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Polar Olmayan ZnO/BeMgZnO Kuantum Kuyularında Altbantlar Arası Geçişler: Fiziksel 

Boyut, Konsantrasyon ve Donör Seviyesinin Etkileri 

Hasan YILDIRIM1*, Raşit ÇAKIR2 

ÖZET: Polar ve semipolar yönlerde büyütülen BeMgZnO bariyer tabakaları üzerindeki ZnO kuyu 

katmanlarının polarizasyon özellikleri araştırıldı. Gevşemiş ve gerilmiş bariyer katmanların durumları 

göz önünde bulunduruldu. Arayüzlerdeki polarizasyon farkının, kuyu tabakası içinde 8 MV cm^(-1) 

büyüklüğünde yerleşik bir elektrik alanına yol açtığı bulundu. Polar olmayan ZnO/BeMgZnO kuantum 

kuyuları, altbantlar arası geçişler açısından incelendi. Hesaplamalar Be ve Mg konsantrasyonlarını 

sırasıyla 0.18 ve 0.5'e kadar kapsamaktadır. 50 ila 700 meV arasında değişen altbantlar arası geçiş 

(ISBT) enerjilerinin mümkün olduğu bulundu. Bariyer kalınlığının ISBT enerjileri üzerindeki etkisi 

incelendi. Sonuçlar, enerjilere kıyasla ISBT enerjilerinde önemsiz değişiklikler olduğunu 

göstermektedir. 

Anahtar Kelimeler: ZnO, BeMgZnO, altbantlar arası geçişler, kuantum kuyuları 

Intersubband Transitions in Nonpolar ZnO/BeMgZnO Quantum Wells: Effects of Physical 

Dimension, Concentration and Donor Level 

ABSTRACT: Polarizaton properties of ZnO well layers on BeMgZnO barrier layers grown in polar and 

semipolar orientations have been investigated. Cases of relaxed and strained barrier layers are 

considered. It is found that the polarizaton difference at the interfaces leads to a built-in electric field 

inside the well layer as much as 8 MV cm^(-1) in magnitude. Nonpolar ZnO/BeMgZnO quantum wells 

have been studied in terms of intersubband transitions. The calculations have covered Be and Mg 

concentrations up 0.18 and 0.5, respectively. It has been found that intersubband transition (ISBT) 

energies ranging from 50 to 700 meV are possible. The effect of barrier thickness on the ISBT energies 

has been studied. The results indicate insignificant changes in ISBT energies compared to the energies. 
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INTRODUCTION 

ZnO is a wideband gap material with a band gap of 3.3 eV. Low dimensional structures of ZnO, 

together with its several alloys, such as ZnCdO, ZnMgO, and ZnBeO, have been studied (Ryu et al., 

2006; Sadofev et al., 2007; Lange et al., 2011; Park et al., 2014; Pearton and Ren, 2014; Shtepliuk et al., 

2015; Zhao et al., 2015; Orphal et al., 2017; Zúñiga-Pérez, 2017; Özgür et al., 2018; Liu et al., 2019; 

Sirkeli and Hartnagel, 2019; Yildirim, 2019; Pietrzyk et al., 2020; Park, 2020; Hong and Park, 2021; 

Meng et al., 2021; Yıldırım, 2021; Zhang, et al., 2022). It has been shown that ZnCdO/ZnO quantum 

wells are capable of emitting in the visible spectral range (Sadofev et al., 2007; Lange et al., 2011; 

Zúñiga-Pérez, 2017; Pietrzyk et al., 2020). Recent calculations on the intersubband transitions (ISBTs) 

in the ZnCdO/ZnO quantum wells show that these quantum wells yield in principle ISBT energies in 

THz and MIR ranges (Yildirim, 2019; Yıldırım, 2021). ZnO/ZnMgO quantum wells with a conduction 

band offset up to 0.7 eV offer ISBT energies reaching to the NIR region (Orphal et al., 2017). Recently, 

for instance, non-polar ZnO/ZnMgO quantum wells have been reported to have a THz 

electroluminescence (around 8.5 THz) based on intersubband transitions for the first time (Meng et al., 

2021). Alloying ZnO with Be extends its band gap to the UV range (Ryu et al., 2006). In fact, an 

ultraviolet light emitting diode based on a BeZnO/ZnO active layer was fabricated (Ryu et al., 2006). 

However, the binary materials BeO, CdO, and MgO have restricted solubility in ZnO, either 

because of having a different stable phase, like the rocksalt phase in the case of CdO and MgO, or having 

a much different covalent radius, like in the case of BeO (Toporkov et al., 2016; Zúñiga-Pérez, 2017; 

Zhang, et al., 2022). These parameters lead to a phase segregation in the ternary compounds of CdO, 

BeO and MgO with ZnO (Toporkov et al., 2016; Zúñiga-Pérez, 2017; Zhang, et al., 2022). To overcome 

such issues, a quaternary alloy BeMgZnO has been suggested (Toporkov et al., 2014; Toporkov et al., 

2016). Achievement of fabrication of Schottky barriers on BeMgZnO/ZnO heterostructures with a high 

crystalline quality and a high two dimensional electron gas has been reported recently (Ullah et al., 2017; 

Ding et al., 2018). 

