 1. Conduction band diagram of a ZnO/Zn88Mg12O multiple-QW structure in an ap-
plied electric field. The layer sequence of the structure in nanometres, from left to right, is
2.5/3.6/1.7/3.4/2.4/2.75/2.7/6.15/2.5, where the barriers are in bold, and the nonbold charac-
ters are ZnO wells. The centre (2.05 nm) of the 6.15 nm well (underlined) is doped with Ga to
ND = 3 × 1018 cm−3. Bound states and their corresponding wave functions squared are denoted by
solid red lines. The dashed black lines show the effective potential energy without the effect of well
doping, while the full black lines refer to the case when doping effects are taken into consideration.
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Figure 3. Absorption peak energy as a function of the wide well doping density in the structure
shown in Figure 1. The blue line denotes a single-plasmon picture, whilst the red line shows the
results of a full quantum treatment, which is necessary for higher doping concentrations. The inset
shows the absorption coefficient peak’s magnitude change as a function of the wide well doping.

In Figures 4 and 5, we show the calculated absorption for the large doping concen-
tration of ND = 5 × 1019 cm−3, accounting for the depolarisation field, i.e., in the full
multisubband-plasmon picture. The change in the conduction band offset (CBO) by sweep-
ing the percentage of Mg in the barrier layers from 10% to 14% with a 1% increment resulted
in the shift in the absorption spectra, as shown in Figure 4. The absorption peak energy
redshifted as the Mg percentage in the barrier increased. The impact of the slight variations
in the width of the doped well by ±2.5Å steps on the absorption spectra is shown in
Figure 5. Increasing the well width blueshifted the absorption spectra.
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Figure 4. Absorption spectra for differing values of the Mg composition in the barrier layers. The
doping density of the wide well was set to 5 × 1019 cm−3, and a lattice temperature of T = 300 K was
used in all simulations. The inset shows the energy that corresponds to the absorption spectrum peak
position as a function of the Mg composition in the barrier layers. As the percentage of Mg increased,
the absorption spectrum peak redshifted by approximately 5 meV.
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3.2. Resonant Tunnelling Structures

In this subsection, we focus on the resonant tunnelling structures. In the first set
of calculations, we analyse a nonpolar m-plane ZnO/ZnMgO double-barrier resonant
tunnelling structure to investigate the effect of the layer thickness fluctuation and the
impact of the doping density variation on the resonant tunnelling performance of the
structure. The first analysed structure had a 6 nm thick ZnO quantum well surrounded by
two Zn88Mg12O barriers, each 2 nm thick. The layer thicknesses and Mg composition in
the barrier layers were chosen to mimic the resonant tunnelling (i.e., electron injection) part
of the prospective quantum cascade structure. The double-barrier structure was placed
between the injector and collector ZnO layers, and an external bias, VR, in the range between
0 and 0.25 V was applied to this short structure. The Ga doping of the injector/collector
was set to be ND = 3× 1018 cm−3. The self-consistent effective potential and corresponding
electron concentration at the lattice temperature of T = 300 K for the three different biasing
conditions are shown in Figure 6. It can be seen that the conduction band edge at the
centre of the quantum well is bent upwards due to the increased electron population in
the lowest quasi-bound level at lower voltages, as it is closer to the Fermi energy in the
highly doped emitter side. Thus, the larger electron concentration in the quantum well led
to a stronger self-consistent field, resulting in larger band bending. For the larger applied
voltages (for example, VR = 0.15 V in Figure 6), the curvature of the self-consistent electron
concentration in the well region changed its shape as the effective potential in the well
region dropped, i.e., the second quasi-bound state in the well region accumulated electrons
and became relevant for the carrier tunnelling process.

