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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 sig-
nificantly 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 current-density - voltage characteristics of non-polar m-plane
Zn0O/ZnMgO double-barrier resonant tunnelling diodes (RTDs). Both MQWs and RTDs are con-
sidered here as two building blocks of a QCL. We show how doping, Mg percentage and layer
thickness affect the absorption of MQWSs at room temperature. We confirm that in the high doping
concentrations regime, a full quantum treatment which includes the depolarization shift effect
must be considered, as it shifts mid-infrared absorption peak energy for several tens of meV. Fur-
thermore, we also focus on the performance of RTDs for various parameter changes and conclude
that, to maximize the peak-to-valley ratio (PVR), the optimal doping density of the analyzed
ZnO/ZnssMg120 double-barrier RTD should be around 108 cm™3, whilst the optimal barrier
thickness should be 1.3 nm with the Mg mole fraction of ~9%.
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1. Introduction

Copyright: © 2023 by the authors.  L1he demand for materials tailored to the mid-infrared (MIR) and terahertz (THz) spectral
Submitted for possible open access ~ range is on the rise, leading to a growing number of applications [1-5]. Within these
publication under the terms and  spectrum ranges, semiconductor materials [6-8], especially semiconductor heterostruc-
conditions of the Creative Commons  tures and superlattices (SL), present an intriguing avenue for exploring and regulating
Attribution  (CC BY)  license  carrier quantum transport and optical transitions in both radiation sources and detectors

(https://creativecommons.org/license  [9_17]. In materials science, a SL typically denotes a periodic arrangement of alternating
s/by/4.0/).
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materials. Following the recent progress in the near-infrared spectral range, semicon-
ductor SL structures hold promise for extending innovative capabilities into the MIR and
THz domains [18-23]. Additionally, modern epitaxial growth techniques used in creating
quantum-cascade lasers establish a highly competitive technology for the MIR and THz
range [24-26].

Furthermore, the study of linear and nonlinear optical properties in quantum hetero-
structures like SLs and quantum wells based on wide bandgap oxide semiconductors are
in focus 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 (ISBT) are typically collec-
tive effects that involve large electron densities of interacting particles and the most im-
portant manifestation of this collective character is that, in the presence of electromag-
netic 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 lack significant improvements within recent years and are still limited to
operation at low temperatures (~260K) [33]. They are fundamentally limited by elec-
tron-optical longitudinal optical (LO)-phonon resonance at around 36 meV in GaAs,
causing parasitic non-radiative depopulation of the upper laser level at room tempera-
ture. The 260 K record performance has been established due to a paradigm shift in de-
signing structures beyond LO-phonon resonance energy [34,35], however, the funda-
mental limit lies in nonradiative electron - LO-phonon scattering between the lasing lev-
els [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
(~72meV) [27]. ZnO with a hexagonal wurtzite structure is currently emerging as a
promising II-VI direct wide bandgap semiconductor for its use in photonic devices such
as LED, 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 conduction band offset and resistance to electric
breakdown are other relevant benefits [39-45]. Furthermore, prospective ZnO-based la-
sers 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
non-polar m-plane ZnO-based heterostructures [47] opens a perspective towards the
demonstration of ZnO-based unipolar structures capable of operation at elevated or even
room temperature.

Sizeable optical phonon energy in ZnO-based structures should facilitate the population
inversion for ISBTs with energy well below the optical phonon energy [47]. Despite sig-
nificant advances in the reproducibility and the stability of the p-doping of ZnO, it re-
mains 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, quantum cascade detectors or lasers
[47]. To master the fabrication of ZnO-based quantum cascade structures, a high-quality
epitaxial 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. Sir-
keli et al. report a numerical study of negative differential resistance in non-polar
m-plane ZnO/ZnMgO THz RTDs with double and triple quantum barriers [48]. They
show that by optimising the design structure of RTDs, the constituent layer material, its
width, and doping level, the mW-level output power of terahertz emission from these

