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Abstract

ZnO based heterostructures have recently received increased research attention, related
to the development of room temperature THz/MiR semiconductor devices. The potential
for these applications stems from the combination of wide direct bandgap and high exci-
ton binding energy. In this work, we focus on the intersubband transition between bound
states in the conduction band, and apply self-consistent numerical modelling to a system
of Schrodinger—Poisson equations to evaluate the electronics structure of coupled semicon-
ductor quantum wells. We subsequently analyse the fractional optical absorption at room
temperature, as it varies with layers’ thicknesses, doping density and external electric field
magnitude.
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1 Introduction

The study of optical transitions between bound states in the conduction band of semicon-
ductor-based quantum well structures is crucial for the design of devices such as resonant
tunnelling diodes, infrared detectors, quantum cascade lasers, etc. (Faist 2013; Isi¢ et al.
2007; Jirauschek and Kubis 2014; Vukovic et al. 2020). By using advanced methods for
precise electronic structure modelling, combined with sophisticated optimization tools
(Radovanovi¢ et al. 2021, 2007, 2006), the energy of these transitions can be adjusted to
provide a wide range of detection/emission values attractive for applications (Vukovic et al.
2016a, 2016b, 2017), both in the near and middle infrared (Dubaji¢ et al. 2018; Gajic et al.
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2021; Vukovic et al. 2014), and in the terahertz range (Bellotti and Paiella 2010). Quan-
tum cascade detectors consisting of identical periods of QW structures have attracted much
attention due to their potential applications for near- or mid-infrared spectroscopy, astro-
nomical observations, commercial and military technology (He et al. 2017; Liu 2022; Liu
et al. 2018; Tkach et al. 2015). The terahertz region spans from 1 to 10 THz, corresponding
to wavelengths between 300 pm and 30 pm, and is often associated with the term "terahertz
gap", implying the shortage of devices for emission/detection of radiation in this region
that are commercially available (Kohler et al. 2002). The most common semiconductor for
the realization of THz QCLs, GaAs, yields a well-known problem of insufficiently high
operating temperature due to large non-radiative losses (Bellotti and Paiella 2010; Lee
and Wanke 2007). In order to overcome this obstacle and expand the range of operating
conditions of existing devices, assessment of new combinations of semiconductor materi-
als, together with meticulous modelling of intersubband transition related properties, is of
utmost importance (Vukovi¢ et al. 2022).Wide energy gap semiconductors represent a new
field of research that includes the synthesis of different materials and their combinations,
testing their physical properties, realization of devices and their subsequent applications in
electronics, optoelectronics, and quantum electronics (Higashiwaki et al. 2021). Compared
to silicon and III-V compounds, the development of these materials and corresponding
devices is at a very early stage. Interest in wide bandgap semiconductors was previously
directed at II-VI materials and AlGaN/GaN systems (Gmachl et al. 2000a, 2000b; Rado-
vanovic et al. 2003; Suzuki and lizuka 1997). However, II-VI compounds are based on
complex quaternary alloys, while the standard c-GaN has strong internal polarization fields
which hampers the design possibilities and synthesis of such structures (Shirazi-HD et al.
2016). In non-polar GaN, there are no internal fields (Radosavljevi¢ et al. 2015, 2014),
but the growth is very demanding, and the size of the wafer is limited, which is unfavour-
able for the realization of devices. It is important to note that experimental realizations in
the field of new materials are traditionally preceded by theoretical estimations. The role
of such efforts is to predict the properties and to assess the potential of materials and their
heterostructures, starting from the calculations of the electronic structure, the influence of
dopants and the like.