In the second set of calculations, the emitter and collector region doping of the m-plane
ZnO-based double-barrier resonant tunnelling structure was varied from 1017 cm−3 to
5 × 1018 cm−3. For all simulations, the lattice temperature was again set to T = 300 K.
Figure 7 shows the current density–voltage characteristics of the structure for three values
of doping. The current density increased with the increase in the doping level of the
emitter and collector over the whole range of bias voltages. Figure 7 also shows that for all
investigated doping values, the current density–voltage curves had a region with negative
differential resistance (NDR).
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Figure 7. Current density–voltage characteristics of nonpolar m-plane ZnO/Zn88Mg12O resonant
tunnelling structures. The doping level of the emitter and collector on the current density varied in
the range from 1017 cm−3 to 5 × 1018 cm−3. The layer thickness barriers and quantum wells of the
constituent epi-layers of the structure, starting from the emitter, in nm, are 10/2/6/2/10 (thicknesses
of the quantum barriers are marked in bold). The inset shows the current-density peak-to-valley ratio
(upper panel, left-hand y-axis) and current-density peak-to-valley difference (upper panel, right-hand
y-axis) at the NDR; the NDR voltage as a function of the emitter is shown in the lower panel of
the inset.
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The peak-to-valley ratio is the ratio between the local maxima and the local minima
around the NDR points in the RTD’s current–voltage (I–V) characteristic. Nominally, RTDs
can have multiple resonances depending on the design of the electron subband states;
in practical cases, the most important is the first “hump” in the I–V. Another important
metric for RTDs is also the dynamic range that, mathematically, is the difference between
these current values rather than their ratio. Depending on the application, the dynamic
range may also be a very important figure of merit for an RTD’s performance. From the
insets in Figure 7, one can see that the current density peak-to-valley ratio (indicating the
quality of the peak separation); the peak-to-valley difference of the current density, ∆J, at
the NDR; and the voltage value, VNDR, in the NDR region depend on the doping level
of the emitter and collector. The PVR increased with an increase in the doping level of
the emitter and collector and had a maximum PVR of ~1.255 at the doping concentration
of 1018 cm−3. Further increases in the doping level of the emitter and collector led to a
decrease in the PVR, and at a doping concentration above 5× 1018 cm−3, the region with the
NDR feature almost disappeared (PVR~1). From these results, it can be anticipated that an
optimal n-type doping level of the emitter and collector for this structure is approximately
1018 cm−3.

As pointed out earlier, the ZnO/ZnMgO material system has attracted much interest
recently even though the crystal growth of this system is technologically challenging.
Furthermore, layer thickness variation and interface roughness on the order of a fraction
of a monolayer are other issues that arise [63]. Structures based on resonant tunnelling
mechanisms like THz QCLs [46] require high-quality and very precise growth of the
layer structures to provide efficient electron resonant tunnelling and a selective injection
transport process into the upper laser level. To analyse the impact of the layer thickness
fluctuation in the ZnO/Zn88Mg12O resonant tunnelling structure, we performed one more
set of current density–voltage characteristics simulations in a reference double-barrier
resonant tunnelling structure with a nominal barrier thickness of approximately 2 nm
and a well thickness of 6 nm. This structure is similar and mimics the resonant injection
layers in the THz quantum cascade structure in Ref. [46]. A doping-density value of
3 × 1018 cm−3 in the emitter and collector regions and a temperature of T = 300 K were
used in the simulations. As shown in Figure 8, the monolayer fluctuation of the Zn88Mg12O
barrier thickness, WB, despite its relatively low Mg composition, would have an important
impact on the magnitude of the tunnelling current, PVR and current-density peak-to-valley
difference, indicating that it is as an important parameter in prospective ZnO/ZnMgO THz
QCL electron transport optimisations. The inset in Figure 8 shows that an optimal value of
around 1.3 nm was predicted for this particular resonant tunnelling structure.