To the best of our knowledge, studies on the optical and electronic properties of ZnO/BexMgyZn1-

x-yO quantum wells are lacking in the literature. We believe that a thorough calculation of the polarization 

and the strain properties of the ZnO/ BexMgyZn1-x-yO quantum wells and the determination of the 

possible energy ranges due to the transitions of the electrons within the conduction band will contribute 

to the area of the applications of the ZnO-based heterostuctures.We begin with the polarization 

properties of ZnO well layers on BexMgyZn1-x-yO barrier layers as a function of 𝑥 and 𝑦. We consider 

two cases: the case of relaxed BexMgyZn1-x-yO layers and the case of strained BexMgyZn1-x-yO layers. 

Then, we discuss the built-in electric field inside the ZnO/BexMgyZn1-x-yO quantum wells oriented in 

polar and semipolar axes for both cases. Finally, we present the results of our calculations on the ISBT 

energies of the nonpolar ZnO/BexMgyZn1-x-yO quantum wells in the cases I and II. Our calculation 

includes the many-body effects and the effects of the changes in the Be and Mg concentrations, the 

physical dimension of the structure and the doping level. 

MATERIALS AND METHODS 

Polarization properties of polar and semipolar quantum wells 

A wurtzite ZnO/BexMgyZn1-x-yO quantum well can be formed basically by squeezing the ZnO well 

layer between two BexMgyZn1-x-yO layers. A square well potential is established along the structure due 

to the special alignment of the band gaps of the constituting materials. But, these wurtzite materials 

possess spontaneous and piezoelectric polarization properties and the difference between the total 
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polarization of each material at the interfaces of the structure creates a built-in electric field along it 

(Zúñiga-Pérez, 2017; Zhang, et al., 2022). Therefore, the square potential energy profile of the quantum 

well is distorted and bent. Wurtzite ZnO/BexMgyZn1-x-yO quantum wells yield such bent potential energy 

profiles when they are grown along the polar or semipolar axis. 

The piezoelectric polarization inside a well or barrier layer mainly depends on the strain present 

in it. We will consider two cases in this work: I) a thick BeMgZnO barrier layer relaxed on a substrate 

and II) a thin BeMgZnO barrier layer strained on a substrate. We do not deal with specifically a lattice-

matching condition between the ZnO substrate and the BeMgZnO barrier layer. Therefore, the barrier 

layers in general will be strained. The case I models a quantum well with barriers assumed to be thick 

enough to be relaxed and strain-free. The case II models a quantum well with barriers assumed thin to 

include the strain. The first case yields only a spontaneous polarization inside the BeMgZnO barrier 

layer but it allows a piezoelectric and a spontaneous polarization inside the ZnO well layer. The second 

case yields both polarization types inside the barrier layer but it allows only a spontaneous polarization 

inside the well layer. Energy considerations limit the thickness of a layer to be grown pseudomorphically 

on a substrate (Harrison and Valavanis, 2016). There is a critical thickness for the layer above which it 

will have defects and imperfections. The critical thickness of a BexMgyZn1-x-yO layer on a substrate will 

mainly depend on the concentrations of its alloys.  We will assume that the BexMgyZn1-x-yO barrier layer 

is grown on a ZnO substrate.  A simple formula to calculate the critical thickness 𝐿𝑐 of a layer with a 

lattice constant 𝑎0 grown on a substrate with a lattice constant 𝑎𝑠 is given by (Holec et al., 2007; Shein 

et al., 2007; Harrison and Valavanis, 2016) 

𝐿𝑐 =
𝑎0

√2𝜋𝑓

1−𝑣 4⁄

1+𝑣
[ln (

√2𝐿𝑐

𝑎0
) + 1]                    (1) 

where 𝑣 is the Poisson ratio and 𝑓 is the misfit between the substrate and the layer and it is given 

by 

𝑓 = |
𝑎𝑠−𝑎0

𝑎0
|                      (2) 

