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Polarization Effects on Intersubband Absorption in GaN/ZnGeN2 Quantum Wells 

Raşit ÇAKIR1* 

ABSTRACT: The effects of spontaneous and piezoelectric polarizations on the intersubband absorption in the 

GaN/ZnGeN2 quantum well are studied. Schrödinger and Poisson equations are solved self-consistently. The first 

order linear and third order nonlinear absorption coefficients of the intersubband transitions originating from 

ground and first excited states are calculated. We have presented the results relative to polarization, doping level 

and well length. The polarization causes the absorption peak to be reduced and shifted to higher energies, and the 

nonlinear absorption to become weaker, but this effect is slightly reversed with doping. The effect of polarization 

or doping increases with well length, but they are observed after 26 Å. 
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INTRODUCTION  

The Zn-IV-N2 compounds, with the group-IV element Si, Ge, and Sn, have become of interest in 

recent years. They have potential benefits for photovoltaic applications (Punya and Lambrecht, 2013; 

Jaroenjittichai et al., 2017), and show promising results for optoelectronic applications (Punya et al., 

2011). Their piezoelectric coefficients are comparable in magnitude to those in III-N materials (Paudel 

and Lambrecht, 2009; Paudel and Lambrecht, 2017), but they have more complex phonon structures 

(Paudel and Lambrecht, 2008; Paudel and Lambrecht, 2013). The ZnGeN2 syntheses have been studied 

by several groups (Zhu et al., 1999; Du et al., 2008; Martinez et al., 2017; Häusler et al., 2017; Tellekamp 

et al., 2020). The electronic and elastic properties of ZnGeN2 are similar to those of GaN (Chandra and 

Kumar, 1999). The calculations using the local density approximation and a GW correction by (Punya 

and Lambrecht, 2013; Jaroenjittichai et al., 2017) shows that the conduction band minimum of  ZnGeN2 

is 1 eV higher than that of GaN, even though  the hybrid density  functional  theory by (Adamski et al., 

2020) shows different band alignment properties. The recent studies on the GaN/ZnGeN2 quantum well 

have shown positive results. The donor binding energies of the GaN/ZnGeN2 quantum well is studied 

by (Yıldırım, 2017). The scattering rate calculations by (Han et al., 2017) shows that the coupled 

quantum well structure of GaN/ZnGeN2 is promising for the intersubband transitions in the near-IR. The 

GaN/ZnGeN2 quantum multiwells can take high value of absorption coefficient (Laidouci et al., 2018). 

Intersubband transitions in quantum wells, that is, the transitions between the states within the 

conduction band, have been the subject of extensive research, and are used in several devices such as 

infrared detectors, quantum cascade lasers and nonlinear waveguides for optical switching (Hofstetter et 

al., 2003; Hamazaki et al., 2004; Sun et al., 2005). The GaN/ZnGeN2 quantum wells have large 

conduction band discontinuities, and can show intersubband transitions at short wavelengths. On the 

other hand, these materials have spontaneous and piezoelectric polarizations, which result in large 

interface charge densities, and the built-in electric filed can affect the intersubband transitions (Gunna 

et al., 2007).  

To understand electronic and optical characteristics, a study on the electron states and the optical 

absorption is necessary.  Various studies show that large optical nonlinearities as compared to the bulk 

material can be obtained because of the quantum confinement effects (Goldys EM and Shi JJ, 1998; 

Yılmaz S and Şahin M, 2010; Mora-Ramos ME et al., 2012). The purpose of this paper is to give such 

a description of intersubband optical absorption in the single GaN/ZnGeN2 quantum well having the 

built-in electric field. The effect of incident optical intensity upon the nonlinear optical properties is 

studied. We investigate the intersubband optical absorption in the presence of optical radiation at the 

angular frequency ω and with polarization vector along z direction. We focus on the first order linear 

and third order nonlinear absorption coefficients, which were derived by using the density matrix 

formalism and perturbation expansion method by Ahn and Chuang, 1987. To the best of our knowledge, 

there is no report on the nonlinear optical properties of such a quantum well structure. Therefore it would 

be useful to study the linear and nonlinear optical properties of this structure. 

