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In the GaN-based heterostructures, this paper reports that the strong electric fields induced by polarization

effects at the structure boundaries complicate the electric–static equilibrium and the boundary conditions. The basic

requirements of electric–static equilibrium for the heterostructure systems are discussed first, and it is deduced that in

the application of the coupled Schrödinger–Poisson model to the heterostructures of electric–static equilibrium state,

zero external electric field guarantees the overall electric neutrality, and there is no need to introduce the charge balance

equation. Then the relation between the screening of the polar charges in GaN-based heterostructures and the possible

boundary conditions of the Poisson equation is analysed, it is shown that the various boundary conditions are equivalent

to each other, and the surface charge, which can be used in studying the screening of the polar charges, can be precisely

solved even if only the conduction band energy is correctly known at the surface. Finally, through the calculations on

an AlGaN/GaN heterostructure with typical structure parameters by the coupled Schrödinger–Poisson model under the

various boundary conditions, the correctness of the above analyses are validated.
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1. Introduction

The polarization effects strongly modulate the en-

ergy band structures of the GaN-based heterostruc-

tures, thereby strengthen the confinements and raise

the sheet densities of the two-dimensional electron

gases (2DEG).[1] But the polarization effects also com-

plicate the picture of the electric–static equilibrium

of the GaN-based heterostructures. When the one-

dimensional coupled Schrödinger–Poisson model[2] is

adopted to solve the energy band and carrier density

distributions of the AlGaN/GaN heterostructures, the

polarization effects introduce polar charges at the sur-

face of AlGaN, AlGaN/GaN interface and the bottom

of GaN. But according to the measured conduction

band energy at the surface (denoted as ECs below)

of AlGaN/GaN heterostructures[3] and the plentiful

experimental results of 2DEG densities AlGaN/GaN

heterostructures, the polar charges added at the struc-

ture boundaries (the surface of AlGaN and the bottom

of GaN) induce such strong electric fields that the self-

consistent iteration often diverges or converges at the

wrong solutions.

So the screening of polar charges at the bound-

aries of GaN-based heterostructures needs to be con-

sidered, but it is difficult to measure quantitatively

the degree of screening at present. Jogai assumed that

the density of the surface charge (denoted as σs below)

including the polar charge and the screening charge,

implants the charge balance equation into the coupled

Schrödinger–Poisson model to force the heterostruc-

ture systems to realize overall electric neutrality, and

add σs into the charge balance equation and the Pois-

son equation to consider its effects.[4] In iteration σs is

modified repeatedly to obtain a reasonable ECs value,

and at last the energy band and carrier density dis-

tributions accompanied by σs are obtained. However,

the charge balance equation needs to be solved addi-

tionally, and as for physical parameters the relatively

unknown factors such as σs are modified to satisfy the

relatively obvious factors such as ECs, so the calcu-
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lation cost is larger and the application is less conve-

nient.

In this paper, the basic requirements of electric–

static equilibrium for the heterostructure systems are

discussed at first, and the equivalence between zero ex-

ternal electric field and the overall electric neutrality

is deduced. So it is unnecessary to consider the charge

balance equation in the application of the coupled

Schrödinger–Poisson model to the heterostructures of

electric–static equilibrium state. Then the screening

of polar charge in GaN-based heterostructures is anal-

ysed and the possible boundary conditions of the Pois-

son equation are presented. At last, through the cal-

culations on an AlGaN/GaN heterostructure by the

self-consistent model, the feasibility of solving σs is

validated from the calculation results with only ECs

known and σs totally unconsidered in the boundary

conditions, and the equivalence of various boundary

conditions of the Poisson equation.

