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The screening effect of the random-phase-approximation on the states of shallow donor impurities in free strained

wurtzite GaN/AlxGa1−xN heterojunctions under hydrostatic pressure and an external electric field is investigated by

using a variational method and a simplified coherent potential approximation. The variations of Stark energy shift

with electric field, impurity position, Al component and areal electron density are discussed. Our results show that

the screening dramatically reduces both the blue and red shifts as well as the binding energies of impurity states. For

a given impurity position, the change in binding energy is more sensitive to the increase in hydrostatic pressure in

the presence of the screening effect than that in the absence of the screening effect. The weakening of the blue and

red shifts, induced by the screening effect, strengthens gradually with the increase of electric field. Furthermore, the

screening effect weakens the mixture crystal effect, thereby influencing the Stark effect. The screening effect strengthens

the influence of energy band bending on binding energy due to the areal electron density.
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1. Introduction

Semiconductors of III–V group hexagonal

wurtzite nitrides, as promising candidates, have at-

tracted significant attention due to their applications

in optical, optoelectronic and electronic devices. Com-

pared with the zinc-blende structure, the wurtzite

crystal structure has a different unit-cell as well as

a lower symmetry, which results in a large strain ef-

fect and thus in some abnormal properties. Many

authors have studied the electronic and optical prop-

erties of strained heterostructures made from wurtzite

nitrides.[1−3]

High pressure is one of the important methods

to modulate the physical properties of strained ma-

terials. The optical properties of semiconductor het-

erostructures under hydrostatic pressure have been ex-

tensively studied. The effect of nonlinear piezoelec-

tricity on the pressure coefficient of the light emis-

sion in (111)-oriented InGaAs/GaAs quantum wells

was studied by  Lepkowski.[4] Wagner et al [5] studied

the pressure dependence of the dielectric and lattice-

dynamical properties of GaN and AlN. In our previous

papers,[6,7] the Stark effects of donor impurity states

in strained zinc-blende and wurtzite nitride hetero-

junctions under pressure were discussed by neglecting

the screening effect of the Coulombic potential on im-

purity states.

In the present paper, the effect of screened

Coulombic potential on the states of shallow donor

impurities in free strained wurtzite GaN/AlxGa1−xN

heterojunctions under hydrostatic pressure and an ex-

ternal electric field is investigated. A variational ap-

proach is adopted to obtain the binding energies, and a

simplified coherent potential approximation[8] (SCPA)

is extended to obtain some physical parameters of a

ternary mixed crystal of wurtzite nitrides in the III–V

group since its properties are more similar to those of

a crystal of the II–VI group. The rest of the present

paper is organized as follows. In Section 2, the the-

oretical method is described. The pressure and the

strain dependence of the physics parameters used in

our calculation are presented in Section 3. In Section

4, the results and a discussion are presented. Finally,

some conclusions are drawn from the present study in

Section 5.
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2. Theoretical method

We consider a free strained wurtzite

GaN/AlxGa1−xN heterojunction whose channel side

GaN, denoted by material 1, is located at z > 0 and

barrier side AlxGa1−xN, denoted by material 2, is

located at z < 0. The interface of the heterojunc-

tion is defined as the x–y plane. The Hamiltonian of

the system including Thomas–Fermi screening to the

Coulombic interaction between an impurity located

at (0, 0, z0) and an electron with charge of –e at

coordinates (x, y, z) can by written as

H = He +Hc, (1)

where

He =

(
p2⊥

2m⊥1
+

p2z
2mz1

)
θ(z) +

(
p2⊥

2m⊥2
+

p2z
2mz2

)
× θ(−z) + V (z) + eFz, (2)

and

Hc = − e2

κ(z, z0)[x2 + y2 + (z − z0)2]1/2
f(r). (3)

In Eq.(2), p⊥ and pz are the momenta of the elec-

tron in the x–y plane and the z direction, respec-

tively. m⊥λ and mzλ are the material-dependent ef-

fective masses of the electron with λ = 1, 2. θ(±z) is

the step function. V (z) and F are the interface

potential and an external electric field felt by the

electron.[7] In Eq.(3), κ (z, z0) are the dielectric con-

stants, and f(r) is the screening factor which has been

discussed in Refs.[9] and [10]. After a two-dimensional

(2D) Fourier transformation in the random-phase-

approximation, κ (z, z0) can be described by

κ(Q) = 1 +
2

aBQ
G(Q)F (Q), (4)

where aB is the effective Bohr radius and Q is the 2D

wave vector. G(Q) is defined as

G(Q) =

 1 for Q < 2QF,

1 − [1 − (2QF/Q)2]1/2 for Q > 2QF,
(5)

in which the finite size of the Fermi surface with Fermi

wave vector QF = (2πNS)1/2 is taken into account.