We have studied the single GaN/ZnGeN2 quantum well with spontaneous and piezoelectric 

polarizations and doping in the well, and obtained energy eigenvalues and eigenfunctions, dipole matrix 

elements, and the linear and the third order nonlinear optical intersubband absorption coefficients. The 

Schrödinger equation and the Poisson equation are discretized by means of finite differences and they 

are solved self-consistently. We have presented the results relative to well length, doping level and 

polarization. 
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MATERIALS AND METHODS 

The Hamiltonian for the electrons inside the potential 𝑈(𝑧) within the effective mass and envelope 

function approximation is  

𝐻 = −
ℏ2

2𝑚∗ (
𝜕2

𝜕𝑥2
+

𝜕2

𝜕𝑦2
+

𝜕2

𝜕𝑧2) +  𝑈(𝑧) (1) 

where 𝑚∗ is the effective mass and 𝑧 is the growth direction. The potential term 

𝑈(𝑧) = Δ𝐸𝑐(𝑧) + 𝑈𝜖(𝑧) − 𝑒 𝑉𝐻(𝑧) (2) 

includes the conduction band offset 𝛥𝐸𝑐(𝑧), the strain induced contribution 𝑈𝜖(𝑧), and the Hartree 

potential 𝑉𝐻(𝑧), where 𝑒 = |𝑒| is the elementary charge. The energy eigenvalues 𝐸𝑛,𝑘 and eigenfunctions 

𝜓𝑛,𝑘 for this Hamiltonian are given as 

𝐸𝑛,𝑘 = 𝐸𝑛 +
ℏ2

2𝑚∗
|𝒌∥|

2
 (3) 

𝜓𝑛,𝑘(𝒓) = 𝜓𝑛(𝑧) exp(𝑖 𝒌∥ ⋅ 𝒓∥) (4) 

where 𝒌∥ and 𝒓∥ are the wave and position vectors in the 𝑥𝑦 plane, and 𝐸𝑛 is the energy and 𝜓𝑛(𝑧) is 

the wave function of the nth subband in the growth direction (Flügge, 1971).  

We solve numerically the Schrödinger equation 

𝐻𝑧𝜓𝑛(𝑧) = −
ℏ2

2

𝜕

𝜕𝑧

1

𝑚∗(𝑧)

𝜕

𝜕𝑧
𝜓𝑛(𝑧) +  𝑈(𝑧)𝜓𝑛(𝑧) = 𝐸𝑛𝜓𝑛(𝑧) (5) 

in the growth direction, where 𝐻𝑧 is the 𝑧 component of the Hamiltonian and 𝑚∗ = 𝑚∗(𝑧) is position 

dependent. Potential due to the strain is 

𝑈𝜖 =  2 𝜖1 ( 𝑎𝑐⊥ − 𝑎𝑐∥

𝐶13

𝐶33
) (6) 

where 𝜖1 is in-plane strain, 𝑎𝑐⊥ and 𝑎𝑐∥ are deformation potential constants, and 𝐶13 and 𝐶33 are elastic 

stiffness constants. The in-plane strain is 

𝜖1 =
𝑎0 −  𝑎𝑙

𝑎𝑙
 (7) 

where 𝑎0 and 𝑎1 are the lattice constants of the substrate and the material grown. 

To get the Hartree potential 𝑉𝐻(𝑧), we solve the Poisson equation 

𝜕

𝜕𝑧
𝜀(𝑧)

𝜕

𝜕𝑧
𝑉𝐻(𝑧) = −𝜌(𝑧) (8) 

where the permittivity 𝜀(𝑧) = 𝜀0𝜀𝑟(𝑧) depends on the position. The volume charge density 

𝜌(𝑧) =  𝑒 𝑁𝐷(𝑧)– 𝑒 𝑛(𝑧) + 𝜌𝑝𝑜𝑙(𝑧) (9) 

includes the doping density 𝑁𝐷(𝑧), the electron density 𝑛(𝑧), and the polarization volume density 

𝜌𝑝𝑜𝑙(𝑧). The electron density is obtained by 

𝑛(𝑧) = ∑
𝑘𝐵𝑇

𝜋ℏ2
𝑚∗(𝑧) ln [1 + exp (

𝐸𝐹 − 𝐸𝑛

𝑘𝐵𝑇
)]

