Chapter 4

Phonon Properties of III-V Nitrides under Pressure

—4:1-—-Introduction--- -———— - - R

The search for new semiconductors with improved electronic properties resulted
into discovery of binary and multinary compound semiconductors. The interest in the
binary semiconductors belonging to II-VI (e.g. ZnSe, CdTe etc.) and HII-V (e.g. GaAS,
GaSb, AIN etc.) has led to it’s foundation since last four decades or so. This has largely
motivated due to the desire to fabricate new, efficient, and economic semiconductor
devices. As one proceeds from well known group IV (e.g. Si, Ge) elements to the II-VI
and III-V compound semiconductors, new properties of such materials are discovered for
their understanding and exploration. The availability of large energy band gap and high
mobility of electrons in compound semiconductors has led to several useful devices such
as hetrojunction lasers, LED, magnetoresistance devices etc. This choice has been still
widened with the development of nanostructures in which there occurs lowering in
crystal symmetry and dimension thereby leading to devices with interesting properties.
Also, in the recent past there have been increasing interest and undesirable experimental
and theoretical activities focused on a new group of semiconductors [1-8] which have
some unique properties that enhance their potential use in a wide range of opto electronic
device applications. Due to these interesting features they have both defense and
commercial application. Worldwide experimental and theoretical efforts have been
directed towards understanding the underlying physics of the special features associated
with these semiconductors. The importance of these materials was recognized when
Kamarove [7] first reported the giant enhancement of magneto optical effects in Mn
doped II-VI semiconductor CdTe i.e CdiMn,Te. The materials are known as dilute
magnetic semiconductors (DMS) or semi-magnetic semiconductors (SMSC). Nowadays

due to the tunability of their energy gap in a wide range, these materials are excellent
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candidates for the preparation of quantum wells and superlattices. The semi-magnetic
properties bring new physical effects into the already rich, existing spectrum of
phenomenon of quantum well, and superlattices. The DMS will be discussed at the length

in the chapter 6.

In the recent years, III-V nitrides have gained a status of highly attractive
materials because of their great potential in short wave length optoelectronic devices [9].
“The nitrides havé made possible to have three primary color semiconductor diodes, which
have a great impact on imaging and graphics applications. Like most other wide band gap
semiconductors, the nitrides exhibit superior radiation hardness compared v?ith GaAs and
Si, which also make them attractive for space applications. Although nitrides are well
known to be highly  stable in the wurtzite structure, zinc blende nitrides has been
experimentally observed [10]. It is expected that zinc blende nitrides are more amenable
to doping than wurtzite nitrides, since all of the III-V semiconductors that can be
efficiently doped are cubic. Therefore, it is meaningful to characterize both
experimentally and theoretically the physical properties of zinc blende III-V nitrides.
Even though, there is a remarkable progress in the fabrication technology and growth of
nitrides, particularly GaN and AIN, some basic properties of these materials remained
poorly studied. The phonon spectrum is one of the fundamental characteristics of the
crystals. The behavior of the phonon dispersion branches reflects specific features of the
crystal structure and the interatomic interactions and therefore gives the most
comprehensive and detailed information about dynamical properties of crystals. The
phonon dispersion curves are typically obtained by neutron scattering techniques.
However, the absence of 11I-V nitrides crystals of sufficiently large size makes neutron
scattering difficult. Other than nitrides the lattice vibrational properties of III-V
compound semiconductors have been studied extensively in the last few decades both
theoretically and experimentally [8,11-23] that play an important role in the interpretation
of electrical resistivity and other transport phenomenon leading to the applications of
these semiconducting compounds. The availability of neutron scattering data on phonon
m the zinc blende structure semiconductors has made it possible to make theoretical

studies of crystal properties and also ultimately has led to the development of number of
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theoretical models to interpret them. Out of several models, rigid ion model (RIM) [25],
shell model (SM) [26], valance force field model (VFFM) [27] deformation dipole model
and deformation bond approximation model (DDM and DBA) [28] have been quite

successful in interpreting the experimental observations.