The screening factor F (Q) satisfies

F (Q) =

∫∫
dzdz′ |ξ(z)|2 e−Q|z−z′| |ξ(z′)|2 . (6)

Introducing variational parameters b, d, γ and

normalization constants B, D, β, the trial wave func-

tion for the system can be chosen as[11]

ψ(x, y, z) = φ(x, y)ξ(z) = φ(ρ)ξ(z) (7)

with

φ(ρ) =

[
1

2π

]1/2
γeik·ρe−γρ/2, (8)

and

ξ(z) =

 ξ1(z) = Bb1/2(bz + β)e−bz/2 z > 0,

ξ2(z) = Dd1/2edz/2 z < 0.
(9)

The variational energy of the impurity state at

ground state can be obtained as

E(b, d) = ⟨ψ| (He +Hz +Hc) |ψ⟩

= Ee + ⟨T ⟩ + ⟨V0⟩ + ⟨Vd⟩ + ⟨Vs⟩

+ Eext + Ec, (10)

where Ee, ⟨T ⟩, ⟨V0⟩, ⟨Vd⟩, ⟨Vs⟩ and Eext were also

given in Ref.[7]. In Eq.(10),

Ec = −⟨ψ|Hc |ψ⟩

= −e2γ3
∞∫
0

dQ
1

(γ2 +Q2)3/2
⟨ξ(z)| 1

κ(z, z0)κ(Q)

× exp(− |z − z0|Q) |ξ(z)⟩ . (11)

Minimizing E (b, d) − ⟨Vs⟩/2 with respect to the

variational parameters, one can obtain the ground

state energy Eg of an impurity state.

If we let Eq.(3) be equal to zero and replace Eq.(5)

by φ(ρ) = eik·ρ/
√

2π~, the ground state energy Ef for

a free electron energy can be also derived in the same

way. Then, the binding energy of the impurity state

can be written as

EB(F ) = Ef(F ) − Eg(F ). (12)

The Stark energy shift of the impurity state is

∆E = EB(F ) − EB(0). (13)

3. Pressure and strain depen-

dence of physical parameters

Under hydrostatic pressure P , the relationship

between the components of uniaxial and biaxial strain

tensors is εzz,i = RHεxx,i
[12] with coefficient

RH =
C11, i(P ) + C12, i(P ) − 2C13, i(P )

C33, i(P ) − C13, i(P )
(i = 1, 2),

(14)
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where Cαβ, i(P ) is the pressure-dependent elastic con-

stant for wurtzite nitrides and satisfies

Cαβ, i(P ) = Cαβ, i(0) + γαβ, iP + δαβ, iP
2. (15)

In Eq.(15), coefficients γαβ, i and δαβ, i were given in

Ref.[13].

In a GaN/AlxGa1−xN real heterojunction, the bi-

axial lattice-mismatch-induced strain is given as

εxx, 1 = εyy, 1 =
a2(P ) − a1(P )

a1(P )
,

εxx2 = εyy2 =
a1(P ) − a2(P )

a2(P )
, (16)

where the lattice constant dependence of hydrostatic

pressure[14] is

ai(P ) = ai(0)

(
1 − P

3B0, i(P )

)
(i = 1, 2). (17)

The strain-dependent energy gaps of GaN and

AlN are[15]

Eg,GaN(P,
↔
ε ) = Eg, GaN(P )

+ 2(a1,GaN + b1,GaN)εxx, GaN

+ (a2,GaN + b2,GaN)εzz, GaN, (18)

and

Eg, AlN(P,
↔
ε ) = Eg,AlN(P ) + 2a1,AlNεxx,AlN

+ a2, AlNεzz,AlN, (19)

where the pressure-dependent energy gaps can be

written as[16]

