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4.1 Introduction of polarization

II-V nitride heterostructures are of outstanding current interest for a wide range of
device applications, including blue and UV light emitting diodes and lasers, high
temperature and high power electronics, visible blind UV photodetectors and field emitter
structures. In addition, these materials, by virtue of their wurtzite crystal structure and
high degree ionicity, exhibit a variety of material properties that either are not found or

are of considerably reduced importance in conventional zincblende I1I-V semiconductors.

Of particular interest are piezoelectric and spontaneous polarization effects, which meant
experimental and theoretical investigations, have revealed to be of great importance in
the design and analysis of nitride heterostructure devices. In the following paragraphs, we
discuss basic phenomena of piezoelectric and spontaneous polarization in nitride

semiconductors and discuss their role in nitride heterostructure device physics.

In the absence of external electric fields, the total macroscopic polarization of a solid is
the sum of the spontaneous polarization of the equilibrium structure and of the strain-

induced piezoelectric polarization.
4.1.1 Spontaneous polarization

The zincblende compound semiconductors, such as GaAs or GaN, have four symmetry
equivalent polar [111] axis whose contributions cancel each other in equilibrium. Hence,
these materials are free of electrical spontaneous polarization at equilibrium. In contrast,
the wurtzite phase has a singular polar axis, namely, the [0001] axis. Thus, the wurtzite

phase carries spontaneous polarization along [0001] even at equilibrium.
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4.1.2 Piezoelectric polarization

In practice, semiconductor layers are often grown under strain due to the lattice mismatch
to the underlying layer. Such deformations of the unit cell can lead to additional
piezoelectric polarization. The presence of this kind of polarization is again closely
related to the unit cell symmetry, namely, the lack of inversion symmetry. The
contributions of the four polar axes of zincblende structures cancel each other for growth
along a <111> direction. However, growth along one of the polar axes lifts the symmetry
and the crystal exhibits piezoelectric polarization. In contrast, the wurtzite structure with
its unique polar [0001] axis always carries piezoelectric polarization for any growth

direction.

Group-I1I nitrides constitute a material system with individual lattice mismatches to each
other binary compounds of several percents. A proper treatment of strains and stresses is
therefore required in order to correctly describe all phenomena involving strain, e.g.,
piezoelectric polarization. In this section, the strain is outlined and calculated along the

principal growth direction employed in this thesis, namely [0001].

In Figure 1 the comparison of bonds between closed packed planes for the crystal
structures have been shown. In the wurtzite there is an eclipsed bond configuration while

in zincblende the bond configuration is staggered.

<0001 Rt Zine blende

Wurtzite e

<0001

Figure 1. A comparison of bonds between closed packed planes for the crystal structures.

Nitride semiconductors exist in both the zincblende and wurtzite phases, which are

closely related to each other. In both cases, each group-IIl atom is tetrahedrally
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coordinated to four nitrogen atoms. The main difference between these two structures is
the stacking sequence of close packed diatomic planes. These stacking sequences are
ABABAB along the wurtzite [0001] directions and ABCABC along the zincblende [111]
directions. This difference in stacking sequence results in distinct space group

symmetries: P63mc for wurtzite and F43m for zincblende.

The wurtzite crystal structure of III-V nitride semiconductors have been widely used in
optoelectronics, because wurtzite is a polar structure that can support a significant
spontaneous polarization even in the absence of any external field or strain, therefore in this

work we have studied the parameters of wurtzite IlI-nitrides.

Furthermore, wurtzite structures have high crystal quality and the wurtzite structures have
shown better results in optoelectronics application and that being the primary application
of group Ill-nitride devices, we take for granted that the groups IlI-nitrides in this study

has the wurtzite crystal structure. Figure 2 shows the wurtzite crystal structure.

e, 4
M-plane
1&03
Cr
14
02’ e
B v
d] 0 C-plane
r
€,

Figure 2. Geometry of unstrained unit cell of I1I-V semiconductors with the primitive translation vectors a;
and the set (&,, &,, &,) of Cartesian unit vectors. a, and ¢, denote the unstrained lattice constants.

The presence of piezoelectric polarization which occurs due to the presence of strain in

the system, influence the potential across the heterojunction and this plays an important
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part in heterojunction field effect transistors (HFET). The effective bandgap and the
interband emission energy of group III-N based materials are reduced, if the built-in
internal fields due to spontaneous and piezoelectric polarizations are included in the
Hamiltonian. These electric fields determine the quantum states of electrons and holes
and thereby alter the nonlinear optical properties such as absorption coefficients and
changes of refractive index of the wurtzite GaN/AlGaN heterostructures. These optical
properties depend on the effects of strain and the built-in electric fields and further they

increase linearly with the Al content in the barrier.