 
Figure.1. Critical thickness values of a BexMgyZn1-x-yO layer strained on a ZnO substrate as a function of the Be and Mg 

concentrations 

Figure.1 depicts the critical thickness values as a function of both 𝑥 and 𝑦. The material parameters 

used in the calculation are listed in Table 1. Those of the quaternary alloy, BexMgyZn1-x-yO, except for 

the lattice constants 𝑎0, 𝑐0 and the band gap 𝐸𝑔, are calculated by applying an expression which uses a 

linear combination of the binary material parameters. A nonlinear expression (Toporkov et al., 2016) as 
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given in Equation    (2) is applied to each of 𝑎0, 𝑐0 and 𝐸𝑔. The bowing parameters of these quantities 

are listed in Table 2. According to Figure.1, the 𝐿𝑐 values go up as the Mg concentration of the quaternary 

alloy increases. This is reasonable as the binary MgO has a lattice constant very close to that of the 

binary ZnO. However, the 𝐿𝑐 values quickly drop with the increasing Be concentration: 𝐿𝑐 reaches to 

the values as low as ≈ 65 Å around 𝑥 = 0.19. So, we can say that the large difference between the lattice 

constants of the binaries BeO and ZnO may not allow thick BeMgZnO layers to be grown 

pseudomorphically on a ZnO substrate. 

Table 1. Material parameters of the binary compounds that are used in the calculations 

Parameter 

(Unit) 
Meaning BeO  MgO ZnO Ref(s). 

𝒂𝟎 (Å)  Lattice constant 2.72 3.32 3.3 (Toporkov et al., 2016) 

𝒂𝒄𝒕 (𝐞𝐕)  Deformation potential 2.165 3.98 2.165 (Yan et al., 2012; Wagner et al., 2013) 

𝒂𝒄𝒛 (𝐞𝐕)  Deformation potential 1.705 0.975 1.705 (Yan et al., 2012; Wagner et al., 2013) 

𝒄𝟎 (Å)  Lattice constant 4.393 5.056 5.285 (Toporkov et al., 2016) 

𝑪𝟏𝟏 (𝐆𝐏𝐚)  Elastic constant 461 205 209.7 
(Özgür et al., 2005; Duman et al., 2009; Jang and 

Chichibu, 2012) 

𝑪𝟏𝟐 (𝐆𝐏𝐚)  Elastic constant 126 80 121.1 
(Özgür et al., 2005; Duman et al., 2009; Jang and 

Chichibu, 2012) 

𝑪𝟏𝟑 (𝐆𝐏𝐚)  Elastic constant 88 88 105.1 
(Özgür et al., 2005; Duman et al., 2009; Jang and 

Chichibu, 2012) 

𝑪𝟑𝟑 (𝐆𝐏𝐚)  Elastic constant 491 222 210.9 
(Özgür et al., 2005; Duman et al., 2009; Jang and 

Chichibu, 2012) 

𝑪𝟒𝟒 (𝐆𝐏𝐚)  Elastic constant 147 58 42.47 
(Özgür et al., 2005; Duman et al., 2009; Jang and 

Chichibu, 2012) 

𝒆𝟏𝟓 (𝐂 𝐦−𝟐)  Piezoelectric constant -0.174 -0.36 -0.37 
(Özgür et al., 2005; Duan et al., 2008; Jang and 

Chichibu, 2012) 

𝒆𝟑𝟏 (𝐂 𝐦−𝟐)  Piezoelectric constant -0.317 -0.78 -0.62 
(Özgür et al., 2005; Duan et al., 2008; Jang and 

Chichibu, 2012) 

𝒆𝟑𝟑 (𝐂 𝐦−𝟐)  Piezoelectric constant 0.56 0.14 0.96 
(Özgür et al., 2005; Duan et al., 2008; Jang and 

Chichibu, 2012) 

𝝐∞,𝒛  Dielectric constant 3 3.02 3.78 
(Özgür et al., 2005; Duman et al., 2009; Schleife et 

al.,2009) 

𝝐𝒔,𝒛  Dielectric constant 7.73 9.87 8.91 
(Özgür et al., 2005; Duman et al., 2009; Schleife et 

al.,2009) 

𝑬𝒈 (𝐞𝐕)  Band gap 10.2 5.87 3.43 (Toporkov et al., 2016) 

𝒎𝒛
∗  Effective mass 0.58 0.42 0.25 

(Xu and Ching, 1993; Schleife et al., 2009; Jang and 

Chichibu, 2012)  

𝑷𝑺𝑷 (𝐂 𝐦−𝟐)  Spontaneous polarization -0.045 -0.08 -0.053 (Ullah, 2017; Jang and Chichibu, 2012) 

Table 2. The bowing parameters of the lattice constants and the energy band gap 

Bowing parameter 𝒂𝟎 (Å)   𝒄𝟎 (Å)   𝑬𝒈 (𝐞𝐕) 

𝒃𝑩𝒆𝒁𝒏𝑶  -0.043 -0.043 6.94 

𝒃𝑴𝒈𝒁𝒏𝑶  0.061 -0.172 0.277 

𝒃𝒙𝒚  -0.14 0.427 -2.79 

We have calculated the polarization properties of the well and barrier layers for a ZnO/BexMgyZn1-

x-yO quantum well in the cases I and II. We consider the polar and semipolar growths for the well. The 

expressions for the piezoelectric polarization 𝑃𝑃𝑍 and the spontaneous polarization 𝑃𝑆𝑃 written for the 

polar and semipolar axes are taken from Refs. (Romanov et al., 2006; Grundmann and Zúñiga-Pérez, 