In this contribution we numerically investigate a structure based on asymmetric quan-
tum wells, realized from oxide materials with a large energy gap i.e., ZnO/ZnMgO het-
erostructures. These structures are promising candidates for the realization of terahertz
emitters for room temperature operation, owing to favourable parameter values and higher
resonant energy of longitudinal optical phonons compared to GaAs. Zinc oxide (ZnO) has
a direct and wide energy gap (3.37 eV) and higher LO phonon energy (0.72 meV) (Meng
et al. 2019), which makes it suitable for the development of new emitters and detectors in
the terahertz region of the spectrum (Lee and Wanke 2007; Mang et al. 1995). ZnMgO
is an excellent material for electron transporting because its bandgap can be continually
tuned from about 3.3 eV to 7.8 eV (Cao et al. 2021), and its lattice constant is close to that
of ZnO (Chen et al. 2021; Li et al. 2010). ZnO/ZnMgO devices can lase in the UV range
(0.370-0.380 pm) and simulations show that ZnO semiconductors can be used as an alter-
native for GaN material system (Kaminska et al. 2016). Furthermore, a quantum cascade
laser for the THz range, realized from the semiconductor alloys of this material, shows
promise of running at room temperature (Sirkeli and Hartnagel 2019). This type of laser
utilizes multiple quantum well (MQW) structures for the active region. While MQW struc-
tures have been grown on various substrates that include sapphire, GaN, Si, etc. (Fujita
et al. 2006; Gruber et al. 2004; Park and Ahn 2005; Riane et al. 2017; Zhang et al. 2007),
achievement of high-quality ZnO/ZnMgO MQW structures has been limited by the use of
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lattice-mismatched substrates (Zhu et al. 2007). Intersubband transitions have only recently
been researched and observed in ZnO/ZnMgO structures (Dakhlaoui and Nefzi 2018; He
et al. 2017; Meng et al. 2019; Ohtani et al. 2009; Solovyeyv et al. 2015; Solovyev and Kuku-
shkin 2019; Sun and Zhang 2008; Zhao et al. 2014; Zhu et al. 2013). Liu has theoretically
analysed intersubband optical absorptions in triple ZnO/ZnMgO quantum wells at 70 K
temperature with barrier doping (Liu 2022).

Here a Schrodinger—Poisson (SP) system of equations is solved self consistently (Datta
2005) for an asymmetric double quantum well (ADQW) that consists of a wide uniformly
doped well and a narrow undoped well, separated by a thin barrier. The optical absorption
in that system is calculated, and the effects of the doping density are analysed as well as the
effect the barrier thickness has on the absorption peaks. Finally the influence of an external
electric field applied to the structure along the growth direction is examined. This work is
organized as follows: Sect. 2 describes the model, Sect. 3 discusses the results of numerical
simulations for the ADQW, and Sect. 4 concludes the paper with a brief closing summary.

2 Theoretical model

The one-dimensional Schrodinger equation which governs the wave functions of bound
states reads:

nd 1 dy(

2 dzm*(z) dz

+ V(@w(2) = Ey(2), (D

where y(z) is the envelope wave function, E is the eigenvalue of energy, m* is the effec-
tive mass, V(z) is the total effective potential. The shooting method (Harrison and Vala-
vanis 2016) is used to solve the Schrodinger equation for the potential V(z) and acquire
the energy eigenvalues E, corresponding to the wave functions y;(z). The effective mass is
here assumed to be constant within the heterostructure. In finite gap semiconductors non-
parabolicity is characterized by energy and/or temperature dependent mass and is taken as
a weak effect as it must be sufficiently close to the band edge with a finite gap (Chen et al.
2013; Vukovi€ et al. 2014). The material system that we consider in this work has wide
energy gap thus the band non-parabolicity can be neglected.
The one-dimensional Poisson’s equation reads:

d*¢(2) __r@
dz2 )’

@

where @(z) is the electrostatic potential, £(z) is the dielectric constant and p(z) is the charge
density. If assumed that the dopants are fully ionized, the charge density can be written as:

p(2) = (N3 (@) — N, (2) + p(2) — n(@)), 3)

where ¢ is the electron charge, N;" is the density of ionized donors, N is the density of
ionized acceptors, p(z) is the density of holes and n(z) is the density of electrons. By solv-
ing the Eq. (2) the value of ¢(z) is obtained, which is further used to generate the potential
energy V(z) as:

V(Z) = _q(P(Z) - qFZ + AEC(Z) + ch’ (4)
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where AE, represents the potential energy discontinuity due to the band offset at the heter-
ointerface, F is the externally applied electric field and V. is the local exchange correlation
potential expressed as (Liu 2022):