𝑛

|𝜓𝑛(𝑧)|2 (10) 

where the wave functions 𝜓𝑛 are obtained from the Schrödinger equation, the summation is over the 

energy levels, 𝐸𝐹 is the Fermi energy, 𝑘𝐵 is the Boltzmann constant and 𝑇 is temperature. Polarization 

volume density is 

𝜌𝑝𝑜𝑙(𝑧) = −
𝜕𝑃

𝜕𝑧
 (11) 

where 𝑃(𝑧) = 𝑃𝑆𝑃(𝑧) + 𝑃𝑃𝑍(𝑧) is the total polarization due to the spontaneous polarization and 

piezoelectric polarization, respectively. The piezoelectric polarization in the growth direction in a 

wurtzite layer under biaxial strain is 
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𝑃𝑃𝑍 = 2 𝜖1 (𝑒31 − 𝑒33

𝐶13

𝐶33
) (12) 

where 𝑒31 and 𝑒33 are the piezoelectric constants (Harrison and Jovanović, 2016).  

The first order linear and third order nonlinear absorption coefficients are given, respectively, as 

𝛼(1) =
𝜔

𝑛𝑟𝑐𝜀0

|𝜇10|2
𝜎𝑠ℏΓ0

(𝐸10 − ℏ𝜔)2 + (ℏΓ0)2
 (13) 

𝛼(3) = −2𝜔 (
1

𝑛𝑟𝑐𝜀0
)

2

|𝜇10|4
𝐼𝜎𝑠ℏΓ0

[(𝐸10 − ℏ𝜔)2 + (ℏΓ0)2]2

× {1 −
|𝜇11 − 𝜇00|2

4|𝜇10|2

(𝐸10 − ℏ𝜔)2 − (ℏΓ0)2 + 2𝐸10(𝐸10 − ℏ𝜔)

𝐸10
2 + (ℏΓ0)2

} 

(14) 

where |𝜇𝑖𝑗| = 𝑒|〈𝜓𝑖|𝑧|𝜓𝑗〉|, (𝑖, 𝑗 = 0,1), are the dipole matrix elements, 𝐸10 = 𝐸1 − 𝐸0 is the energy 

difference, 𝜎𝑠 is the electron density in the well, 𝛤0 is the inverse of the relaxation time, 𝑛𝑟 = √𝜀𝑟 is the 

refractive index of the well, 𝐼 is the intensity of the incident light having the frequency of 𝜔, 𝜀0 is the 

vacuum permittivity, and 𝑐 is the speed of light in vacuum (Ahn and Chuang, 1987; Yıldırım and Tomak, 

2005; Boyd, 2020). 

RESULTS AND DISCUSSION 

The potential energy profile of the GaN/ZnGeN2 quantum well and the squared electronic wave 

functions of the ground and first excited states are shown in Figure 1(a) for the well length of 𝐿𝑤 =  50 Å  

and for the doping density of 𝑁𝐷 = 2 × 1024 m-3  in the well and zero in the barriers. Each barrier is 

taken as 400 Å in all calculations. The conduction band minimum of GaN is 1 eV less than that of 

ZnGeN2 (Jaroenjittichai et al., 2017). The parameters used in the calculations can be seen in Table 1. 

The GaN parameters are from Piprek J, 2007 and the ZnGeN2 parameters are from Jaroenjittichai et al., 

2017; Punya et al., 2011; Punya A, Lambrecht WRL, 2013; Paudel TR, Lambrecht WRL, 2008; Paudel 

TR, Lambrecht WRL, 2009. Because deformation potential constants of ZnGeN2 are not available, those 

of GaN are used in the calculations instead. The effect of the doping is a small curvature in the well, 

which is hardly seen in the figure, while the polarization causes the potential to be inclined. The 

curvatures due to doping can be seen clearly in another potential profile in Figure 2(b), drawn for various 

doping values. 

We consider the wurtzite GaN grown on the orthorhombic ZnGeN2 thick layer in the [0001] 

direction at 𝑇 = 300 K. We take half of the lattice constant of ZnGeN2 as explained in (Adamski et al., 

2020). The well is under tensile strain since 𝜖1 = 0.00031 > 0 and its piezoelectric polarization is 𝑃𝑃𝑍 =

− 0.00032 C m-2 in the growth direction while the barriers are unstrained and without piezoelectric 

polarization. The well and the barriers have also their spontaneous polarization values as seen in Table 

1. 