Like other solids, semiconductors in general and group III-V compounds in

particular are also forced to exhibit a number of structural transition under hydrostatic

pressure [29]. Depending on the System, the transition pressure range from several tens of

K bars to few hundred K bars. Raman scattering investigations have revealed valuable
information regarding the changes in the phonon spectrum across the phase transition
[30] and in identifying soft phonon modes believed to be responsible for driving the
phése transition [31]. As far as the pressure dependent experimental or theoretical
investigation on the phonon properties are concerned there are few reports by using
Raman spectroscopy [31,32-35] and theoretical methods [36-38] limited to compound
semiconductors other than nitrides. K. Karch [39] and C. Gobel [40] have reported first
principle calculation of the structural, lattice dynamical and dielectric properties for zinc
blende and wurtzite AIN. While most of the studies are performed for the wurtzite and
hexagonal structure, the situation is poor for III-V nitrides in its ZB structure. Miwa and
Fukumoto [41] and Kim [42] have calculated the frequency of TO phonon mode at zone
center using first principle method. Rare attempts of high pressure study of these
compounds have been reported so far. Perlin [43] has reported structural properties with
x-ray absorption spectroscopy and vibrational properties with Raman scattering. These
facts motivated us to investigate phonon properties of III-V nitrides through out the
Brillouin zone at ambient and high pressure. In the present chapter we report the results
of our investigations on pressure dependent phonon dispersion curves, phonon density of
states, mode Griineisen parameters and specific heat for four III-V nitrides namely AIN,
GaN, BN and InN by using rigid ion model already discussed in previous chapter. In
addition we have also reported variation in the phonon frequencies at different points in
the BZ with pressure for mentioned phosphides. We have also performed study of

variation of LO-TO splitting at I" point with pressure. In section 4.2, we describe
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theoretical consideration and determination of parameters for the rigid ion model. Section

4.3 describes the results and discussion followed by conclusion in section 4.4.

4.2 Theoretical Consideration

The details of the theoretical model namely the Rigid ion model (RIM) used for
the calculation of phonon and allied properties at ambient and at high pressure have
~already been i)résented in chapter (3). Ho{i}eve'r,n in the present v»s’e‘c;i'on, wegﬁ;ﬁy discuss
the theoretical consideration and computational details including the optimization of the

model parameters at ambient and high pressures for the calculation of phonon properties.

The RIM of Kunc [44] provides a basis for discussing the effect of pressure on
phonon related properties, which depend on phonon frequencies only and do not require
us to consider phonon eigen vectors. The RIM parameters are two first neighbor force
constant (A and B), eight second neighbor force constants where in our case indices 1,2

*

represents cation and anion respectively and the effective charge parameter ,_ e .
V 8OO

Two sets of RIM force constants, one at ambient and the other at high pressure are

obtained for each compound in the zinc blende III-V nitride family by using novel
optimization procedure. In estimating the P==0, lattice constant, Muranaghan’s equation
of state is adopted in relating the volume dependence to pressure. In the optimization
process of RIM parameters at ambient and high pressures, we followed the least square
fitting procedure where the data on elastic constants are used as input parameters and the
values of phonon frequencies at critical points as constraints on the values of the
parameters. To asses, the significance of the two sets of the force constants and to treat

the phonon properties at any desired pressure a linear interpolation scheme is adopted.

As far as thermodynamical properties of solids are concerned these occur in
anharmonic models when the second order coefficients in the potential energy are volume
dependent. However, to a first approximation thermal properties can be derived within

the quasi-harmonic theory by treating the lattice vibrations as harmonics, but with
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assumed volume and pressure dependent phonon frequencies. In this approximation, the
vibrational entropy can be expressed as the sum of the contribution from uJj(q) phonons.

The model parameters obtained by the methodology discussed above are presented in

Table 2, while the input parameters used to obtain the model parameters are presented in

Pressure (GPa) Pressure (GPa)
0 20 40 70 120

Figure 1 (a): Force constant (A and B) as a Figure 1 (b): Force constant (A and B) as a
function of pressure for AIN, GaN and InN. function of pressure for BN.
Table 1. An inspection of the Table 2 reveals that the trends of the variation of the force
constants in these compounds seem to be physical and justified. We plot first neighbor
force constant (A and B) for zinc blende AIN, GaN, InN and BN compound

semiconductors in figure 1 as a function of pressure which shows the systematic variation
of these parameters .

Table 1: RIM input parameters for I1l-Nitrides. Elastic constants C,j (x 10l dyne / cm2).

Input Parameters for IlI-Nitrides

Parameter InN GaN AIN BN
< 18.7 29.3 30.04 82.0
Ci2 125 15.9 16.0 19.0
e =-e 155 19.3 48.0

M| (amu)  114.82 69.72 26.98 10.81

M2 (amu) 14.00 14.00 14.00 14.00

a (A 4.98 450 4.37 3.615

©to (cm') 588 742 908 1285

©to (cm™) 457 553 653 1055
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4.3 Results and Discussion

4.3.1 Phonon Dispersion Curves

For systematic study of the phonon properties of III-V nitrides semiconductors
under pressure, we have calculated the complete phonon dispersion curves at different
pressure close to the phase transition pressure by using the rigid ion model discussed in
previous chapter and parameters obtained in section 2. The pressure dependent phonon
dispersion curves have been carried out for some selected één;icoﬁ;iuctors}xélﬁely AlN,
GaN, InN and BN. The results thus obtained are discussed below.