2. GaN-based heterostructures:

electric–static equilibrium and

boundary conditions

2.1.Basic requirement of electric–static

equilibrium for the heterostructure

systems

Ridley et al have suggested that a heterostructure

system in equilibrium satisfies overall electric neutral-

ity, zero external fields and zero voltage drop.[5] These

requirements can be analysed by the one-dimensional

Poisson equation as follows:

d(ε0ε(z)F (z))

dz
= ρ(z)

=ρe(z) −
dP (z)

dz
= ρe(z) + ρpol(z), (1)

F (z) = −
dV (z)

dz
, (2)

where ε(z) is the static dielectric constant, F (z) the

electric field, and V (z) the static electric potential,

ρ(z) is the sum of the charges in the system, includ-

ing the polar charge ρpol(z) and the non-polar charge

ρe(z), ρpol(z) is induced by the spatial change of the

polarization strength P (z), and is zero in the systems

where there are no polarization effects.

Fig.1. A semiconductor system in electric–static equi-

librium state. The boundaries 0 and zmax can be nat-

ural one or contrived ones.

For a heterostructure system in equilibrium,

whose charge exchange with the surroundings reaches

the balance state, zero external fields is natural. Sup-

pose the external sides of the system boundaries are

0− and z+
max, and we have

F (0−) = F (z+
max) = 0. (3)

Integrating both sides of Eq.(1) from 0− to z+
max,

and considering Eq.(3), we have

ε0(ε(z
+
max)F (z+

max) − ε(0−)F (0−))

=

∫

z
+
max

0−

ρ(z)dz = 0. (4)

From Eq.(4) we can see that overall electric neu-

trality is not independent and can be deduced by

zero external fields. Extending this issue to three-

dimensional space we will reach the same conclusion

by the Gauss theorem.

Zero voltage drop across the system is right

when it means that the Fermi level is continuous and

aligned, but it should not be explained as equal elec-

tric potentials at both ends of the system. In Ref.[5],

it is supposed that (i.e. E1a + E2b=0 in Eq.(2) of

Ref.[5])
∫

z
−

max

0+

F (z)dz = 0. (5)

This means that V (0+) should equal to V (z−max),

and such a requirement is not satisfied even in the sim-

plest p-n junction, so it is not necessary for electric–

static equilibrium. From another related paper of

Ridley,[6] it is explained that this assumption is based

on the introduction of an imaginary electrode at the

bottom of the structure, so it holds only in this case.

All in all, in a heterostructure system in equilib-

rium, the Fermi level is aligned, the external electric

field is zero, and overall electric neutrality is thereby

realized. So when the coupled Schrödinger–Poisson
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model is applied to solve the energy band and car-

rier density distributions of the heterostructures, zero

external electric field guarantees the overall electric

neutrality, and there is no need to solve the charge

balance equation additionally.

2.2. Screening of the polar charge/ field

in GaN-based heterostructures

Through the transformation of Eq.(1) as below,

d(ε0ε(z)F (z) + P (z))

dz
= ρe(z), (6)

we can see that if there is no non-polar charge for

a semiconductor surface/interface at z = z0 it holds

that

ε(z−0 )ε0F (z−0 ) + P (z−0 ) = ε(z+
0 )ε0F (z+

0 ) + P (z+
0 )

ε(z−0 )ε0F (z−0 ) + σpol = ε(z+
0 )ε0F (z+

0 ). (7)

Where σpol = P (z−0 )−P (z+
0 ) is the sheet polar charge,

and Eq.(7) shows the electric displacement continuity

at the abrupt hetero-interface.

For the AlGaN/GaN heterostructure shown in

Fig.2, if σpol at the structure boundaries is totally

unscreened and the external field is zero, the internal

electric field near the structure boundaries induced by

σpol would cause in both the layers such great band

bending that it can reach the energy gap in each layer

in less than 10 nm.

Fig.2. The simulating structure of AlGaN/GaN.

In fact these high fields are screened by vari-

ous mechanisms in GaN-based heterostructures. At

present GaN-based heterostructures are grown mostly

by epitaxy techniques, and the nuclear region near

substrate features high density of lattice defects. Po-

larization is sensitive to lattice parameters and their

changes, so σpol or more possibly ρpol is reduced in

the nuclear region, whose thickness is usually tens

of nanometres. Meanwhile, the region accumulates

charged defects and impurities, which screen ρpol to

some extent. At the surface, the surface states and

the external charges adsorbed screen σpol. At inter-

nal interfaces σpol causes the break of electric field,

quantum wells of conduction band or valence band

are often formed and electrons or holes accumulated

to screen σpol.