2015; Yıldırım, 2021). Figure.2 (a) and (b) depict the total polarization inside the ZnO well layer of the 

quantum well for the polar and semipolar orientations, respectively, in the case I. The barrier layer is 

relaxed so its polarization property is governed by its spontaneous polarization. However, the well layer 

admits both the piezoelectric and spontaneous polarizations as it is strained. According to the panel (a), 

𝑃𝑇,𝑊 values go up and finally become positive as the Be concentration increases. That means the 

introduced piezoelectric polarization inside the well layer is positive as the 𝑃𝑆𝑃 of ZnO the layer is 
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−0.053 C m−2. This is expected because the compressive strain inside the ZnO layer becomes larger as 

the the Be concentration increases and that leads to a positive piezoelectric polarization inside the layer. 

Note that the 𝑃𝑇,𝑊 values are less sensitive to the changes in the Mg concentration. In the case of the 

semipolar growth, 𝑃𝑇,𝑊 is totally negative for all values of 𝑥 and 𝑦 as shown in the panel (b). That means 

𝑃𝑃𝑍 becomes negative with this choice of the growth axis. Besides, its change with the Mg concentration 

is noticeable: it goes down with the increasing 𝑦 values. 

 
Figure.2. The total polarization in a ZnO layer strained on a relaxed BexMgyZn1-x-yO layer as a function the Mg 

concentration, 𝑦: (a) when the growth axis is the polar axis and (b) the semipolar axis. The total polarization in a 

BexMgyZn1-x-yO layer strained on a ZnO substrate as a function the Mg concentration, 𝑦:  (c) when the growth axis is the 

polar axis and (d) the semipolar axis. The solid, dashed, dashed-dotted, and dotted lines stand for 𝑥 = 0, 0.06, 0.12, and 

0.18, respectively, in all panels 

The panels (c) and (d) of Figure.2 present the results for the polar and semipolar orientations, 

respectively, in the case II. The barrier layer is under a tensile strain but the well layer is strain free. That 

causes a negative piezoelectric polarization inside the barrier layer and makes 𝑃𝑃𝑍 increase in the 

negative direction. Therefore 𝑃𝑇,𝐵 goes down as 𝑥 increases. On the other hand, the semipolar growth 

reverses this trend and  𝑃𝑇,𝐵 goes up as 𝑥 increases. The increasing Mg concentration reduces the total 

polarization inside the barrier layer in both orientations. 

The built-in electric field (Harrison and Valavanis, 2016) 𝐹𝑏𝑖 inside a well layer of a polar quantum 

well is proportional to the polarization difference at the interfaces of the structure. Therefore, the 

polarization difference at the interface of the ZnO and BexMgyZn1-x-yO layers has been calculated and 

the results are plotted in Figure.3. The panels (a) and (b) show the results for the polar and semipolar 

orientations, respectively, in the case I. Note that the BexMgyZn1-x-yO layer possesses only a spontaneous 

polarization as it is assumed to be relaxed over the substrate. Δ𝑃 in the case of the polar growth is positive 

and it becomes larger as 𝑥 increases because of the negative polarization of the BexMgyZn1-x-yO layer. 

On the contrary, Δ𝑃 in the case of the semipolar growth changes sign with the decreasing Be 

concentration. According to the panel (b), it is possible that there is a zero polarization difference around  

𝑥 = 0 for all 𝑦. The panels (c) and (d) show the results for the polar and semipolar orientations, 

respectively, in the case II. Δ𝑃 in the case of the polar growth is positive for all 𝑥 and 𝑦. This is because 
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𝑃𝑇,𝐵 is more negative than 𝑃𝑇,𝑊. While Δ𝑃 is still negative nearly for all 𝑥 and 𝑦 for the semipolar 

growth, it becomes almost zero for 𝑥 = 0. 

 
Figure.3. The polarization difference between those of a relaxed BexMgyZn1-x-yO barrier layer and a ZnO well layer 

strained on it as a function the Mg concentration, 𝑦: (a) when the growth axis is the polar axis and (b) the semipolar axis. 