4

1
q m*(9ﬂ)5 2
V=g M (97m)s 2
@)=~ e\ 7

1+ 0.054rjzog<1 + M)] (5)
s

In the above expression the £* is the dielectric constant (assumed the same across the
layers) and rj is the parameter which represents an average distance between carriers
scaled by the effective Bohr radius (Ando et al. 2003):

w31 ;
s Vdan@) ay’ ©)
where a = = dzeh h ——— is the effective Bohr radius. Potential energy calculated from Eq. (4) is

then used in Eq. (1). Equations (1) and (2) are then solved self-consistently as in (Datta
2005; Gos 2011). After obtaining the electronic structure, the next step is the evaluation of
the intersubband absorption between the relevant energy levels.

The probability for the electron in the initial state i, with the corresponding wave
function ¥, and energy E;, to transition to the final state f with a corresponding wave
function ¥, and energy E; (E; > E,) is given by (Harrison and Valavanis 2016):

W,.fzz—”|

§(E; — E; — ho), ™)

where A is the photon energy that has been absorbed. Both the initial and the final state
belong to the same (conduction) band. Given that the absorption and the emission occur
simultaneously in the structure, in order to calculate the effective absorption coefficient,
the difference between these two processes must be observed within the entire subband, so
Eq. (7) becomes (Vukovi¢ et al. 2022):

=2 3 58 [ oo K. ) (1 = o (547 52) N
oo B (), Ex) (1 =i (B (%), E¢)))3 (E, — E, - o),

where the first term in the sum represents the probability that the i-th state is filled and f-th
state is unoccupied, while the second term represents the probability that the f-th state is

occupied and i-th state is empty. Here k, = 4 /k% + k)% corresponds to the transverse wave
vector perpendicular to the growth direction of the layers.

The absorption coefficient of EM radiation passing through a structure is determined
as:

wifha)

Qi = T, 9

where V is the volume of the structure, and / is the intensity of the EM radiation. By insert-
ing Eq. (8) into Eq. (9) after summing up over the initial and the final subband, the final
expression for fractional absorption reads (Harrison and Valavanis 2016):
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Fon
l:f =

A |d,f|2L(hw, hay) (N, = Ny, (10)

EoN,C
where L(ha), hwo) is the Lorenzian with the width equal to I, which is taken as 10% of the
energy between relevant energy levels, n, is the refractive index, c is the speed of light, N;
and N are sheet carrier densities i.e. the number of electrons per unit of cross-section area
for the initial and final subband respectively and dj; is the transition dipole matrix element.

3 Results and discussion

In this section the numerical results of the SP solver (Gos 2011; NEVOU 2022) for
Zn0/Zny;Mg, ;0 ADQW structure are presented, where the quantum well (QW) mate-
rial is ZnO. Quantum wells are 7,,,, = 2.5nm and #,,,, = 1.5nm wide and the wider QW is
uniformly dopped with Ga of concentration N; =~ 5 x 10! cm™ as in (Meng et al. 2019)
in order to populate the ground energy level. The effective mass in the well and barrier is
taken as equal, and it reads m* = 0.28m,,. The barrier material is Znjy, Mg, ;0 alloy with
varying thickness between ¢, = 0.5 nm and ¢, = 1.5 nm. Conduction band offset is calcu-
lated as AE, = O.675AEg which is~506 meV as in (Meng et al. 2019).

Throughout the numerical simulations, the temperature is set to T=300 K. Figure 1
shows the conduction band diagram of ADQW (a) without external electric field and (b)
in external electric field F applied along the growth direction. The thickness of the barrier
between the two wells is #, = 0.5 nm, while the barriers surrounding the structure are 5 nm
thick. Note that the ground and the second bound states are located within the wider well
(#4w1)» While the first bound state is confined within the narrower well (z,,,,).