44
45
46
47
48

49
50
51
52
53
54
55
56
57

58
59
60
61
62
63
64
65
66
67
68
69
70
71
72
73
74
75
76
77
78
79
80

81
82
83
84
85
86
87
88
89
90
91
92
93
94



Materials 2023, 16, x FOR PEER REVIEW 3 of 19

devices could be achieved at room temperature [48]. Liu et al. investigated THz inter- 95
subband absorption in step quantum well structures based on ZnO/ZnMgO materials at 96
77 K [49]. Recently Meng et al, have demonstrated the first intersubband electrolumi- 97
nescence from non-polar m-plane ZnO QC structures [37]. 98

In this paper, we numerically investigate the different combinations of ZnO/ZnMgO 99
multi-quantum well and resonant-tunnelling structures to analyse the sensitivity of the 100
position and magnitude of intersubband absorption peak and the tunnelling current 101
peak-to-valley ratio on monolayer-scale layer structure, Mg composition fluctuation, and 102

doping density variation. 103
2. Methods 104
We start from the one-dimensional envelope function effective-mass Schrodinger equa- 105
tion: 106

107

R*d 1 dyi(2)
T dim dz T Uers(2)Y(2) = E(2), 1) 108
109
Where 1;(z) is the envelope wave function, E is the eigenvalue of electron energy, 110
m” is the electron's effective mass, and U.s((z) is the total effective potential energy 111
given as: 112
113
Uesr(2) = Uc(2) —ep(z) + Uy (2) —eFz (2) 114
115
where U, is the conduction band edge of the heterostructure, F is the externally 116
applied electric field, and ¢(z) is electrostatic potential. U,. is the local ex- 117
change-correlation potential described in Appendix A. ZnO bandstructure indicates 118
very high neighbouring valleys as illustrated, for example, in [50] where the higher valley 119
minima would be ~1.5-2 eV above the G valley, thus we expect no or very small 120
band-mixing effects. Therefore, the use of a single-band envelope function effective-mass 121
model here is justified. 122
The total effective potential energy depends on the envelope functions in a semi- 123
conductor heterostructure, and the system of Schrodinger-Poisson equations needs to be 124

solved self-consistently. The electrostatic potential of the Poisson equation reads: 125
126
d*ep(z) e
a7z 5 @ @) (3) 127
128

where, as above, ¢(z) is the electrostatic potential, €(z) is the dielectric constant, 129
and Np(z) is the doping concentration. In a semiconductor MQW-based heterostructure 130
bound electron energies can, therefore, be calculated fully quantum mechanically, and 131

the electron density n(z) is given as: 132
133
n@) =) Nl @P, R
L

135
where Ng; is the sheet carrier density corresponding to the i-th electron bound 136
state defined as: 137
138

myikpT EF,:E;(O)
Ns,i = Wln 1+e ks . (5) 139

140
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In the above eq. Ep is the Fermi energy, E;(0) is the quasi-bound state energy for 141
zero transversal wave vector (k, = 0), kg is the Boltzmann constant, and T is the crystal 142

lattice absolute temperature. my; is the transversal mass defined as: 143
144
145
izf H(k =0);¢'(k =0)dz (6) 146
mti 1/)1 ( t m* (Z) i t .
147

In finite gap semiconductors, non-parabolicity is typically characterised by ener- 148
gy-dependent effective mass [51,52]. It is taken as a weak effect here as it must be suffi- 149
ciently close to the band edge with a finite gap. The material system that we consider in 150
this work has a wide energy gap, thus, the band nonparabolicity can be neglected. 151

In quantum heterostructures based on potential barriers like resonant tunnelling 152
structures, all electron energy levels belong to a continual spectrum, and the resonant 153
electron states can be quantified by tunnelling coefficient t(E). If the electric field (ter- 154
minal voltage) F is applied across the structure, the current density can be calculated 155
using the Esaki-Tsu formula [53]. This simplified approach assumes a coherent picture of 156
electron tunnelling, using the approximation that electron transport is not affected by any 157
phase-coherence-breaking scattering effects [54]. This carrier transport model has been 158
commonly used to characterise resonant tunnelling structures based on different material 159
systems [54-56]. Based on these assumptions, the current density in the tunnelling 160