The electric field and the areal charge density in Figure 1(b)  are calculated from 𝑈(𝑧) in Eq. (2) 

as 𝐹 =  1 𝑒⁄ (𝑑𝑈 𝑑𝑧⁄ ) and 𝛿𝜎 = 𝜌𝛿𝑧 = 𝜀 𝑒⁄ (𝑑2𝑈 𝑑𝑧2⁄ )𝛿𝑧 since 𝛥𝐸𝑐, which equals 1 eV on the barriers 

and zero on the well, and 𝑈𝜖, which equals −3.35 meV on the well and zero on the barriers, are constants 

except the boundaries. The curvature on the electric field happens due to the doping, and so the charge 

in the figure is caused by the doping only. The electric field value due to the total polarization only are 

seen as dashed blue lines in the figure, which are 𝐹𝑏 = − 0.72 ×  107 V m-1 in the barriers and 𝐹𝑤 =

 11.56107 V m-1 in the well. The charges due to the total polarization are on the boundaries only, and 

they have high values as ±706.75 × 1014 e m-2, which cannot be seen on the graph. 
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Table 1. Material Properties of GaN and ZnGeN2 

Properties Symbol (unit) GaN ZnGeN2 

Energy gap 𝐸𝑔 (eV) 3.51 3.4 

Lattice constant 𝑎𝑙 (Å) 3.189 6.38 

Effective mass ratio 𝑚∗/𝑚0  0.20 0.15 

Dielectric constant 𝜀𝑟  10.4 10.61 

Spontaneous polarization 𝑃𝑆𝑃 (C m-2) -0.0339 -0.023 

Elastic stiffness constants    

 𝐶13 (GPa) 106 103 

 𝐶33 (GPa) 398 401 

Piezoelectris constants    

 𝑒31 (C m-2) -0.338 -0.43 

 𝑒33 (C m-2) 0.667 0.73 

Deformation potential constants    

in growth plane 𝑎𝑐⊥ (eV) -8.2 -8.2 

in growth direction 𝑎𝑐∥ (eV) -10.7 -10.7 

 

Figure 1. a) The squared electronic wave functions (dashed blue) of the ground and first excited states on the quantum well 

potential (black), b) the total electric field strength F (solid blue), the electric field value due to the total polarization only 

(dashed blue), and the areal charge density δσ (red),  for the well length of 50 Å and the doping density of 2 × 1024 m-3  in 

the well 

 

 
Figure 2. a) The energy difference values between the ground and first excited states 𝐸1 − 𝐸0 relative to the well length and 

b) the potential profiles for the well length 𝐿𝑤 = 50 Å, for the well without polarization or doping (dashed), with polarization 

but without doping (black), and with polarization and the doping values of 2 × 1024 m-3  (orange), 5 × 1024 m-3  (red) and 

1025 m-3  (blue) 
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The energy differences between ground and first excited states relative to the well length can be 

seen in Figure 2(a) for the doping values of 2 × 1024 m-3, 5 × 1024 m-3  and 1025 m-3, additionally for 

the finite square well (without polarization or doping) and for the triangular well (with polarization only). 

We can see the effects of polarization and doping on the well potentials in Figure 2(b), and compare 

these effects with the energy differences. Until the well length of 𝐿𝑤 = 22 Å, the first excited state wave 

function is not confined in the well so we have started the well length from that value. From 22 Å to 

26 Å, the ground state energy is above the band edge so the energy differences are not affected by the 

triangular shape and they do not differ from that of the finite square well. Greater than 26 Å, the ground 

state wave functions position in the triangular region of the potential and these values start to differ. In 

the triangular potential without doping, the energy difference value reaches a constant value, because 

the ground and first excited state wave functions do not touch the right interface and they see the same 

triangular potential shape as the well width increases. However, the energy differences of the doped 

wells are not constant, and their values differ from each other because of the curvatures on the well 

bottom. 