Notice in Fig. 2 that the A, absorption peak decreases while the A, peak increases
with the rise in barrier thickness between the two QWs. Absorption peak A, has the high-
est value of 6,8% for the smallest barrier length t, =0.5 nm. As the barrier becomes thicker,
we see that besides the domination of Ay, there is also its redshift by 30 meV, while the A,
peak position is almost unaffected. As the barrier thickness increases from 0.5 to 1.5 nm,
the coupling between the two QWs decreases. Given that the envelope wavefunctions are
confined in QWs, increasing the distance between the wells decreases the wavefunction
overlap, thus decreasing the absorption peaks. The distance between the two peaks also
depends on the energy differences EO1 and E12 and that depend on the coupling between
the QWs.

Figure 3 illustrates the changes in the absorption spectrum with different Ga concentra-
tions in the wider well (the left well in Fig. 1). Note that with the increased well doping,
the absorption peaks also increase, and the transition energy of A,; undergoes a blueshift.

The variation of the external electric field strength and its effect on the absorption
spectra is also taken into account. The values of the applied electric field are varied from
F=+25X 1075 to=-2.5X 107%. The results are shown in Fig. 4. The highest fractional

absorption is achieved for F = +2.5 x 10’V /m. Figure la, b demonstrate that the doping
of the wider well bends the potential to the opposite side in comparison to the effect of the
external field directed along the negative z-axis. The field thus compensates for the partial
curvature and the peak Ay, stays around 310 meV but gradually lowers from 2.3 to 1.9%.
For the positive values of the external field, the peak A, gradually blueshifts by 40 meV
and lowers to 6%. We note that the peaks A, and A, add up as we increase the field. In
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Fig.1 Conduction-band diagram and the first three wavefunctions for F=0 (a) and F = 1.5 X 107¥ (b).
Bound states and their corresponding wave functions are denoted with full red lines. The potential without
the effect of the wider well doping is demonstrated by the dashed black line. The bending of the potential
due to doping is shown with a full black line. The Fermi level lies between the first and the second bound
state denoted by a blue line
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Fig.2 Fractional absorption spectra for 3 different barrier thicknesses with the same doping density
N, = 5x 10" cm~3. From left to right the first major absorption peak corresponds to the transition between
the ground and the first bound state (A,;). The second peak corresponds to the transitions between the
ground and the second bound state (A,)
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Fig.3 Fractional absorption peaks for 3 different values of doping density N, for the fixed barrier width
t,=0.5 nm. The blue line is the same absorption spectrum as in Fig. 2, blue line
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Fig.4 Absorption spectra for different magnitudes of applied electric field for the fixed barrier width

#,=0.5 nm and fixed doping density N, ~ 5 x 10'* cm™. The electric field is varied between F = Oﬁ and
F=25% 107£ () and between F = —2.5 X 1075 and F = oﬁ (b)
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Fig. 4a let us focus on blue and yellow spectral lines that correspond to the same field
strengths that are shown in Fig. 1a, b for energy band diagram and wave functions. One
can see from Fig. 1 that the energy difference between the ground and first excited state
EO1 decreases with the applied electric field (+sign), while the energy difference E02 is
roughly the same in (a) and (b). This is reflected on Fig. 4a where the dominant absorp-
tion peak redshifts with applied electric field. Furthermore, externally applied electric field
additionally bends the potential which slightly increases the confinement of wavefunctions
or the wavefunction overlap (although not visible on Fig. 1) that results in change in the
dominant absorption peak.

4 Summary

In this work we have numerically investigated fractional absorption for ADQW structure.
We have solved self-consistently the SP system for a promising new semiconductor mate-
rial, obtained the electron eigen energies, wave functions and carrier distributions, and cal-
culated fractional absorption for the intersubband transitions. Absorption spectra for dif-
ferent barrier thicknesses, doping concentrations and different magnitudes of an external
electric field have been considered. The barrier thickness is shown to change which absorp-
tion peak is dominant, while the doping densities affect the maxima of the absorption in
the same direction. As demonstrated, fractional absorption can also be modified by apply-
ing an external electric field. Our future work will be directed towards considering more
complex QW structures, with the final goal of optimizing an active region of a quantum
cascade laser.
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