structure can be calculated as follows: 161
(e Efp—E
ekgT . 1+ e ksl

= TR f m T(E)ll’l T Ep—E-evgp dE (7) 162
Ec 1+e kT

163

where for the reference level E, =0 conduction band minima can be used, 7(E) 164
is the transmission (tunnelling) coefficient, Er is the Fermi energy in the highly doped 165
emitter of resonant tunnelling structure, Vy is the potential drop across the structure 166
(such that Vi = F X lenght of resonant structure) and m”* is the effective mass in well 167
material. The Fermi energy Er is calculated here using Fermi-Dirac statistics in a highly 168
doped emitter/collector assuming that all donors are ionised, i.e. that electron concentra- 169
tion in the emitter/collector is n = N, [57]. The magnitude of the current density (ob- 170
tained from this coherent electron transport model) does not take into account other 171
contributing factors to the total current, such as the scattering current and the thermionic 172
current, thus only the relative trends in carrier transport and possible negative differen- 173
tial resistivity behaviour can be identified and predicted in a prospective experiment. We = 174

can also express the electron density in the resonant tunnelling structure as [54,56]: 175
176
kgT © 3 1 (EF—E)
n(z) = — f [Y(z, E)|> (m")2ZE"2In|1 +e k8T |dE + 177
22m2h3 YEc

kT [* 3 1 (EF—E—eVR)

3 J [W(z,E)|*(m*)2E2In[1+e kT |dE (8) 178
257'[2}'13 Ec—eVg

179
180

In a multi-quantum-well-based structure, the sub-barrier energy spectre, in a good 181
approximation, can be assumed as discrete. The energies and wave functions of the 182
bound states found from the Schrodinger-Poisson solver are further used to calculate 183
optical absorption A(wh) for the intersubband transitions. In the single-particle picture, 184
the absorption coefficient is [32]: 185

186

@20 (@) = C; ) fublNel (@ = wg), © 18
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Where C; is a constant, fx is the oscillator strength of the transition a and L(w — w,) 188

is a Lorentzian centred in the intersubband transition frequency w,. 189
190

In a situation when a single subband is occupied, a blue shift of the absorption peak 191

is observed (relative to the transition frequency), corresponding to the excitation of a 192
collective mode of the system called the intersubband plasmon [32]. In case when 193
confined levels in the QW are closely spaced together and more than one of them is 194
populated by electrons, several intersubband transitions occur simultaneously, resulting 195
in the optical spectrum which consists of a single resonance whose energy is entirely 19
different in comparison with the bare intersubband transitions. The resonance 197
corresponds to the excitation of a collective mode of the system, the multisubband 198
plasmon, resulting from the phase locking of all different intersubband transitions. 199
Multisubband plasmons have been the subject of intense research in the last decade [58] 200
and have proven to be an excellent platform for investigating the ultrastrong coupling of 201
light and matter excitations in an optical cavity. Multisubband plasmon can be imagined 202
as a charge density wave where the collective dipole oscillates along the growth direction 203
of the quantum well (z-axis), while the plasmon propagates in the quantum well plane 204

(x-y plane), with a characteristic in-plane wavevector [59]. 205
The absorption coefficient can be calculated by integrating all the current densities 206
associated with different multisubband plasmons (see Appendix B): 207
208
1]t 2
Capm@) = Cn ) || In(@)dz| Lw = W3) 209
n oo
- ¢, Z W.E, L(w — W,), (10) 210
n

211
where C,, is a constant, W,,F, is the effective oscillator strength for n-th multisubband 212
plasmon mode, and L is Lorentzian (or Gaussian) centred at the multisubband plasmon 213
frequency W,. Each effective oscillator strength results from the contribution of all the 214
optically active intersubband plasmons. They are weighted by different quantities asso- 215
ciated with individual transitions, such as dipole matrix elements or transition frequen- 216
cies. They also depend on the coupling between intersubband plasmons, which enters 217
through the eigenvectors of the matrix M. The coupling between intersubband plasmons 218
results in a redistribution of the absorption amplitude from the intersubband transitions 219
to the multisubband plasmon modes. The total absorption satisfies the conservation of 220