Eg, i(p) = Eg, i(0) + αiP + βiP
2. (20)

The energy gap of AlxGa1−xN can be calculated

in the SCPA[8] from

ETMC =
EAEB

xEA + (1 − x)EB
. (21)

The ratio of the conduction band to valence band

offset is given as 65:20 in the strained wurtizite nitride

quantum well.[17]

The biaxial, uniaxial and hydrostatic pressure de-

pendence of the effective mass[18] in the z direction

and the x–y plane of the electron can be calculated

from

m0
i, αα

mi, αα(P )
= 1 +

Ci

Eg, i(P )
(i = 1, 2; α = x, z),

(22)

where Ci is a fixed value for a given material with

P = 0. The effective mass of AlxGa1−xN can be ob-

tained by the linear interpolation method.

The tensor components of the static dielectric

constant κ0 in a wurtzite structure are derived from a

generalized Lyddane–Sachs–Teller relation

κ0,αα = κ∞, αα

(
ωLO, αα

ωTO, αα

)2

(α = x, z), (23)

The frequencies of longitudinal optical (LO)- and

transverse optical (TO)-phonons affected by strain

can be written as[12]

ωj, αα = ωj, αα(0) + 2Kj, ∥ε∥ +Kj,⊥ε⊥ (j = A1, E1),

(24)

where Kj,∥ and Kj,⊥ are the strain coefficients related

to the deformation potential of phonon modes.

Furthermore, the hydrostatic pressure depen-

dence of ωj,αα can be determined by the given mode-

Grüneisen parameters

γj, αα = B0
1

ωj, αα

∂ωj, αα(P )

∂P
. (25)

The influence of hydrostatic pressure on the high

frequency dielectric constants in Eq.(23), following the

relation given in Ref.[19], can be rewritten as

∂κ∞,αα(p)

∂p
= −5(κ∞,αα − 1)

3B0
(0.9 − fi), (26)

where fi is the ionicity of the material under pres-

sure. The dielectric constant of AlxGa1−xN can be

calculated in the SCPA[8]

κTMC = [((1 − x)mBκ
2
A + xmAκ

2
B)(x/mA + (1 − x)/mB)]1/2. (27)

4. Numerical results and discussion

We have computed the binding energies of the screened impurity states in a hexagonal GaN/AlxGa1−xN

heterojunction with biaxial and uniaxial free strains by considering hydrostatic pressure effect, with an external

electric field applied. All of the parameters used in our computation were given in Ref.[7].
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In a free strained wurtzite GaN/AlxGa1−xN het-

erojunction with [0001]-orientation, for a given Al

concentration x = 0.3 and areal electronic density

ns = 4.0× 1012/cm2, the results for the binding ener-

gies EB of screened donor-impurity states as functions

of impurity position z0 are illustrated in Fig.1. For

comparison, the results of EB without the screening

effect are also shown to indicate that the screening

dramatically weakens the attraction of the Coulombic

potential, so that EB decreases significantly. From

Fig.1(a), the conspicuous changes of blue and red

Stark shifts with z0 under different electric fields can

be seen. A detailed explanation was given in Ref.[7].

It can be found that the screening effect obviously re-

duces EB but does not influence the maximum po-

sition of EB . For example, EB reduces 26.7% for

electric field F = 0 kV/cm at the maximum point

of EB compared with that without the screening ef-

fect. It can also be found that the drop-off of the

amplitude increases gradually as z0 approaches the

interface. In Fig.1(b), we give the Stark energy shifts

of binding energy as a function of z0 under different

electric fields with and without the screening effect,

separately, showing that the screening effect reduces

the blue and red shifts dramatically. The weakening

of the blue and red shifts, induced by the screening

effect, strengthens gradually with the increase of the

electric field. This result is consistent with that shown

in Fig.1(a).

Fig.1. (a) Binding energies and (b) Stark shift of the impurity states in a free strained wurtzite GaN/AlxGa1−xN

heterojunction with [0001]-orientation as functions of impurity position z0 under different electric fields. The symbol

curves and the bare curves are for the results with and without the screening effect, respectively.

