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Nitride AIIIN materials manifest very strong piezoelectric effects. Their piezoelectric coefficients are one order of magnitude

higher than those in similar AIIIBV semiconductors. Therefore stress fields, generated for example at nitride heterojunctions,

because of different lattice constants of their both components, are followed by an additional piezoelectric polarization and

some local curving of band edges. In quantum wells (QWs), on the other hand, this stress-related piezoelectric polarization

and, additionally, the spontaneous polarization are sources of an electric field which causes the so-called quantum confined

Stark effect, leading to an effective band-gap shrinkage and spatial separation of electrons and holes. Both the above phe-

nomena influence considerably recombination processes in QW devices. The last effect, i.e. the stress-induced spatial sepa-

ration of electrons and holes confined within nitride QWs, is investigated theoretically in the present paper. Electron transi-

tions from its ground state to the second heavy-hole state have been found to play much more considerable role in recombi-

nation phenomena within wider nitride QWs than it has been expected.
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1. Introduction

During last few years, AIIIN nitride semiconductors and

their ternary compounds have attracted considerable atten-

tion, and turned out to be ones of the most promising mate-

rials in modern electronics and optoelectronics. Their en-

ergy gaps (ranging from 1.9 eV to as much as 6.2 eV) make

them ideal candidates for devices detecting and emitting ra-

diation from visible red to ultraviolet. Though many suc-

cessful attempts were made to understand and describe

physical and operating properties of devices based on those

materials, there are still some unsolved problems. One of

them is a very strong piezoelectric effect [1–4].

Differences of lattice constants at heterojunctions of

nitride quantum-well (QW) devices are sources of stresses

in a crystal lattice, which is followed by some piezoelectric

polarization. This stress-induces polarization together with

spontaneous polarization cause electric fields [5] in the

QW region, which is called quantum confined stark effect

[6–8].

To analyse the influence of piezoelectric polarization

on behaviour of recombining carriers, the modified (to in-

clude polarization phenomena) version of the k°p method,

based on the approach of Chuang and Chang [9–11] to

wurtzite semiconductors, is used to examine shapes of elec-

tron and hole envelope functions in the neighbourhood of

the GaN quantum well confined by the AlxGa1–xN barriers.

Integral overlap of these envelope functions is then calcu-

lated to allow future observations of influence of the

stress-induced polarization on optical properties of AIIIN

nitride devices, which depends on square of the integral

overlap.

2. The theory

To include possible polarization effects in the strained

wurtzite semiconductor crystals, the additional Hamilto-

nian term PE(z) has to be taken into account

P z q E z zE e( ) ( ) ,= (1)

where qe is the electron charge and E(z) is the electric-field

distribution in the z-direction perpendicular to the xy p-n

junction plane

E z
E

E

W

B

( ) .=
ì
í
î

within theQW

within the barrier
(2)

The electron envelope functions fn(z) in the conduction

band at kt = 0 can be then determined by solving the fol-

lowing eigenvector problem
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and where additionally an impact of mechanical stresses

and induced electrical fields is included. In the above equa-

tions, En
c is the energy of the nth conduction-band electron,

the wave-vector component kt on the xy plane parallel to

the p-n junction is related to its kx and ky components:

k k kt x y
2 2 2= + , kz wave-vector component is perpendicular

to the p-n junction plane, E zC
0 ( ) is the potential energy pro-

file of the conduction-band edge in the un-strained QW and

Pce stands for the hydrostatic energy shift in the conduction

band induced by mechanical stresses, which in this particu-

lar case (wurtzite material) is for simplicity (ignoring wurt-

zite crystal anisotropy) expressed as
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, (5)

where ac is the conduction band deformation potential, e11

stands for the strain within the p-n junction plane and C13

and C33 are the elastic constants (see Table 1).

Table. 1. Some physical parameters of the GaN and the AlN bi-

nary compounds [1,12,13].