the total transition probability: 221
222

Z Wy |Zg|? AN, = Z W, E,. (11) 223

a n

224

where z, represents a dipole matrix element of the transition a. 225
226

3. Results and Discussion. 227
3.1. Multiple quantum well structure 228

In the first part of this section, we show results for ISBT optical absorption simulation in 229
the multiple QW structure analogues to the structure introduced in [46] which could 230
serve as a period of a QCL active region. The well material is ZnO, while the barrier 231
material is ZnssMg120. The structure was grown on a nonpolar m-plane ZnO substrate. 232
The appearance of cracks in an epitaxial layer grown on a mismatched substrate - as (Zn, 233
Mg)O on ZnO - can be predicted using the critical thickness criteria as in the reference 234
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[60]. The critical thickness is defined as the maximum thickness that can be grown before 235
the nucleation of the first crack in the layer. It turns out that for the THz cascade devices 236
samples (which have a low Mg content range), relaxation on the m-plane is not a problem 237
because the critical thickness for 15% of Mg is above 1 um, which allows the growth of 238
THz cascade devices made from m-plane ZnO and (Zn, Mg)O without defects. On the 239
other hand, the realization of QCL in the IR range using the m-plane is not possible 240
because the Mg content is higher and consequently the critical thickness is greatly 241
reduced. 242

The temperature of T=300 K, and the operating external electric field F = 73 f—:l were 243

set in all simulations. Figure 1 shows the conduction band diagram of the structure. The 244
effective mass in the well and barrier is taken as equal, and it reads m* = 0.28m,. The 245
effective masses of the QWs and the barriers were taken to be the same as that of ZnO 246
polaron mass as in [61], due to the strong interaction between electrons and phonons in 247
this highly ionic material. The assumption of equal effective masses in the well and 248
barrier does not introduce a significant error since the Mg content has been taken around 249
12% to lead to a conduction band offset of ~200meV. 250

Conduction band offset is calculated as AE, = 0.675AE, [61,62], where AE, is the 251
difference in band gap between the two semiconductors in the junction and is calculated 252
as 25 meV multiplied by % of Mg in the barrier. 253

400

254

Figure 1. Conduction-band diagram of ZnO/ZnssMg120 multiple QW structure in an applied elec- 255
tric field. The layer sequence of the structure in nanometers from the left to the right is 256
2.5/3.6/1.7/3.4/2.4/2.75/2.7/6.15/2.5, where the barriers are in bold, while regular characters are ZnO 257
wells. The centre (2.05 nm) of the 6.15nm well (underlined) is doped with Ga to N, = 258
3 x 10*® cm™3. Bound states and their corresponding wave functions squared are denoted with full ~ 259
red lines. The dashed black line shows the effective potential energy without the effect of the well 260
doping. 261

Figure 2 shows that the calculated absorption peak for moderate Ga doping values 262
(Np =3 %10 cm™3) is around 70 meV. The difference between the single and multi- 263
subband plasmon pictures is only a couple of meV. Comparatively, for the large values of 264
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Ga doping (N, =5 x 10'° cm™3), we notice that in a single plasmon picture, the absorp-
tion peak is around 100 meV while in multisubband plasmon picture, the peak is around
170 meV, which represents a significant difference showing that the effect of the depo-
larisation shift cannot be disregarded. The more we increase the doping, the more pro-
nounced the depolarisation shift becomes. This is also illustrated in Figure 3. in which the
energy corresponding to the absorption peak is plotted as a function of doping density.
The Inset of Figure 3. shows the dependence of the absorption coefficient on doping
density.
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Figure 2. Intersubband absorption spectra for differing values of the wide well doping in the
structure from Figure 1. The upper diagram shows the absorption spectra with depolarisation shift,
while the lower one shows the absorption spectra calculated in a single plasmon picture.
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Figure 3. Absorption peak energy as a function of the wide well doping density in the structure
given in Figure 1. The blue line denotes a single plasmon picture, while the red line shows the re-
sults of a full quantum treatment which is necessary for higher doping concentrations. Inset shows
the absorption coefficient peak magnitude change as a function of wide well doping.