Finally, to analyse the impact of the Mg mole fraction variation on an RTD with
(previously obtained) an optimised doping density of ND = 1 × 1018 cm−3 and a barrier
thickness of WB = 1.3 nm, we performed the final set of current density–voltage charac-
teristics simulations. As shown in Figure 9, the Mg variation in the Zn1−xMgxO barriers
would, again, have a relevant impact on the magnitude of the tunnelling current, PVR
and current-density peak-to-valley difference, indicating that it is an additional important
parameter in prospective ZnO/ZnMgO THz QCL electron transport optimisations. The
inset in Figure 9 shows that a value of approximately x = 9% would produce a maximised
value of the current-density peak-to-valley difference, ∆J, in this particular structure.
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Figure 8. Current density–voltage characteristics of nonpolar m-plane ZnO/Zn88Mg12O double-
barrier resonant tunnelling structures. The thicknesses of the barriers, WB, were exposed to
monolayer-scale fluctuations at approximately a nominal value of 2 nm. The nominal layer thick-
nesses of the barriers and the quantum well of the constituent epi-layers of the structure, starting
from the emitter, in nm, were 10/1–3/6/1–3/10 (thicknesses of the quantum barriers are marked in
bold). The inset shows the current-density peak-to-valley (PVR) ratio (left-hand y-axis) and current-
density peak-to-valley difference (right-hand y-axis) at the NDR; a doping-density value for the
emitter/collector of 3× 1018 cm−3 and a lattice temperature of T = 300 K were used in all simulations.
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Figure 9. Current density–voltage characteristics of nonpolar m-plane ZnO/Zn1−xMgxO double-
barrier resonant tunnelling structures. An optimal doping density for the emitter/collector of
1 × 1018 cm−3 and a barrier thickness of 1.3 nm were chosen, i.e., the nominal layer thicknesses of
the barriers and the quantum well of the constituent epi-layers of the structure, starting from the
emitter, in nm, were 10/1.3/6/1.3/10 (thicknesses of the quantum barriers are marked in bold). The
inset shows the current-density peak-to-valley (PVR) ratio (left-hand y-axis) and current-density
peak-to-valley difference (right-hand y-axis) at the NDR; a lattice temperature of T = 300 K was used
in all simulations.
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4. Conclusions

Experimental realisations of high electron–LO-phonon resonance nonpolar m-plane
ZnO/ZnMgO-based intersubband heterostructures demand comprehensive but still simple
theoretical modelling and analysis of the coherent tunnelling transport and intersubband
optical absorption. We modelled the absorption in highly doped MQW structures, which
mimicked a QCL active region, and discussed the importance of a depolarisation shift in
the ZnO/ZnMgO light-absorbing/emitting ISBT structures. Furthermore, we modelled
the current–voltage characteristics and analysed the electron density distribution as a
function of the voltage applied to the double-barrier resonant tunnelling structure. The
calculations show that tunnelling current PVR is very sensitive both to small (monolayer)
barrier thickness variations and to the percentage of Mg mole fraction changes, as well as
to the injector/collector doping density. This information is useful for optimising resonant
tunnelling electron transport and injection efficiency in perspective structures like nonpolar
m-plane ZnO-based heterostructures operating in the THz frequency range.
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Appendix A

Uxc is the local exchange-correlation potential expressed as follows [64]:

Uxc(z) = − e4

32π2ℏ2
m∗(z)
ε∗(z)2

(
9π

4

) 1
3 2

πr∗s

[
1 + 0.054r∗s log

(
1 +

11.4
r∗s

)]
, (A1)

where ε∗(z) is the dielectric constant and r∗s is the average distance between carriers scaled
by the effective Bohr radius:

r∗s = 3

√
3

4πn(z)
1
a∗B

, (A2)

a∗B =
4πε∗(z)ℏ2

m∗(z)e2 , (A3)

https://doi.org/10.5518/1490
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Appendix B

The Hamiltonian describing the intersubband plasmon can be written as follows [32]:

Hplasmon = ∑
α

ℏ∼
ωα p†

α pα +
ℏ
2 ∑

α ̸=β

Ξα,β

(
pα + p†

α

)(
pβ + p†

β

)
, (A4)

where pα is the destruction operator of the intersubband plasmons α;
∼
ωα =

√
ω2

α + ω2
Pα is

the plasma-shifted transition frequency, where ω2
Pα = 2e2∆Nαωα

ℏε0εs
Sαα. The coupling due to

dipole–dipole Coulomb interactions is described by the coupling strength Ξα,β:

Ξα,β =
ωPαωPβ

2
√

∼
ωPα

∼
ωPβ

Cαβ, (A5)

Cα,β =
Sαβ√
SααSββ

, (A6)

Where Sαβ is the characteristic length that depends on the overlap between microcur-
rents, given as follows:

Sαβ =
1

ℏωα

1
ℏωβ

(
ℏ2

2m∗

)2∫ +∞

−∞
dzξα(z)ξβ(z). (A7)

Diagonal term Sαα refers to the interaction between dipoles associated with the same
transition, whilst Sαβ are the dipoles belonging to different transitions. In Equation(A7),
the term ξα(z) is given by the following:

ξα(z) ≡ ξij(z) = ψi(z)
∂ψj(z)

∂z
− ψj(z)

∂ψi(z)
∂z

. (A8)

The coupling between N intersubband plasmons leads to the multisubband plasmons
due to Coulomb interactions. The new N frequency, WN , can be calculated by diagonalising
the following 2N × 2N matrix [32]:

M =


I1 C12 . . . C1N

C12 I2 . . . C2N
...

...
. . .

...
C1N C2N . . . IN

 (A9)

M =

[
ωα 0
0 −ωα

]
, M =

[
Ξα,β −Ξα,β
Ξα,β −Ξα,β

]
. (A10)

Each new eigenmode of the system Wn is associated with the excitation of a multisub-
band plasmon, described by the following operators:

Pn = ∑
(

anα pα + bnα p†
α

)
, (A11)

where components of the eigenvectors Vn = (an1, bn1, . . . , anN , bnN)
T satisfy the bosonic

normalisation condition:
∑

(
|anα|2 − |bnα|2

)
= 1. (A12)

We can now write the Hamiltonian (A4) using the multisubband plasmons modes
as follows:

Hplasmon = ∑
n
ℏWnP†

n Pn. (A13)
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The current density for n-th multisubband plasmon is written as follows:

Jn(z) =
eℏ

2m∗
√

S
Wn∑

α

ξα(z)
√

∆Nα√
ωα

∼
ωα

(anα + bnα)
−1. (A14)
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35. Demić, A.; Ikonić, Z.; Dean, P.; Indjin, D. Prospects of Temperature Performance Enhancement through Higher Resonant Phonon

Transition Designs in GaAs-Based Terahertz Quantum-Cascade Lasers. New J. Phys. 2022, 24, 033047. [CrossRef]
36. Pearton, S.; Ren, F. Advances in ZnO-Based Materials for Light Emitting Diodes. Curr. Opin. Chem. Eng. 2014, 3, 51–55. [CrossRef]
37. Huang, J.; Yin, Z.; Zheng, Q. Applications of ZnO in Organic and Hybrid Solar Cells. Energy Environ. Sci. 2011, 4, 3861. [CrossRef]
38. Ma, A.M.; Gupta, M.; Chowdhury, F.R.; Shen, M.; Bothe, K.; Shankar, K.; Tsui, Y.; Barlage, D.W. Zinc Oxide Thin Film Transistors

with Schottky Source Barriers. Solid-State Electron. 2012, 76, 104–108. [CrossRef]
39. Di Russo, E.; Mancini, L.; Moyon, F.; Moldovan, S.; Houard, J.; Julien, F.H.; Tchernycheva, M.; Chauveau, J.M.; Hugues, M.; Da

Costa, G.; et al. Three-Dimensional Atomic-Scale Investigation of ZnO-MgxZn1−x O m-Plane Heterostructures. Appl. Phys. Lett.
2017, 111, 032108. [CrossRef]

40. Pan, X.Q.H.; Guo, W.; Tian, W.; He, H.P.; Ye, Z.Z.; Gu, X.Q.; Schlom, D.G.; Pan, X.Q.H. Optical Properties of ZnO/Zn0.9Mg0.1O
Multiple Quantum Wells Grown on (111) Si Using Buffer Assisted Pulsed-Laser Deposition. J. Appl. Phys. 2010, 107, 033102.
[CrossRef]