The polarization difference between those of a ZnO well layer and BexMgyZn1-x-yO barrier layer strained on a ZnO 

substrate as a function the Mg concentration, 𝑦:  (c) when the growth axis is the polar axis and (d) the semipolar axis. The 

solid, dashed, dashed-dotted, and dotted lines stand for 𝑥 = 0, 0.06, 0.12, and 0.18, respectively, in all panels 

Built-in electric field inside polar and semipolar quantum wells 

We have calculated the built-in electric field (Harrison and Valavanis, 2016), 𝐹𝑏𝑖, inside the well 

layer of a 30 − Å ZnO/BexMgyZn1-x-yO quantum well oriented in polar and semipolar axes. Figure.4 

shows the results as a function of 𝑦 for several chosen values of 𝑥. The panels (a) and (b) are for the 

quantum wells oriented in the polar and semipolar axes, respectively, in the case I.  𝐹𝑏𝑖 for the polar 

quantum wells becomes large in magnitude with the increasing Be concentration in accordance with the 

panel (a) of Figure.3. The magnitude of 𝐹𝑏𝑖 exceeds 8 MV cm−1. The quantum wells oriented in the 

semipolar axis has  𝐹𝑏𝑖 values in magnitude nearly a quarter of those shown in the panel (b). Particularly, 

the values become positive, in other words, 𝐹𝑏𝑖 changes direction in the semipolar orientation. Indeed 

this is a consequence of the sign reversal of the polarization difference at the well-barrier interface as 

shown in the panel (b) of Figure.3. Note that 𝐹𝑏𝑖 becomes almost zero for 𝑥 = 0 as shown by the blue 

solid line in the panel. The field values are less sensitive to the changes in the Mg concentration for both 

orientations. The results of the calculations carried out for the case II are depicted in the panels (a) and 

(b) for the polar and semipolar orientations, respectively. The case II, that is the case of thin barrier 

layers strained on the substrate, leads to the 𝐹𝑏𝑖 values reduced in magnitude for both orientations. The 

main reason behind this is the decreasing barrier width (Harrison and Valavanis, 2016). A consequence 

of making the barriers thinner is that the built-in electric field inside the barrier layer increases in 

magnitude. 
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Figure.4. The built-in electric field inside the well layer of a 30 − Å ZnO/BexMgyZn1-x-yO quantum well in the case of the 

relaxed barrier layer: (a) when the growth axis is the polar axis and (b) the semipolar axis. The built-in electric field inside 

the well layer of a 30 − Å ZnO/BexMgyZn1-x-yO quantum well in the case of the strained barrier layer:  (c) when the growth 

axis is the polar axis and (d) the semipolar axis. The solid, dashed, dashed-dotted, and dotted lines stand for 𝑥 = 0, 0.06, 

0.12, and 0.18, respectively, in all panels 

Nonpolar quantum wells 

The bending of the potential energy profile by the built-in electric field inside the wurtzite quantum 

well structures introduces undesired results regarding their optical and electrical properties (Feezell et 

al., 2013; Monavarian et al., 2018; Yıldırım, 2021). The arising triangular potential energy profile around 

the well region may cause an ISBT energy for the conduction band electrons persistent around a value 

despite the increasing well width. The distortion of the wave functions by the field reduces their overlaps 

and therefore yields a smaller oscillator strength (Feezell et al., 2013; Monavarian et al., 2018; Yıldırım, 

2021). To eliminate these effects, quantum well structures grown in a nonpolar orientation have been 

suggested (Meng et al., 2019). 

While such a growth removes the built-in electric field, the layers in the structure can be strained. 

Therefore, it is necessary to discuss the amount of the strain in the layers in this orientation.  The lattice 

constant of the binary BeO is much less than those of the binaries MgO and ZnO. Therefore, a 

compressive strain is expected inside a ZnO well layer when it is grown on a relaxed BexMgyZn1-x-yO 

barrier layer (that is, the case I). Figure.5 depicts the nonzero components of the strain tensor 𝜖𝑥𝑥, 𝜖𝑦𝑦 

and 𝜖𝑧𝑧 inside the ZnO well layer as a function of the Be and Mg concentrations when the structure has 

a nonpolar growth. The calculated in-plane strains are negative and they grow in magnitude especially 

as 𝑥 becomes larger. The  𝜖𝑦𝑦 values are generally greater in magnitude than the 𝜖𝑥𝑥 values. 𝜖𝑦𝑦 reaches 

to the values as large as 5% in magnitude. However, the out-of plane component, 𝜖𝑧𝑧, is positive but it 

also goes up as both concentration values increase. It is around 4% at maximum. The calculated strain 

values are greater than in magnitude those inside nonpolar ZnCdO/ZnO quantum wells (Yıldırım, 2021). 
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Figure.5. Strain components as a function of the concentrations, 𝑥 and 𝑦, in a ZnO well layer grown on a relaxed 

BexMgyZn1-x-yO barrier layer in nonpolar orientation  

 
Figure.6. Strain components as a function of the concentrations, 𝑥 and 𝑦, in a BexMgyZn1-x-yO barrier layer strained on a 

ZnO substrate in nonpolar orientation 

The ZnO well layers do not have any strain in the case II. However, the thin BeMgZnO barrier 

layers are strained on the ZnO substrate. The results of the calculations of the strain inside the barrier 

layers in this case are plotted in Figure.6 as a function of the Be and Mg concentrations. The strain 

components have opposite signs compared to those shown in Figure.5. As for their magnitudes,  the in-

plane strains are comparable but the out-of plane component, 𝜖𝑧𝑧, is smaller. Consequences of the 

calculated strains in both cases, that is the cases I and II, for the energy band gap and therefore the 

conduction band off set are taken into account, when the ISBT energies in the nonpolar quantum wells 

of ZnO/BeMgZnO are computed. 