In Figures 4. and 5. we show calculated absorption for the large doping concentration
Np =5x 10" cm™ accounting for the depolarisation field i.e. in the full multisubband
plasmon picture. The change in the conduction band offset (CBO) by sweeping the
percentage of Mg in the barrier layers from 10% to 14% with a 1% increment, results in
the shift in the absorption spectra shown in Figure 4. The absorption peak energy
redshifts as the Mg percentage in the barrier increases. The impact of the slight variations
of the width of the doped well by +2.5A steps on the absorption spectra is shown in Fig. 5.
Increasing the well width blue-shifts the absorption spectra.
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Figure 4. Absorption spectra for differing values of Mg composition in barrier layers. The doping 293
density of the wide well is set to 5 x 1019 ¢m™3, and a lattice temperature of T=300K is used in all 294
simulations. Inset shows the energy that corresponds to the absorption spectrum peak positionasa 295
function of Mg composition in barrier layers. As the percentage of Mg increases, the absorption 296

spectrum peak is red-shifted by approximately 5meV. 297
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Figure 5. Figure shows that an expansion of the well width red-shifts the absorption spectra. The 299
inset shows the absorption peak energy as a function of the change of the well width AW. 300
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3.2. Resonant tunnelling structures 301

In this subsection, we focus on the resonant tunnelling structures. In the first set of 302
calculations, we analyse a non-polar m-plane ZnO/ZnMgO double barrier resonant tun- 303
nelling structure in order to investigate the effect of layer thickness fluctuation and the 304
impact of doping density variation on the resonant tunnelling performance of the struc- 305
ture. The first analysed structure has a 6 nm thick ZnO quantum well surrounded by two 306
ZnssMg O barriers, each 2 nm thick. The layer thicknesses and Mg composition in barrier 307
layers have been chosen to mimic the resonant tunnelling (electron injection) part of the 308
prospective quantum-cascade structure. The double barrier structure was placed be- 309
tween the injector and collector ZnO layers and the external bias Vj in the range between 310
0 and 0.25V is applied to this short structure. The Ga doping of the injector/collector was 311
set to be N, = 3 x 108 cm™3. Self-consistent effective potential and corresponding elec- 312
tron concentration at lattice temperature of T=300K for three different biasing conditions 313
are shown in Fig. 6. It can be seen that the conduction-band edge at the centre of the 314
quantum well is bent upwards due to the increased electron population in the lowest 315
quasi-bound level at lower voltages as it is closer to the Fermi energy in the highly doped 316
emitter side. Thus, the larger electron concentration in the quantum well gives rise to a 317
stronger self-consistent field resulting in larger band bending. For the larger applied 318
voltages (for example Vp = 0.15V in Fig. 6) the curvature of self-consistent electron 319
concentration in the well region changed its shape as the effective potential in the well 320
region drops down i.e. second quasi-bound state in the well region accumulates electrons 321
and becomes relevant for the carrier tunnelling process. 322

323

H i — VR5= ov : :

g - |= V=015V
2 3el8 foe : &
Q - -
< 1.5e18
0 L : 1
0 5 10 15 20 25 30
z [nm]
324
Figure 6. Self-consistent potential and corresponding electron concentration for three different 325
biasing conditions. 326

In the second set of calculations, the emitter and collector region doping of the 327
m-plane ZnO-based double barrier resonant tunnelling structure is varied 328
from 107 cm™ to 5 x 108 cm™3. For all simulations, the lattice temperature was again 329
set to T=300 K. Figure 7. shows the current density-voltage characteristics of the structure 330
for three values of doping. The current density increases with the increasing doping level 331
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of the emitter and collector over the whole range of bias voltages. Figure 7. also shows 332
that for all investigated dopings current density-voltage curves have a region with nega- 333
tive differential resistance (NDR). 334

The peak-to-valley ratio is the ratio between the local maxima and the local minima 335
around the NDR points in RTD’s current-voltage (I-V) characteristic. Nominally, RTD can 336
have multiple resonances depending on the design of electron subband states, in practi- 337
cal cases, the most important is the first “hump” in I-V. Another important metric for 338
RTDs is also the dynamic range that mathematically is the difference between these cur- 339
rent values rather than their ratio. Depending on the application, the dynamic range may 340
be also a very important figure of merit for RTD's performance. From the insets in Figure 341
7. one can see that the current density peak-to-valley ratio (indicates the quality of peak 342
separation), a peak-to-valley difference of current density AJ at NDR, and voltage value 343
Vnor at the NDR region, depend on the doping level of emitter and collector. The PVRis 344
increased with increasing the doping level of the emitter and collector and has a maxi- 345
mum PVR of ~ 1.255 at the doping concentration of 10'® cm™3. Further increase of the 346
doping level of emitter and collector leads to the decrease of PVR, and at the doping 347
concentration above 5 x 10*® cm™3, the region with NDR feature has almost disap- 348
peared (PVR~1). From these results, it can be anticipated that an optimal n-type doping 349
level of the emitter and collector of this structure is around 108 cm™3. 350