41. Zhu, J.; Kuznetsov, A.Y.; Han, M.-S.; Park, Y.-S.; Ahn, H.-K.; Ju, J.-W.; Lee, I.-H. Structural and Optical Properties of
ZnO/Mg0.1Zn0.9O Multiple Quantum Wells Grown on ZnO Substrates. Appl. Phys. Lett. 2007, 90, 211909. [CrossRef]

42. Chen, H.R.; Tsai, C.Y.; Huang, Y.C.; Kuo, C.C.; Hsu, H.C.; Hsieh, W.F. Optical Properties of One- and Two-Dimensional Excitons
in m -Plane ZnO/MgZnO Multiple Quantum Wells. J. Phys. D Appl. Phys. 2016, 49, 095105. [CrossRef]

43. Mohammed Ali, M.J.; Chauveau, J.M.; Bretagnon, T. Anisotropic Optical Properties of a Homoepitaxial (Zn,Mg)O/ZnO Quantum
Well Grown on a-plane ZnO Substrate. Phys. Status Solidi c 2016, 13, 598–601. [CrossRef]

44. Chauveau, J.-M.; Laügt, M.; Venneguès, P.; Teisseire, M.; Lo, B.; Deparis, C.; Morhain, C.; Vinter, B. Non-Polar a -Plane
ZnMgO/ZnO Quantum Wells Grown by Molecular Beam Epitaxy. Semicond. Sci. Technol. 2008, 23, 035005. [CrossRef]

45. Chauveau, J.-M.; Teisseire, M.; Kim-Chauveau, H.; Deparis, C.; Morhain, C.; Vinter, B. Benefits of Homoepitaxy on the Properties
of Nonpolar (Zn,Mg)O/ZnO Quantum Wells on a-Plane ZnO Substrates. Appl. Phys. Lett. 2010, 97, 081903. [CrossRef]

46. Meng, B.; Hinkov, B.; Biavan, N.M.L.; Hoang, H.T.; Lefebvre, D.; Hugues, M.; Stark, D.; Franckié, M.; Torres-Pardo, A.; Tamayo-
Arriola, J.; et al. Terahertz Intersubband Electroluminescence from Nonpolar M-Plane ZnO Quantum Cascade Structures. ACS
Photonics 2021, 8, 343–349. [CrossRef]

47. Le Biavan, N.; Hugues, M.; Montes Bajo, M.; Tamayo-Arriola, J.; Jollivet, A.; Lefebvre, D.; Cordier, Y.; Vinter, B.; Julien, F.-H.;
Hierro, A.; et al. Homoepitaxy of Non-Polar ZnO/(Zn,Mg)O Multi-Quantum Wells: From a Precise Growth Control to the
Observation of Intersubband Transitions. Appl. Phys. Lett. 2017, 111, 231903. [CrossRef]

48. Sirkeli, V.P.; Vatavu, S.A.; Yilmazoglu, O.; Preu, S.; Hartnagel, H.L. Negative Differential Resistance in ZnO-Based Resonant
Tunneling Diodes. In Proceedings of the 2019 44th International Conference on Infrared, Millimeter, and Terahertz Waves
(IRMMW-THz), Paris, France, 1–6 September 2019; pp. 1–2.

49. Liu, D. Theoretical Calculations of THz Intersubband Absorption in Step Quantum Well Structures Based on MgZnO/ZnO
Materials at 77 K. Opt. Quantum Electron. 2023, 55, 1038. [CrossRef]

50. Janotti, A.; Van de Walle, C.G. Fundamentals of Zinc Oxide as a Semiconductor. Rep. Prog. Phys. 2009, 72, 126501. [CrossRef]
51. Ekenberg, U. Enhancement of Nonparabolicity Effects in a Quantum Well. Phys. Rev. B 1987, 36, 6152–6155. [CrossRef] [PubMed]
52. Sirtori, C.; Capasso, F.; Faist, J.; Scandolo, S. Nonparabolicity and a Sum Rule Associated with Bound-to-Bound and Bound-to-

Continuum Intersubband Transitions in Quantum Wells. Phys. Rev. B 1994, 50, 8663–8674. [CrossRef]
53. Chang, L.L.; Esaki, L.; Tsu, R. Resonant Tunneling in Semiconductor Double Barriers. Appl. Phys. Lett. 1974, 24, 593–595.