The influence of hydrostatic pressure P and the

screening effect on EB is calculated and shown in

Fig.2. It can be seen clearly that EB increases al-

most linearly as pressure increases, no matter whether

screening is present. When P ranges from 0 to 10 GPa,

the net increments of EB for the screened case are

3.075 meV and 2.481 meV, which comprise 13.74%

and 11.18% of those for z0 = 3 nm and 5 nm, respec-

tively. A decrease appears as the distance between the

impurity and interface increases due to the fact that

the comprehensive effect of P on physical parameters

influences EB. On the other hand, the correspond-

ing net increments of EB for the unscreened case are

4.136 meV and 3.187 meV, which make up 13.31% and

10.63% of those for z0 = 3 nm and 5 nm, respectively.

This fact shows that EB becomes more sensitive to P

when the screening effect is taken into consideration.

Fig.2. Curves for binding energy as a function of hydro-

static pressure for different impurity positions. The open

symbol lines and the solid symbol lines are for the results

with and without the screening effect, respectively.
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In Fig.3, we display the Stark shifts of EB with

screening effect as a function of the electric field F

for different impurity positions. For comparison, the

shifts without screening effect are also presented. It

can be seen that blue and red shifts monotonically de-

crease as F increases when the impurity is located at

4 nm and 8 nm, respectively. The influence of screen-

ing on the blue shift is more obvious than that on the

red shift as F increases, since the screening effect is

stronger for a large Coulombic interaction.

Fig.3. Curves for Stark energy shift of a donor impu-

rity located at two different positions as a function of the

electric field for zero pressure.

Figure 4 shows the influence of the Al component

x on the Stark effect as a function of electric field

for P = 0 GPa. Without the screening effect, when

z0 = 3 nm and F ranges from 0 to 60 kV/cm, the Stark

effects change from 0 meV to 3.136, 3.823, 4.163 meV,

Fig.4. Curves for Stark energy shift of a donor impurity

state as a function of electric field for different Al com-

ponents and z0 = 3 nm. The open symbol lines and the

solid symbol lines are for the results with and without the

screening effect, respectively.

for x = 0.2, 0.5 and 0.8, respectively. However, the

Stark shifts with the screening effect become 2.770,

3.346 and 3.608 meV, which comprise 11.7%, 12.5%

and 13.3% in comparison with those without the

screening effect, respectively. This indicates that the

screening effect weakens the mixture crystal effect,

thereby influencing the Stark effect.

In Fig.5, we display EB as a function of ns for

z0 = 4 nm and different values of F . When the value

of ns changes from 0.5× to 10×1012/cm2, EB increase

3.665 and 2.946 meV comprising 12.4% and 13.56% of

those without and with screening effects, respectively.

This is attributed to the fact that the screening effect

weakens the Coulombic interaction, thus enhancing

the effects of F and energy band bending due to ns,

so that it has a prominent effect on EB.

Fig.5. Curves for binding energy as a function of areal

electronic density for different electric fields and z0 =

4 nm. The open symbol lines and the solid symbol lines

are for the results with and without the screening effect,

respectively.

It should be pointed out that the introduction

of an external electric field in the heterojunction is

also helpful to understand the property of a built-in

electric field existing in a real wurtzite GaN/AlGaN

heterojunction with finite thickness. The Stark effect

in such a system will be studied in the future.

5. Conclusion

We investigated the screening effect on the quan-

tum confined Stark effect of donor impurity states

in [0001]-oriented GaN/AlxGa1−xN heterojunctions

with free strain by taking hydrostatic pressure and

electric fields into account. The Stark energy shift

and the binding energies of the impurity states as

functions of the impurity position, the Al component
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and the areal electron density are calculated and dis-

cussed. It is found that the screening effect reduces

both the Stark shift and the binding energy dramat-

ically. For a given impurity position, the change in

screened binding energy is more sensitive to the in-

crease of hydrostatic pressure in the presence of the

screening effect than that in the absence of the screen-

ing effect. It also indicates that the screening effect

weakens the Stark shift with the increase of electric

field for a given areal electron density. The weakening

of the blue and red shifts, induced by the screening

effect, strengthens gradually with the increase of the

electric field. Furthermore, the screening effect weak-

ens the mixture crystal effect, thereby influencing the

Stark effect.
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