Figure 3 shows the dipole matrix elements |𝜇𝑖𝑗| of the ground and first excited states for the same 

doping values, and also comparing them with the finite square and triangular wells. The polarization 

clearly changes the values of the dipole matrix elements, and so reduces the magnitude of |𝜇01|, even 

though the doping slightly reduces this effect. When there is doping without any polarization, there is 

no visible change in the energy difference and the dipole matrix elements from those of the finite square 

well, which are not shown in the figures, so we can say that these effects are due to the polarization only. 

 

 
Figure 3. The dipole matrix elements, a) |𝜇00|, b) |𝜇01| and c) |𝜇11| between the ground and first excited states, for the well 

without polarization or doping (dashed), with polarization but without doping (black), and with with polarization and the 

doping values of 2 × 1024 m-3  (orange), 5 × 1024 m-3  (red) and 1025 m-3 (blue) 
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For the calculations of the absorption coefficients, we used 𝐼 = 1010 W m2, 𝑛𝑟 = √10.4 and 𝜎𝑠 as 

the doping density. In Figure 4 and Figure 5, we can see the total absorption coefficients 𝛼 =  𝛼(1)  +

𝛼(3) together with the nonlinear coefficients 𝛼(3) for ℏ𝛤0 = 60 meV. The nonlinear contribution of 𝛼(3) 

is negligible since it is much smaller than 𝛼(1) and so we get 𝛼 ≈ 𝛼(1). Figure 4 shows the absorption 

for the electron densities 𝜎𝑠 of 2 × 1024 m-3, 5 × 1024 m-3  and 1025 m-3, and for the well lengths 𝐿𝑤 of 

25 Å, 50 Å, 75 Å and 100 Å. The absorption peak shifts to lower energies as the well length or doping 

increases, since the energy difference values decrease. The peak values are at the ℏ𝜔 = 𝐸10 energy 

values of the corresponding well length as seen in Figure 2(a).  We also consider the case with total 

polarization and the case without any polarization in Figure 5, showing the absorption for the electron 

density of 𝜎𝑠 = 2 × 1024 m-3  and for the same 𝐿𝑤 values as before. The peak values of the total 

absorption decrease and shift to higher energies due to the polarization, and the nonlinear absorption is 

reduced greatly. However, these effects are hardly seen for the case of 𝐿𝑤 = 20 Å because, until 26 Å, 

the wave functions behave like the square well wave functions as explained before. The dependency on 

𝛤0 is obvious in Eq. (13) and (14). The absorption peak value decreases and the curve expands as 𝛤0 

increases. 

 

 

 

Figure 4. The total absorption coefficients 𝛼 (solid lines) and 𝛼(3) (dashed lines) relative to the incident 

light energy ℏ𝜔 for  ℏ𝛤0 = 60 meV, for the electron densities 𝜎𝑠 of 2 × 1024 m-3 (orange), 5 ×  1024 m-3 

(red) and 1025 m-3  (blue), and for the well lengths 𝐿𝑤 of a) 25 Å, b) 50 Å c) 75 Å, and d) 100 Å 
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Figure 5. The total absorption coefficients 𝛼 (solid lines) and 𝛼(3) (dashed lines) relative to the incident light 

energy ℏ𝜔 for ℏ𝛤0 = 60 meV, for the electron density 𝜎𝑠 of 2 × 1024 m3 , with total polarization (orange) and 

without any polarization (gray), and for the well lengths 𝐿𝑤 of a) 25 Å, b) 50 Å c) 75 Å, and d) 100 Å 

CONCLUSION 

We have studied the effects of piezoelectric and spontaneous polarizations on the GaN/ZnGeN2 

quantum well, as well as the effects of doping in the well. Polarization charges accumulated on the 

boundaries of the well and causes the potential to be inclined while doping charges are mainly in the 

well and makes the well bottom get curved. Their effects to the energy difference values and dipole 

matrix elements are minimum until the well length of 𝐿𝑤 = 26 Å because they are not affected by the 

changes of the potential profile very much. After that length, the energy difference values get higher 

with the polarization and the intersubband transition rates drops, but doping reduces these effects to 

some extent. We also present the changes in the absorption coefficients.  The total absorption is reduced 

and blue shifted due to the polarization, while doping can increase the absorption and red shifts it. 

Nonlinear absorption is reduced because of the polarization and its contribution to the absorption rate is 

minimal. We hope that these results can be useful for possible device applications based on GaN/ZnGeN2 

material. 
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