The ISBT energies of the conduction band electrons in the nonpolar ZnO/BexMgyZn1-x-yO quantum 

wells are calculated by applying the effective mass and envelope function approximations. Within these 

approximations (Harrison and Valavanis, 2016), the Hamiltonian of an electron can be expressed as: 

𝐻 = −
ℏ2

2

𝜕

𝜕𝑧

1

𝑚∗(𝑧)

𝜕

𝜕𝑧
+ 𝑉(𝑧) + 𝑉𝑠(𝑧) − 𝑒𝜑(𝑧) + 𝑉𝑥𝑐(𝑧)    (1)  
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where 𝑉(𝑧) is the conduction band offset, which is given by 67.5% of the difference between the 

band gaps of the well and barrier layers (Meng et al., 2019), 𝜑(𝑧) is the electrostatic potential due to the 

free and bound charges, 𝑉𝑠(𝑧) is the strain-induced shift in the conduction band edge (Harrison and 

Valavanis, 2016), and 𝑉𝑥𝑐 is the exchange-correlation energy (Helm, 1999). 

There are few works on the band gap of the quaternary compound (Toporkov et al., 2016; Zhao et 

al., 2018)), BeMgZnO. According to DFT calculations given in Ref. (Toporkov et al., 2016), the band 

gap and lattice constants of the quaternary alloy non-linearly depend on the concentrations of its binary 

alloys. That is, the band gap, 𝐸𝑔 and the lattice constants, 𝑎0 and 𝑐0,  of the quaternary compound 

BexMgyZn1-x-yO are formulated as (Toporkov et al., 2016). 

𝐴(𝐵𝑒𝑥𝑀𝑔𝑦𝑍𝑛1−𝑥−𝑦𝑂)

= 𝑥𝐴(𝐵𝑒𝑂) + 𝑦𝐴(𝑀𝑔𝑂) + (1 − 𝑥 − 𝑦)𝐴(𝑍𝑛𝑂) − 𝑏𝐵𝑒𝑍𝑛𝑂𝑥(1 − 𝑥)

− 𝑏𝑀𝑔𝑍𝑛𝑂𝑦(1 − 𝑦) − 𝑏𝑥𝑦𝑥𝑦 

   (2)  

where 𝐴 is either of the quantities, 𝑏𝐵𝑒𝑍𝑛𝑂, 𝑏𝑀𝑔𝑍𝑛𝑂 and 𝑏𝑥𝑦 are the bowing parameters for the 

related quantity. Equation    (2) is in good agreement with the outcomes of the experimental studies on 

the MBE grown quaternary BeMgZnO thin films up to 𝑥 = 0.19 and 𝑦 = 0.52 (Toporkov et al., 2016).  

The bowing parameters are listed in Table 2. 

The strain-induced shift in the conduction band edge is calculated through the following 

expression (Harrison and Valavanis, 2016): 

𝑉𝑠(𝑧) = (𝜖𝑥𝑥 + 𝜖𝑦𝑦)𝑎𝑐𝑡 + 𝜖𝑧𝑧𝑎𝑐𝑧    (3)  

where 𝑎𝑐𝑡 and 𝑎𝑐𝑧 are the conduction band deformation potentials in the directions perpendicular 

and parallel to the growth axis, respectively. 

The electrostatic potential is computed through the Poisson equation: 

𝑑

𝑑𝑧
𝜖0𝜖(𝑧)

𝑑

𝑑𝑧
𝜑(𝑧) = 𝑒[𝑛(𝑧) − 𝑁𝐷

+(𝑧)]    (4)  

where 𝜖 is the static dielectric constant, 𝑛(𝑧) and 𝑁𝐷
+ are the electron and ionized donor densities, 

respectively (Gunna et al., 2007). 

The intersubband absorption spectrum of the quantum well is influenced by the many-body effects,  

such that a peak in the spectrum does not occur at the bare ISBT energy 𝐸𝑖𝑗, where 𝑖 and 𝑗 stand for the 

subband index, but it shifts to an energy given by (Gunna et al., 2007): 

𝐸̃𝑖𝑗 = 𝐸𝑖𝑗√1 + 𝛼𝑖𝑗 − 𝛽𝑖𝑗    (5) 

where 𝑖 > 𝑗. The quantities 𝛼𝑖𝑗 and 𝛽𝑖𝑗 are known as the the depolarization and excitonic shift 

parameters (Gunna et al., 2007), respectively. These parameters can be computed through the 

expressions given by (Gunna et al., 2007): 