Parameter Unit GaN AlN

Lattice constants

a Å 3.199 3.11

c Å 5.226 4.99

Dielectric constants

e F/m 8.9 8.5

Piezoelectric constants

e31 C/m2 –0.49 –0.60

e3 C/m2 0.73 1.46

Elastic stiffness constants

C13 GPa 103 108

C33 GPa 405 373

Analogous eigenvector problem equations for a hole

within the degenerate valence sub-bands at kt = 0 may be

then expressed as
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where the upper HU and the lower HL valence-band Hamil-

tonians are components of the H6´6 block-diagonalized

Hamiltonian proposed by Chuang and Chang [9] (see Ap-

pendix A), dij stands for the Kronecker delta, E zV
0 ( ) is the

valence-band reference energy, and g m
i( ) (i = 1,4 – heavy

holes (hh); 2,5 – light holes (lh); 3,6 – crystal split-off

holes (ch)) are the envelope functions of the mth valence

band hole.

3. The polarization induced electric fields

Let us consider the AlxGa1–xN/GaN/AlxGa1–xN quantum

well (Fig. 1) for which material parameters are available

(Table 1) and some experimental results have been re-

ported. The GaN QW of the width LW is assumed to be

much thinner than both the AlxGa1–xN barriers of the width

LB, therefore misfit-induced stresses may be assumed to be

confined to the quantum well only. The 0z co-ordinate is

perpendicular to the well/barrier interfaces and directed

along the crystallographic [0001] axis. Therefore spontane-

ous polarization vectors PSP are directed in the opposite di-

rection of the 0z axis (Fig. 1). Their values can be obtained

from the following relation [12]

P x x xAlGaN
SP = - - - + -0090 0034 1 0021 1. . ( ) . ( ) (C/m2).(8)

Mismatch-related stress-induced piezoelectric field PPZ

within the AlxGa1–xN/GaN/AlxGa1–xN quantum well have

only one nonzero component, which is directed along 0z

axis and can be expressed as

P
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a
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where eij are piezoelectric constants and aAlGaN and aGaN

are lattice constants of the AlxGa1–x and the GaN materials,

respectively. Following Ref. 5, the total electric fields

within the quantum well EW and within the barriers EB may

be written as

E
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where e0 is the free-space dielectric constant and eW and eB

are the relative dielectric constants of the quantum well and

the barrier materials (Table 1). The k°p parameters for the

binary GaN and AlN compounds are listed in Table 2.
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Table. 2. The k°p parameters of the binary GaN and AlN com-

pounds [11,14,15,16].

Parameter Unit GaN AlN

Energy parameters

Eg meV 3440 6280

D1 = Dcr meV 72 –58

Dso = 3D2 = 3D3 meV 15 20

Conduction band effective masses

m me
z

0
– 0.20 0.33

m me
t

0
– 0.18 0.25

Valence band effective mass parameters

A1 – –6.56 –3.95

A2 – –0.91 –0.27

A5 – –3.13 –1.95

Deformation potentials

ac meV –4080 –4500

D1 meV –890 –2890

D2 meV 4270 4890

4. The band model

Figure 2 presents the band diagram of the GaN/AlN

heterojunction. It is known from experiments [17], that the

valence-band edge discontinuity is equal to

DEV = 0.8 ±0.3 (eV). (12)

Because of a different sign of the D1 crystal-field split-

ting energy in both binary compounds, there are different

arrangements of the energy levels: while E1 is the highest

energy level in GaN, E2 plays analogous role in AlN. So,

formally DEv = E1(GaN) – E2(AlN). But because exactness

of the determined DEv value (0.3 eV) is much higher than

both the D1 = Dcr and the D2 = D3 = Dso/3 parameters (c.f.

Table 2, here Dcr is crystal-field split and Dso is the spin-

orbit split-off energy), it is enough to assume

DE E EV V V= -0 0( ) ( ).GaN AlN (13)

Therefore for the assumed EV
0 0( ) ,AlN = EV

0 ( )GaN = 0.8 ±
0.3 eV. For the ternary AlxGa1–xN compound [11]

E xE x E

b x x

V x x V V

V

0
1

0 01

1

( ) ( ) ( ) ( )
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+ -

(14a)

E xE x E

b x x

C x x C C

C

0
1

0 01

1
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(14b)

E xE x E

bx x

g x x g g( ) ( ) ( ) ( )

( ),

Al Ga N AlN GaN1 1

1

- = + -

+ -
(14c)

where b = bc – bv = –0.98 eV as well as bc and bv are the

so-called bowing parameters. It is known from experiments

that DEc is equal to about 33% of the energy difference be-

tween fundamental transitions in AlN and GaN, therefore it

is reasonable to assume bc = –0.67b and bv = 0.33b.