As pointed out earlier, ZnO/ZnMgO material system has attracted much interest in 351
recent times even though the crystal growth of this system is technologically challenging. 352
Furthermore, layer thickness variation and interface roughness on the order of a fraction 353
of a monolayer is another issue that arises [63]. Structures based on resonant tunnelling 354
mechanisms like THz QCLs [46] require high quality and very precise growth of the layer 355
structures to provide efficient electron resonant tunnelling and a selective injection 356
transport process into the upper laser level. To analyse the impact of layer thickness 357
fluctuation in the ZnO/ZnssMg120 resonant tunnelling structure, we have performed one 358
more set of the current-density - voltage characteristics simulations in a reference dou- 359
ble-barrier resonant tunnelling structure with nominal barrier thickness of around 2 nm 360
and well thickness of 6 nm. This structure is similar and mimics the resonant injection 361
layers in the THz quantum-cascade structure of Ref [46]. The doping density value of 362
3 %10 cm™? in emitter and collector regions at a temperature of T=300 K are used in 363
simulations. As shown in Figure 8., monolayer fluctuation of ZnssMgi20 barrier thickness 364
Ws, despite its relatively low Mg composition, would produce an important impact on 365
the magnitude of the tunnelling current, PVR and current-density peak-to-valley differ- 366
ence, indicating itself as an important parameter in prospective ZnO/ZnMgO THz QCL 367
electron transport optimisation. The Inset of Figure 8. shows that an optimal value of 368
around 1.3 nm has been predicted for this particular resonant tunnelling structure. 369

370
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Figure 7. Current-density - voltage characteristics of non-polar m-plane ZnO/ZnssMgi20 resonant
tunnelling structures. The doping level of the emitter and collector on the current density varied in
the range from 107 cm™3 to 5 x 108 cm™3. The layer thickness barriers and quantum wells of
constituent epi-layers of the structure starting from the emitter in nm are 10/2/6/2/10 (thickness of
quantum barriers are marked in bold). 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 NDR; NDR voltage as a function of the emitter is shown in the lower panel inset.
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Figure 8. Current-density - voltage characteristics of non-polar m-plane ZnO/ZnssMgi20O dou-
ble-barrier resonant tunnelling structures. The thickness of barriers Ws have been exposed to
monolayer-scale fluctuation around a nominal value of 2 nm. The nominal layer thicknesses barri-
ers and quantum well of constituent epi-layers of the structure starting from the emitter in nm are
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10/1-3/6/1-3/10 (thickness of quantum barriers are marked in bold). Inset shows the current-density = 384
peak-to-valley (PVR) ratio (left-hand y-axis) and current-density peak-to-valley difference 385
(right-hand y-axis) at NDR; Doping density value in emitter/collector of 3 X 1018 cm™2 and lattice 386
temperature of T=300K is used in all simulations. 387

Finally, in order o to analyse the impact of Mg mole fraction variation in an RTD with 388
(previously obtained) optimised doping density of No=1x10'8 cm™3 and barrier thick- 389
ness of We=1.3 nm, we have performed the final set of the current-density-voltage char- 390
acteristics simulations. As shown in Figure 9., Mg variation in Zn1«MgxO barriers would, 391
again, produce a relevant impact on the magnitude of the tunnelling current, PVR and 392
current-density peak-to-valley difference, indicating itself as an additional important 393
parameter in prospective ZnO/ZnMgO THz QCL electron transport optimisation. The 394
inset of Figure 9. shows that the value of around x=9% would produce a maximised value 395

of the current-density peak-to-valley difference AJ in this particular structure. 39
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Figure 9. Current-density - voltage characteristics of non-polar m-plane ZnO/Zni-MgxO dou- 398
ble-barrier resonant tunnelling structures. The optimal doping density in emitter/collector of 399
1x1018 cm~3 and barrier thickness of 1.3 nm were chosen, i.e. the nominal layer thicknesses barri- 400
ers and quantum well of constituent epi-layers of the structure starting from the emitter in nm are 401
10/1.3/6/1.3/10 (thickness of quantum barriers is marked in bold). Inset shows the current-density 402
peak-to-valley (PVR) ratio (left-hand y-axis) and current-density peak-to-valley difference 403
(right-hand y-axis) at NDR; lattice temperature of T=300K is used in all simulations. 404