So in the modelling of the polarization effects,

σpol or ρpol at the boundaries of the heterostructures is

usually omitted, or considered appropriately as needed

to explain some experimental results or physical mech-

anisms, and σpol at the internal interfaces is totally

taken into consideration.

2.3. The boundary conditions of GaN-

based heterostructures

In the application of the one-dimensional coupled

Schrödinger–Poisson model to the GaN-based het-

erostructures, the boundary condition of Schrödinger

equation, i.e. the wave function is zero at the bound-

aries, is not affected, while the boundary conditions of

Poisson equation are relevant to the screening degree

of σpol or ρpol at the structure boundaries.

In order to solve Poisson equation there must be

a boundary with the known static electric potential,

there are three combinations of the boundary condi-

tions and illustrated by AlGaN/GaN heterostructures

as follows:

B1 The electric potential is known at the surface

of AlGaN and electric field known at the bottom of

GaN. Since ECs can be measured and the conduction

band energy is directly related to the electric poten-

tial, so at the surface there is

EC |z=0 = ECs. (8)

In device simulation it is usually assumed that at

the boundary far from the active area of device, the

electric field is zero, or

Fb =
dV

dz
|z=zmax = 0. (9)

B2 The electric potential is known at both the

surface of AlGaN and the bottom of GaN. At the sur-

face of AlGaN Eq.(8) is still adopted. The conduction

band energy at the bottom of GaN can be determined

by the background carrier density nbg as follows:

EC |z=zmax = −kBT ln

(

nbg

NC

)

+ EF, (10)
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where kB is the Boltzmann constant, T is the tem-

perature, NC the effective density of state and EF the

Fermi level.

B3 The electric field is known at the surface of

AlGaN and electric potential known at the bottom of

GaN. At the bottom of GaN Eq.(10) is still adopted,

and at the surface of AlGaN it is set as below allowing

for zero external field,

εAlGaNε0F |z=0 = σs. (11)

At the boundaries the sheet charges, if present,

are related to the electric field directly and to the

electric potential indirectly. So if the boundary condi-

tions B1 and B2 are used, though no σs considered in

the charge distribution (or ρ(z) in Eq.(1)), the surface

electric field can be solved and a precise σs can be ob-

tained by Eq.(11) with the measured ECs. While the

boundary conditions B3 assumed plausibly the screen-

ing degree of σpol at the structure surface by σs, the

correctness of σs can only be validated by the calcula-

tion results. That is likely a trial-and-error procedure.

In the boundary conditions B1, that at the GaN bot-

tom boundary both of the internal and the external

field are zero means that there is no sheet charge at the

boundary, or it is assumed that σpol or ρpol at the in-

terface between the heterostructure and the substrate

is completely screened. In the boundary conditions B2

and B3, if it is assumed that nbg is equal to the back-

ground doping density NDB, the local electric neutral-

ity is reached at the GaN bottom boundary, thus at

this boundary the electric field is approximately zero.

So these boundary conditions are equivalent to each

other, but B1 and B2 are more practical.

3. The calculation results under

various boundary conditions

The calculation is carried out for the struc-

ture shown in Fig.2 through a one-dimensional cou-

pled Schrödinger–Poisson model,[7] and under the

boundary conditions B1–B3 the results are ob-

tained. The unintentional doping (UID) is assumed

to be presented throughout the whole structure with

NDB=1016 cm−3. The temperature is 300K. The po-

larization effects are calculated with the nonlinear

models.[8] The other relevant model parameters can

be found in Ref.[9]. It is assumed that EF=0, and

ECs=1.2eV for the boundary conditions B1 and B2,

and nbg = NDB for B2 and B3.

Some physical quantities derived by the solved

conduction band energy and carrier density distri-

butions are listed in Table 1. The sheet densities

ns2D of the 2DEG and ns3D of the bulk electrons,

and the 2DEG energy levels show the difference be-

tween the calculation results in the internal part of

the heterostructure, while σs and Fb show the dif-

ference between the results at the boundaries of the

heterostructure.