[CrossRef]
54. Mizuta, H.; Tanoue, T. The Physics and Applications of Resonant Tunnelling Diodes; Cambridge University Press: Cambridge, UK,

1995; ISBN 9780521432184.
55. Sakr, S.; Warde, E.; Tchernycheva, M.; Julien, F.H. Ballistic Transport in GaN/AlGaN Resonant Tunneling Diodes. J. Appl. Phys.

2011, 109, 023717. [CrossRef]

https://doi.org/10.1021/acsphotonics.1c01767
https://doi.org/10.1016/j.ijleo.2017.12.107
https://doi.org/10.1063/1.4863665
https://doi.org/10.1007/s11082-020-2210-4
https://doi.org/10.1063/1.2825401
https://doi.org/10.1103/RevModPhys.54.437
https://doi.org/10.1103/PhysRevB.90.035305
https://doi.org/10.1063/5.0144705
https://doi.org/10.1364/OE.410014
https://www.ncbi.nlm.nih.gov/pubmed/33379440
https://doi.org/10.1088/1367-2630/ac5b41
https://doi.org/10.1016/j.coche.2013.11.002
https://doi.org/10.1039/c1ee01873f
https://doi.org/10.1016/j.sse.2012.05.005
https://doi.org/10.1063/1.4994659
https://doi.org/10.1063/1.3266171
https://doi.org/10.1063/1.2742574
https://doi.org/10.1088/0022-3727/49/9/095105
https://doi.org/10.1002/pssc.201510238
https://doi.org/10.1088/0268-1242/23/3/035005
https://doi.org/10.1063/1.3481078
https://doi.org/10.1021/acsphotonics.0c01641
https://doi.org/10.1063/1.5003146
https://doi.org/10.1007/s11082-023-05247-0
https://doi.org/10.1088/0034-4885/72/12/126501
https://doi.org/10.1103/PhysRevB.36.6152
https://www.ncbi.nlm.nih.gov/pubmed/9942303
https://doi.org/10.1103/PhysRevB.50.8663
https://doi.org/10.1063/1.1655067
https://doi.org/10.1063/1.3533975


Materials 2024, 17, 927 16 of 16

56. Indjin, M.; Griffiths, J. Coherent Electron Quantum Transport in In0.53Ga0.47As/GaA0.51Sb0.49 Double Barrier Resonant
Tunnelling Structures. Opt. Quantum Electron. 2020, 52, 265. [CrossRef]

57. Blakemore, J.S. Semiconducting and Other Major Properties of Gallium Arsenide. J. Appl. Phys. 1982, 53, R123–R181. [CrossRef]
58. Montes Bajo, M.; Chauveau, J.-M.; Vasanelli, A.; Delteil, A.; Todorov, Y.; Sirtori, C.; Hierro, A. Perspectives and Opportunities

with Multisubband Plasmonics. J. Appl. Phys. 2023, 134, 010901. [CrossRef]
59. Ribeiro, S.; Vasanelli, A.; Todorov, Y.; Sirtori, C. Quantum Theory of Multisubband Plasmon– Phonon Coupling. Photonics 2020, 7,

19. [CrossRef]
60. Le Biavan, N. Toward a Zinc Oxide Based Quantum Cascade Laser, COMUE Université Côte d’Azur (2015–2019). 2019. Available

online: https://theses.hal.science/tel-02736475 (accessed on 26 January 2024).
61. Meng, B.; Tamayo-Arriola, J.; Le Biavan, N.; Montes Bajo, M.; Torres-Pardo, A.; Hugues, M.; Lefebvre, D.; Hierro, A.; Chauveau,

J.M.; Faist, J. Observation of Intersubband Absorption in ZnO Coupled Quantum Wells. Phys. Rev. Appl. 2019, 12, 054007.
[CrossRef]
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