𝛼𝑖𝑗 =
2𝑒2Δ𝑛𝑠

𝜖0𝜖𝑠𝐸𝑖𝑗
∫ 𝑑𝑧 [∫ 𝑑𝑧′𝜙𝑖(𝑧′)𝜙𝑗(𝑧′)

𝑧

−∞

]

2∞

−∞

    (6)  

and 

𝛽𝑖𝑗 =
2Δ𝑛𝑠

𝐸𝑖𝑗
∫ 𝑑𝑧|𝜙𝑖(𝑧)|2|𝜙𝑗(𝑧)|

2 𝜕𝑉𝑥𝑐[𝑛(𝑧)]

𝜕𝑛(𝑧)

∞

−∞

    (7)  

where Δ𝑛𝑠 represents the areal electron concentration difference between the corresponding 

energy states, and 𝜙𝑖(𝑧) is the wave function of the 𝑖th subband. 
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Equations    (1) and    (4) are self-consistently solved by using an iterative method based on a 

predictor-corrector approach (Gunna et al., 2007) following their discretization through finite 

differences. 

RESULTS AND DISCUSSION 

We have calculated the potential energy profile of a nonpolar 30 − Å ZnO/Be0.18Mg0.25Zn0.57O 

quantum well, uniformly doped to 1 × 1025 𝑚−3, in the cases I and II. Figure.7 (a) depicts the potential 

energy profile in the case I. The squared wave functions of the ground and the first excited states are 

also plotted in the same graph.  Since the well layer is narrow, the quantum well admits only two bound 

states. The ISBT energy between them is 317 meV, but it becomes 319 meV following the addition of 

the many-body effects. The panel (b) of the same figure presents the plot of the potential energy profile 

in the case II. The barrier is 70 Å in width. With the introduction of the much thinner barrier layer, ISBT 

energy between the subband states drop to 𝐸21 = 308 meV and 𝐸̃21 = 306 meV. That is, nearly a 10 

meV-change in the energies occurs. However, one important consequence of the making the barrier layer 

thinner is that a set of quasibound states (not shown) are introduced to the regions before the left barrier 

and after the right barrier. 

Figure.8 depicts the ISBT energies between the subbands in nonpolar ZnO/BexMg0.75Zn0.75-xO 

quantum wells, uniformly doped to 1 × 1025 𝑚−3, as a function of the well width 𝐿𝑊 in the case I. The 

lowest three subbands are considered: the panel (a) shows the transition energies between the ground 

and the first excited states, while the panel (b) shows those between the first and second excited states. 

Three different values of the Be concentration are applied: 0.045, 0.09 and 0.18. The solid lines stand 

for the energies when the depolarization and the excitonic shift parameters are included into the 

calculations. The contribution of the parameters becomes important as the quantum well becomes wider. 

These parameters provide less than 10% fractional change when 𝐿𝑊 ≤ 40 Å for 𝐸21 and when 

𝐿𝑊 ≤  70 Å for 𝐸32. It is obvious that these parameters will contribute more if the doping level increases. 

In terms of wavelength, the calculated transition energies are between around 3.1 and 24.8 𝜇𝑚 for 𝐸21 

and between around 4.13 and 13.8 𝜇𝑚 for 𝐸32, in other words; they fall into the mid-infrared region of 

the light. 

 
Figure.7.  The potential energy profile of a nonpolar 25 − Å ZnO/Be0.18Mg0.25Zn0.57O quantum well together with the 

squared wave functions of its ground and first excited subbands: (a) The case of the relaxed barrier layer and  (b) the case 

of the strained barrier layer. The squared wave functions are positioned at their respective subband energies. The well 

region is assumed to be uniformly doped to 1 × 1025 𝑚−3 
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Figure.8.  Intersubband transition energies between the ground and the first two excited states in nonpolar 

ZnO/BexMg0.25Zn0.75-xO quantum wells as a function of the well width, 𝐿𝑊. The barrier layer is relaxed. Solid lines indicate 

the transition energies following the addition of the depolarization and excitonic shift parameters 

The band gap of the nonpolar ZnO/BexMgyZn1-x-yO quantum well depends on the Mg 

concentration as well as the Be concentration. Figure.9 displays the ISBT energies between the subbands 

of the quantum well in the case I. Three different values of the Mg concentration (0.125, 0.25 and 0.5) 

are considered while 𝑥 is kept fixed at 0.18. The solid lines stand for the transition energies when the 

depolarization and excitonic shift parameters are included into the calculations. The narrow quantum 

wells, such that 𝐿𝑊 ≤ 40 Å, do not admit a first excited state at low 𝑦 values. As the 𝑦 value increases, 

the 𝐸21 intersubband transition energy goes up to 700 meV. The contribution of the many-body effects 

to the ISBT energies becomes less important as the wells become narrow as in the previous calculations, 

shown in Figure.6. The available ISBT energies lie between nearly 1.77 and 24.8 𝜇𝑚 in terms of 

wavelength, or they fall into far- and mid-infrared regions of the light.  