The phonon dispersion curves for InN, GaN, AIN and BN at ambient and at high
pressure have been presented in figure. (2) along high symmetry directions(t}, 0, o), (5,;,0)

and (;,, a2 5). We only plot the high pressure phonon dispersion curves for one value close to

the phase transition pressure. The phase transition pressure for BN is > 1100 GPa [45 -
46], AIN is in the range of 20 GPa [47-48] and for GaN it is the range of 60 GPa [49-51].
However, the investigation has been performed for several other high pressure cases but

not presented here. The results have been compared with the available data [52-56].

r X X rr L

Frequency (cm't)
it

]

o

]
T

-
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0 @0 1o @4.9
Réduced wave vector
Figure 2 (a): RIM calculations of the phonon dispersion for zinc blende InN

semiconductor. Solid and dotted lines represents ambient and 100 GPa calculations. Filled
circles represent experimental values [56].
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Figure2 (b): RIM calculations of the phonon dispersion for zinc blende GaN
semiconductor. Solid and dotted lines represent ambient and 100 GPa calculations. Filled
circles represent experimental values [52-56].
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Figure 2 (¢): RIM calculations of the phonon dispersion for zinc blende AIN semiconductor.
Solid and dotted lines represent ambient and 120 GPa calculations. Filled circles represent
experimental values [52-56].
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Figure 2 (d): RIM calculations of the phonon dispersion for zinc blende BN
semiconductor. Solid and dotted lines represent ambient and 100 GPa calculations. Filled
circles represent experimental values [56].

The values of critical point phonons at ambient pressure are found in good
agreement with the existing experimental data. As these figures reveal, while the optical

branch is more or less dispersive particularly in (5,0,0) and (5,;1,0) directions of the

Brillouin Zone (BZ), the acoustic phonon modes are almost flat at X and L point of
Brillouin Zone with usual increasing frequencies going from low to higher wave vectors.
As far as the effect of pressure on the phonon dispérsion is concerned the nature of
phonon band structure is more or less similar to the ambient pressure except TA branch.
However, the quantitative analysis reflects an increase in LO, TO and LA phonon
frequencies with pressure and decrease in TA phonon mode frequencies through out the
Brillouin Zone (BZ). To have an idea, these frequencies at different critical points of the
BZ have been plotted with pressure for all four considered nitrides in figure 3-6. Here we

summarize some of the silent features found in the phonon behavior.
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> For the InIN— GaN— AIN— BN sequence where N atom is common, the
zone center optical phonon modes increases with the decrease with the cation
mass. Similarly, the phonon gap between two optical- acoustic bands decreases
with increase in the anion to cation mass ratio.
< In I1I- nitrides, the strength of elastic forces and the degree of mixture of ionic and
covalent bonding are responsible for the LO-TO splitting at zone center as well as
for the distinct behavior of the optical and acoustical phonon. As compared to BN
~and AIN when the LO phonons show pronounced dispersive behavior, in GaN
and InN the dispersion of LO mode is shallower. The TO branches in BN and
AIN show no or very little dispersion whereas upward dispersion is revealed for
the TO phonons in GaN and InN. The figure (7) presents the pressure dependent
LO-TO splitting at zone center for InN, GaN, AIN and BN respectively.

300
AN
o~ e ——
o 250F
g
"’
)
B 200t Gal
g,
&
150+ - InN
180 ] i i i [

0 10 20 30 40 30 70 100 1m
Pressure (GPa)

Figure 7 (a): Pressure variation for ®LO - wro at T'- point for InN, GaN and AIN.
It is seen from these figures that the LO-TO splitting shows linear increase with
the pressure which is maximum for BN. This indicates that pressure affects the

ionicity of the compounds. This is due to the fact that under pressure the change in

splitting of the optical phonon frequencies at the zone center point may cause a
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redistribution of the Szigetti’s effective charge on the ions that in turn affect the

ionicity of semiconductors.
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Figure 7 (b): Pressure variation for ®LO - oo at I'- point for BN.
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Similar to III-V compounds, Our calculation shows flatness of the TA branches
over part of the BZ in GaN and IoN. In AIN and BN, however this features