It may be finally concluded that band edges in the

nitride quantum-well structure under consideration may be

written as

E z P z
E q E z
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Fig. 1. The band structure of the AlxGa1–xN/GaN/AlxGa1–xN

quantum well. Vectors of the spontaneous PSP and the piezoelectric

PPZ polarizations are shown.

Fig. 2. The band diagram of the GaN/AlN heterojunction. DEC and

DEV – the conduction-band and the valence-band, respectively,

discontinuities at the heterojunction.



With the exception of the spontaneous (8) and the pie-

zoelectric (9) polarizations, the energy gap (14c), and the

band-edge profiles [(15a), (15b)], all values of other mate-

rial parameters of the AlxGa1–xN compounds are deter-

mined with the aid of a linear interpolation between their

values for binary GaN and AlN compounds listed in Table

1 and Table 2.

5. The results

The calculations have been carried out for GaN quantum

wells of widths of 2, 3, 4 and 5 nm and 10 nm AlxGa1–xN

barriers with the AlN mole fraction x changing from 0.1

to 1. Currently good-quality AlxGa1–xN layers of very

high AlN contents, grown on GaN layer, are not techno-

logically available, mostly because of crystal cracking

[18–20]. Nevertheless, it seems to be worthwhile to con-

sider theoretically their possible influence on prospec-

tive device properties.
Figures 3, 4, 5, and 6 present shapes of normalized en-

velope functions f1 of an electron in the conduction band

(cc1), and heavy holes g12 3
14
, ,
( , )

in the valence band (hh1, hh2

and hh3) for various electric fields within QW. As it can

easily be seen, in the case of neglected polarization effects

(solid lines), modules of envelope functions of both groups

of carriers are symmetrical with respect to the QW axis. In-

creasing electric field within QW causes a shift of maxima

of the electrons and the holes envelope functions in the op-

posite directions (dependent on the electric field vector di-

rection) of the QW. The above phenomena, also leading to

an effective bang-gap shrinkage and known as a quantum

confined Stark effect (QCSE), is directly connected with a

steadily increasing difference between lattice constants of

the well and the barriers with increasing barriers AlN mole

fraction, which means – with stronger piezoelectric polar-

ization causing stronger electric fields in QW (Fig. 7).

To illustrate an influence of piezoelectric polarization

on recombination processes in nitride GaN/(AlGa)N QW

devices, the theoretical calculations (including polariza-
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Fig. 3. Normalized envelope functions of the cc1 electrons for

various electric fields within the QW.

Fig. 4. Normalized envelope functions of the hh1 holes for various

electric fields within the QW.

Fig. 5. Normalized envelope functions of the hh2 holes for various

electric fields within the QW.

Fig. 6. Normalized envelope functions of the hh3 holes for various

electric fields within the QW.



tion) have been carried out. The electric field of

0.88 MV/cm have been found within the 5-nm-thick well

in the structure with 10-nm-thick barriers. Such an electric

field causes a very strong carrier separation (QCSE: dashed

lines in Fig. 8). As one can see, overlapping of the electron

and the hole envelope functions becomes very small result-

ing in a very low intensity of electron-hole recombination

transitions. Of course, carrier separation disappears when

the polarization effects are neglected (solid lines in Fig. 8).

To fully understand and not to underestimate the influ-

ence of piezoelectric polarization on an operation of nitride

QW devices, it is useful to examine the behaviour of square

of integral overlap Mn m
e h
,
- 2

of the electron and the hole en-

velope functions for different values of an electric field. It

is important to stress, that recombination rate is propor-

tional to a square of the integral overlap, which can be de-

fined as follows

M z g z dzn m
e h

n m
i

L

,
( )( ) ( ) .- = ò

2

0

2

f (16)

Figures 9, 10, 11, and 12 present dependence of the

square of the integral overlap of the electron (cc1) and the

holes (hh1 and hh2) envelope functions versus electric field

in the well for different well widths (2, 3, 4, 5 nm). As ex-

pected, at zero electric field, squares of integral overlap of

the ground electron state and the ground heavy-hole state

are the highest and close to unity, because both of these

carriers envelope functions remain symmetrical with re-

spect to the QW axis (Figs. 3 and 4) but represent carriers

of different effective masses. As electric field increases,
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Fig. 7. The electric field ES within GaN quantum wells of different

widths LS versus the AlN mole fraction x of the 100-Å AlxGa1–xN

barriers.