∫

ρ is the integral of all the charges

in the structure, and it shows to what a degree the

charge distribution deviates from the overall electric

neutrality (

∫

ρ=0). As for the calculation results R1

and R2 obtained under the boundary conditions B1

and B2, the calculated σs is also considered in

∫

ρ.

Table 1. The calculation results for all the boundary conditions. ns2D is the 2DEG sheet density. E0 −E2

are the 2DEG energy levels. ns3D is obtained by the integral of bulk electron densities along z direction

throughout the structure. The values of σs are calculated by Eq.(11) in R1–R4, and assumed as boundary

conditions to be –5.4618×1012 cm−2 in R3 and –9.8697×1012 cm−2 in R4. The values of

Z

ρ are calculated

by the integral of all the charges throughout the structure, and reflect the overall electric neutrality.

Results Boundary ns2D ns3D E0 E1 E2 σs Fb

Z

ρ

conditions /1012cm−2 /1012cm−2 /meV /meV /meV /1012cm−2 /10−2Vcm−1 /108cm−2

R1 B1 9.0267 0.6300 –96.6 23.6 64.3 –5.4618 –0.0002 –0.4401

R2 B2 9.0267 0.6309 –96.6 23.6 64.3 –5.4618 1.7494 –0.4136

R3 B3 9.0332 0.6312 –96.6 23.6 64.3 –5.4550 1.9757 –0.4197

R4 B3 4.6801 0.5837 –45.7 41.4 73.9 –9.8574 1.9758 –0.0782

From R1 and R2 it is shown that the calculation

results obtained under B1 and B2 are almost com-

pletely the same no matter in the internal part or

at the boundaries of the heterostructure. The re-

sults R3 obtained under B3, whose σs value is deduced

with Eq.(11) by the surface electric field from R1 and

R2, are also in good agreement with R1 and R2. So

the equivalence of various boundary conditions of the
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Poisson equation is validated. While in the results

R4 obtained under B3, whose absolute value of σs is

assumed to equal σpol at the AlGaN/GaN interface,

the conduction band energy at the surface of AlGaN

reaches 3.4493eV, and the values of the physical quan-

tities for the internal part of the heterostructure differ

very much from R1–R3. All these results are caused

by the too large absolute value of σs for R4.

In all the results, the electric potential or field at

the boundaries shows a very weak deviation with their

set value in the boundary conditions, which is caused

by the error of the numerical algorithms. Allow for

the unavoidable error, it is obvious that all the results

in Table 1 reach the overall electric neutrality.

4. Conclusion

The polarization effects of the nitride materials

raise greatly the 2DEG sheet density of the GaN-

based heterostructures, but the induced strong elec-

tric fields at the structure boundaries make it very

hard to analyse the electric–static equilibrium and

the boundary conditions of GaN-based heterostruc-

tures. So it is necessary to consider the screening

of the polarization effects, thus introduce the polar

charges at the structure boundaries of reasonable val-

ues into the overall electric neutrality, and apply the

correct boundary conditions to guarantee the agree-

ments between the quantitative calculation results of

the energy band and carrier density distributions with

the experimental results. Through the analysis of the

basic requirements of the electric–static equilibrium

for the heterostructure systems, we show that zero

external electric field guarantees the overall electric

neutrality. So the charge balance equation is unneces-

sary when the heterostructures of electric–static equi-

librium state are studied by the coupled Schrödinger–

Poisson model. The analysis of the possible boundary

conditions of the Poisson equation shows their equiva-

lence. At the boundary where the electric potential is

given, the sheet charge if exists can be obtained form

the solved boundary electric field. This can serve as

a theoretical approach to research into the screen of

the polar charge in the GaN-based heterostructures.

The above deductions are validated by the application

of the coupled Schrödinger–Poisson model on an Al-

GaN/GaN heterostructures under the various bound-

ary conditions.

———————————————————————————
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