L)

disappears either partially or completely.
4.3.2 Phonon Density of States

Besides phonon dispersion curves, we have also calculated the phonon density of
states for InN, GaN AIN and BN. The phonon density of states presents an over all view
of the range and extent of various phonon modes in the lattice. The calculation of one
phonon density of states is vital as it requires the determination of phonon modes in
whole BZ. One phonon density of states at different pressures for these compounds
calculated by using methodology discussed in chapter 3 have been displayed in Figure
(8). These figures show that frequency spectrum shifts towards ﬁigher frequency as the
pressure is increased. The height of the peaks, however decrease with an increase in

pressure. As far as the common features at ambient and high pressure for these
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compoundé are concern it can be seen from the present figures that our results exhibits a
gradual development of the sharp density of states with distinct LO and TO phonons, as

one moves from InN — GaN— AIN — BN. It is also seen sharp and
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Figure 8: One phonon density of states for InN, GaN, AIN and BN.

Pronounced peaks in the TA region of the one phonon density of states while broad band
appears in the corresponding region of AIN and BN. The pressure causes the shift of
phonon peaks in all four nitrides. While the peaks associated with transverse acoustic
phonon mode shifts towards lower side, the peaks in the high frequency sides shifts
towards higher frequency side of the spectrum. These figures also reveal the appearance
of the new peaks in both sides of the spectra. Very intense peak in the middle of the
spectra is basically due to the contributions of LA and TO phonon modes throughout the

Brillouin zone.

4.3.3 Mode Griineisen Parameter

In describing the volume or pressure dependence of the phonon frequencies in

solids, Barron [57] has introduced the mode Griineisen parameter -y; , which has been
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Figure 9(a): Calculated mode Griineisen parameter along high
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Figure 9 (¢): Calculated mode Griineisen parameter along high symmetry
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Figure 9 (d) Calculated mode Griineisen parameter along high symmetry
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described in chapter 3. The knowledge of mode Griineisen parameter are known in a
solid for all branches through out the BZ, the responsible phonon mode or modes can be
found along with the determination of thermal expansion. The calculated values of the

wi(g) and 9@ a5 a function of wave vector ¢ through out the Brillouin Zone are
dpP

used to study the variation of the mode Griineisen parameter'yi(&). The results along

(4.0,0),(¢,9,0) and (¢,q.9) for all four 1II-V nitrides are displayed in figure (9). These
figures reveal that mode Griineisen parameters for the TA branches in III- nitrides are
negative while for all other branches they are almost positive, but with very small value.
This may be due to the compensation between central and non central forces in cubic HI-
nitrides. Also this indicates that the lattice softening of the TA phonons is primarily

responsible for the observed phase transition in these compounds.

4.3.4 Lattice Specific heat at Constant Volume

Table 3: Specific heat (Joule/ mole-K) for AIN, GaN, InN, and BN with pressure.

Pressure AIN GaN InN Pressure BN
0 GPa 3924  109.51 164.61 180G£; ggg
a .
20GPa 3880  111.00  165.00 200 GPa 520
40GPa 3940 12255  168.12 400 GPa 771
70 GPa 41.02 140.14 175.27 640 GPa 11.46
100GPa 4376 18524  190.43 800 GPa 17.00

1000 GPa 18.77
120GPa  47.57 - 212.18 1200 GPa 16.81

The lattice specific heat constant volume is a quantity, which basically tests the
success of model calculations. We have calculated the pressure dependent lattice specific
heat at constant volume C, at room temperature by using the expression presented in
chapter 3, and presented in Table (3). The Table (3) reveals that the C, increases with
pressure for all considered Ill-nitrides and values obtained at ambient condition are in

good agreement. As far as the increase of C, with pressure is concerned it is quite
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obvious due to the modifications of phonon spectra particularly acoustic phonon

branches.

4.4 Conclusions

A comprehensive study for the pressure induced vibrational properties of 1lI-
nitrides is reported using a realistic dynamical model. In this macroscopic approach, once
the pressure dependence of the model parameters in a solid is accurately established,
nearly all of its vibrational properties at P=0 can be predicated with reasonable success.
In conclusion, we have calculated the pressure dependence of the phonon dispersion
curves, phonon density of states, mode Griineisen parameters, and specific heat at
constant volume for III- nitrides namely InN, GaN, AIN and BN by using rigid ion
model. It is observed that the energies of the optical phonons (both longitudinal and
transverse) as well as longitudinal acoustic phonons while the transverse acoustic phonon
energy decrease increase with pressure. Phonon density of states calculated at high
pressure of corresponding solid, show pronounced shift in the frequency spectra with
pressure. The mode Griineisen parameter indicates that the TA phonon modes have
negative values and responsible for the lattice softening. Specific heat at constant volume,

C, increases with pressure for all compounds.
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