4. Conclusions 405

Experimental realisations of high electron-LO phonon resonance non-polar m-plane 406
ZnO/ZnMgO-based intersubband heterostructures demand a comprehensive, but still 407
simple theoretical model and analysis of the coherent tunnelling transport and inter- 408
subband optical absorption in these structures. We have modelled absorption in high- 409
ly-doped MQW structures that mimic a QCL active region and discussed the importance 410
of depolarization shift in ZnO/ZnMgO light absorbing/emitting ISBT structures. Fur- 411
thermore, we have modelled current-voltage characteristics and analysed electron den- 412
sity distribution as a function of the voltage applied to the double-barrier resonant tun- 413
nelling structure. Calculations show that tunnelling current PVR is very sensitive both to 414
small (monolayer) barrier thickness variation and to the percentage of Mg mole fraction 415
changes, as well as to injector/collector doping density. This information would be useful 416
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for optimising resonant tunnelling electron transport and injection efficiency in perspec- 417
tive structures like non-polar m-plane ZnO-based operating in the THz frequency range. 418
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Appendix A 439
Uy is the local exchange-correlation potential expressed as [64]: 440
441
1
Usc(2) ¢ m@) (9”>3 2 [1+0054 *l <1+11'4>] Al

Z) = ——/——5 — . 15 Lo , 442

xe 32m2h2 e*(2)2\ 4 ) mry 509 g (AD)
443
where €*(z) is the dielectric constant and 1" is the average distance between carri- 444
ers scaled by the effective Bohr radius: 445
446

i (A2)
s = —_, 447

s 4rn(z) a;,
. Ame*(2)h? A3

ag = —————, 448

B m* ( Z) e 2 ( )
449
Appendix B 450
The Hamiltonian describing the intersubband plasmon can be written as [32]: 451
452

~ ot L t T
Hpiasmon = hepaPa + 2 Za,p (pa + pa)(pﬁ + P/;), (B1) 453
a a+f
454
where p, is the destruction operator of the intersubband plasmons a, @, = 455
__ 2e2ANqwq

JwZ + w}, is the plasma-shifted transition frequency where wj, = — Sqa- The 456
0cs

coupling due to dipole-dipole Coulomb interaction is described by the coupling strength 457
Eap: 458
459

WpyW
Pa PP ¢ (B2) 460

Eap = —F—=—Cap
2,/ WpaWpp
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Sap

Cop = e,
VSaaSpp

where S,z is the characteristic length that depends on the overlap between micro-
currents, given as:

1 1
52t = (Zm)f 426, (2)65(2). (B4)

Diagonal terms S,, refer to the interaction between dipoles associated with the
same transition, while the S,z are the dipoles belonging to different transitions. In the
eq.(16) ¢,(2z) term is given by:

(B3)

0¢() ()aw(z)

$o(2) = fij(Z) = (B5)

The coupling between N intersubband plasmons leads to the multisubband plas-
mons due to Coulomb interaction. The new N frequency Wy can be calculated by diag-
onalizing the following 2N x 2N matrix [32]:

L Cqy Cin
m=|fz B G (B6)
(():11\1 Con v In1
M= [“’“ ] M= [:“'B ) (B7)
0 —Wgy :‘a,ﬁ —La,[g

Each new eigenmode of the system W, is associated with the excitation of a multi-
subband plasmon, described by the operators:

b= Z(anapa + bnap;): (B8)

where components of the eigenvectors V, = (apy, bpy, ) Qo buy)T  satisfy the
bosonic normalization condition:

D Uanel? = 1bnal®) = 1. (B9)

We can now write the Hamiltonian (52.1) using multisubband plasmons modes as:
leasmon = Z hWnPJPn- (B10)

The current density for n-th multisubband plasmon is written as:

fa(Z)\/
Jn2) = Z “ (@ng + bna) ™ (B1D)
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