4.2 Strain in III-V nano-heterostructures

When two layers are joined together to form a heterojunction, the difference in the lattice
constant between the two materials will lead to a strain. This strain also occurs due to the
difference in the thermal expansion coefficients in the layers during cool down after
growth. This leads to elastic strain in the layers. When AlGaN is grown over a GaN
buffer layer which is relaxed, this layer will experience a biaxial strain field because of

the difference in the thermal expansion coefficient in the buffer layer.

The homoepitaxy is a lattice matched epitaxial process, in which a single-crystal
semiconductor layer is grown on a single-crystal semiconductor substrate of same
material and same lattice constant. While heteroepitaxy is a process, in which the
epitaxial layer and the substrate are two different semiconductors and the epitaxial layer
is grown in such a way that an idealized interfacial structure is maintain i.e. atomic
bonding across the interface must be continuous without interruption. Therefore, the two
semiconductors must either have the same lattice spacing or be able to deform to adopt a

common spacing that are referred to as lattice-matched epitaxy or strained-layer epitaxy

[].

However, in Figure 3, the strain at the interface of GaN/AlGaN multilayer nano-
heterostructure for different Al composition has been shown. The region lying between
100 nm to 188 nm can be considered as the active quantum region due to the appearing of

significant strain in x-y plane. Since the heterostructure is grown along z direction, so,
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there will be compression along z direction and equal expansion along remaining two
direction (x and y direction) hence, strain along x and y direction is positive, while along
z-direction it is found negative, can be seen in three dimensional view of strain in Figure
4. Obviously, the nature of these strain along x and y direction is tensile and along z
direction it is of compressive, which can be easily visualized in the overall view (two
dimensional view) of strain in Figure 3(a), while three dimensional view can be seen in
Figure 4. Aluminum composition effect on strain produced in heterostructure is also
predicted in Figure 3(a, b, ¢, d). By changing the Al composition, the energy levels can
be changed due to modification in strain and as a consequence, the structure of valence

band can be modified.

Presently intrinsic elastic strain field arising from the lattice mismatch between the
quantum structure material and matrix material plays an important role in fabrication of
quantum nanostructures [2]. Furthermore, as reported, the lattice constant of AlGaN is
the linear function of Al composition [3]. As the lattice constant increases with Al
composition, the lattice mismatching between epitaxial layers increases, so it will be
compressed in the plane of growth to conform to the substrate spacing. Elastic forces then
compel it to dilate in a direction perpendicular to the interface that is referred as strained-
layer epitaxy [4]. The similar results are simulated for other two multilayer nano-

heterostructures of InN/AlInN and InN/GalnN as shown in Figure 5 and Figure 6.
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The compressive strain leads to several effects, such as increase of effective mass and
decrease of intervalley spacing, which are prejudicial to the velocity. For given strain,
these effects are less pronounced at high concentration, owing to the variation of material
parameters between GaN and AlGaN, similarly for InN and AlInN, InN and GalnN. As a
result, in all cases the compressive strain leads to a velocity degradation which compete
the effect of increased material composition. The relative importance of these two effects
is strongly dependent on material composition, the former being dominant at low
concentration and the latter at high concentration. The compressive strain such as that
encountered in pseudomorphic layers, leads to a degradation of the room temperature
transport properties of III-V binary and ternary compounds. This suggests that these
materials are good candidates for HEMT application as confirmed by experimental

results.

These results will be very beneficial and latest in the field of nano-optoelectronics
because the knowledge of the strain field is crucial as the strain modifies substantially the
electronic band structure which, in turn, strongly affects the performance of
optoelectronic devices [8]. Strain field is also responsible for the shape and size

anisotropy in the nanostructures [9].

Recently S. Gupta et al. has been reported the strain profile in nitride based multilayer

nano-heterostructures [10].
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Figure 7. Strain variation with composition for GaN/AlGaN multilayer nano-heterostructure.
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Figure 8. Strain variation with composition for InN/AlInN multilayer nano-heterostructure.

97



Chapter-4

Result and Discussion

Strain

0.07

0.06

0.05

0.04

0.03

0.02

INN/GalnN I

0.2

T T T T
0.3 0.4 0.5 06

Ga Composition (x)

Figure 9. Strain variation with composition for InN/GalnN multilayer nano-heterostructure.
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Figure 10. Calculated strain in AllnN as a function of Al-composition by Guangle Zhou et al. [5].
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