Fig. 8. Squares of the envelope functions for the conduction-band

electrons (cc1) and the valence-band heavy holes (hh1) within the

5-nm GaN quantum wells with the 10-nm Al0.2Ga0.8N barriers

including polarization (dashed lines) and assuming neglected

polarization (solid lines).

Fig. 9. Dependence of a square of the integral overlap of the

envelope electron and the hole functions versus various electric

field values for the Al0.15Ga0.85N/GaN QW structure with the 2-nm

wide well and the 10-nm wide barriers.

Fig. 10. Dependence of a square of the integral overlap of the

envelope electron and the hole functions versus various electric

field values for the Al0.15Ga0.85N/GaN QW structure with the 3-nm

wide well and the 10-nm wide barriers.



there is gradual reduction in square of integral overlap of

ground electron state and ground heavy hole state

(êMcc1-hh1ê2). However, integral overlap of ground electron

state and second heavy hole state (êMcc2-hh2ê2) is increasing

to reach a maximum (for lower electric fields in thicker

QWs) and then, at electric fields over 700 kV/cm, to gradu-

ally reduce to zero as it is the case of êMcc1-hh1ê2. Though

êMcc1-hh2ê2 is generally lower than êMcc1-hh1ê2, at large electric

fields (dependent on the QW width) and in QW wider than

3 nm its contribution becomes comparable with or even

larger than that from êMcc1-hh1ê2. This directly implies that a

correct evaluation of optical properties such as recombina-

tion rate or absorption coefficient at higher electric fields

should also include êMcc1-hh2ê2 which cannot be neglected as

it is usually the case.

6. Conclusions

The stress-induced separation of recombining carriers in

nitride GaN/(AlGa)N QW devices has been studied in this

paper with the aid of the modified k°p method. Results

show that increasing electric field within QWs causes a

shift of the maxima of the electrons and the holes envelope

functions in the opposite directions, which is called the

quantum confined Stark effect. Theoretical calculations of

square integral overlap for Al0.15Ga0.85N/GaN QW struc-

ture of different QW widths for various electric fields have

been carried out to allow further investigation of optical pa-

rameters such as recombination rate and absorption coeffi-

cient, both dependent on square integral overlap. It has

been found out that in wide QWs (5 nm) under a large elec-

tric field (0.88 MV/cm) caused in the above QW structures

only by stress-induced (piezoelectric) and spontaneous po-

larization, square of integral overlap of ground electron

state and second heavy hole state becomes larger than

square integral overlap of ground carrier states. Above phe-

nomena directly implies necessity of including also these

second carrier transitions in evaluating correct optical

properties of nitride GaN/(AlGa)N QW devices.

Appendix A

Following Chuang and Chang [9,10] the block-diagona-

lized valence band Hamiltonian for strained wurtzite crys-

tals can be written as follows

where

F = + + +D D1 2 l q,

G = - + +D D1 2 l q,

[ ]l l= + + Î
h

2

0
1

2
2

2

2m
A k A kz t ,
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Fig. 11. Dependence of a square of the integral overlap of the

envelope electron and the hole functions versus various electric

field values for the Al0.15Ga0.85N/GaN QW structure with the 4-nm

wide well and the 10-nm wide barriers.

Fig. 12. Dependence of a square of the integral overlap of the

envelope electron and the hole functions versus various electric

field values for the Al0.15Ga0.85N/GaN QW structure with the 5-nm

wide well and the 10-nm wide barriers.
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where Ai are the valence-band effective-mass parameters

analogous to the gi Luttinger parameters, D1 = Dcr is the

crystal-field split energy, 3D2 = 3D3 = Dso is the spin-orbit

split-off energy and Di are the deformation potentials [21].

Values of the above k°p parameters for the binary GaN and

AlN compounds are listed in Table 2. It should be noted

that HU = (HL)* = (HL)T and for kt = 0, which is the case in

this paper, HU = HL (where * is the complex conjugate and
T means transpose of matrix elements).

The bases for the block-diagonalized Hamiltonian are

defined as

1
2 2

= -
+

 + -
+

¯a a* X iY X iY
,

2
2 2
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¯b b*X iY X iY
,
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