 
Figure.9.  Intersubband transition energies between the ground and the first two excited states in nonpolar 

ZnO/Be0.18MgyZn0.82-yO quantum wells as a function of the well width, 𝐿𝑊. The barrier layer is relaxed. Solid lines indicate 

the transition energies following the addition of the depolarization and excitonic shift parameters 
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Figure.10. Intersubband transition energies between the ground and the first two excited states in nonpolar ZnO/ 

Be0.18Mg0.25Zn0.57O quantum wells as a function of the doping level of the well layer, 𝑛3𝐷. The barrier layer is relaxed. 

Solid lines indicate the transition energies following the addition of the depolarization and excitonic shift parameters   

The doping level inside the well layer has an obvious effect on the transition energies. To see the 

extent of the effect, the calculated ISBT energies are plotted against the doping level in Figure.10 for 

three different values of the well width in the case I: 25, 50, and 75 Å. As in the previous plots, the solid 

lines indicate those energies including the depolarization and the excitonic shift parameters. The ISBT 

energies, 𝐸21 and 𝐸32, change very little (a few meV) with the increasing doping level. However, the 

modified ISBT energies, 𝐸̃21 and 𝐸̃32,   deeply depend on the doping level. It is clear that the parameters 

contribute to the transition energies much more in the case of a wide well. For instance,  the fractional 

changes in 𝐸21 are 23, 55, and 78% in the increasing order of the well width. These numbers for 𝐸32  

drop to 44 and 69%  for 𝐿𝑊 = 50 and 75 Å. 

 
Figure.11. Intersubband transition energies between the ground and the first two excited states in nonpolar 

ZnO/Be0.18Mg0.25Zn0.57O quantum wells as a function of the well width, 𝐿𝑊. The barrier layer is strained on a ZnO 

substrate. Red lines indicate calculations for the same quantum well with relaxed barrier. 𝐿𝐵 is for the thickness of the 

barrier layer. Solid lines indicate the transition energies following the addition of the depolarization and excitonic shift 

parameters   
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Figure.11 depicts the ISBT energies ZnO/Be0.18Mg0.25Zn0.57O quantum wells against 𝐿𝑊  for 

several values of the barrier width, 𝐿𝐵, in the case II. Figure.11 also includes the result of the ZnO/ 

Be0.18Mg0.25Zn0.57O quantum wells of the case I shown by red lines for comparison. 𝐿𝐵 has three different 

values: 30, 50, and 70 Å. The ISBT energies do not change appreciably for the thinner barriers. However, 

the wave functions belonging to the subbands higher than the ground state start to penetrate to the barrier 

and even further as the barrier becomes thinner. 

The present calculations indicate in principle that nonpolar ZnO/BeMgZnO quantum wells may 

have a contribution to the area of the optoelectronic devices based on ISBTs and working in the far- and 

mid-infrared regions, together with other ZnO-based heterostructures. However, it should be mentioned 

that both experimental and theoretical works on BeMgZnO quantum wells, oriented in polar, semipolar 

or nonpolar axis, are lacking. Hence the results in the current work need a comparison with experimental 

outcomes and further theoretical calculations and thus a confirmation. 

CONCLUSION 

We have calculated the polarization properties of ZnO well and BexMgyZn1-x-yO barrier layers in 

their polar and semipolar quantum wells up to 𝑥 = 0.19 and 𝑦 = 0.52. The intersubband transition 

(ISBT) energies of the electrons within the conduction band of the nonpolar quantum wells have been 

mainly aimed in the current study. The Schrödinger and Poisson equations for the ZnO/BexMgyZn1-x-yO 

quantum well structures have been solved self-consistently by using an iterative method based on a 

predictor corrector approach. It has been shown that polar and semipolar ZnO/BeMgZnO quantum wells 

suffer from strong built-in electric field inside the well layer because of the polarization components of 

the layers. The field values can be greater than 8 MV/cm in magnitude. Applying thinner barrier layers 

reduces the built-in electric field inside the well layer by one order of magnitude, but makes the built-in 

electric field inside the barrier layer greater in magnitude. On the other hand, the nonpolar 

ZnO/BeMgZnO quantum wells do not have built-in electric field and admit square potential energy 

profiles. They allow ISBT energies in the far- and mid-infrared regions. The critical thickness 

considerations of the BeMgZnO barrier layer on a ZnO substrate yields thickness values as low as 65 Å. 

While such thin BeMgZnO barrier layers provide similar ISBT energies, they create quasibound states 

outside the well layer.  We believe that the results of the present study will be helpful to researchers in 

designing possible quantum optoelectronic devices of nonpolar ZnO/BeMgZnO quantum wells based 

on the ISBTs and working in the far- and mid-infrared regions. 
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