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Abstract

We review recent experimental studies on the lattice dynamical properties of
novel semiconductor InN thin films. Most of the experimental results are
concerned with Raman scattering as well as infrared spectroscopic studies.
The emphasis is on the structure of Brillouin zone centre (I' point) phonons
in InN (including both the wurtzite and zinc blende structures), coupling
between the electron excitation (plasmon) and the longitudinal optical phonon,
disorder-activated modes, temperature- and pressure-dependences of the lattice
vibration modes, micro-Raman imaging, and the lattice vibration in nitride
alloys, superlattices, quantum wells, and quantum dots, etc. This article also
presents some prospects on Raman scattering studies in the related materials
and structures.
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1. Introduction

[II-nitride semiconductors, such as GaN, AIN, InN and their ternary alloys, are promising
materials for optoelectronic and microelectronic devices [1, 2]. InN is preferred for low-cost
solar cells with high efficiency, optical coatings, and various types of sensors [1]. InN has
received more attention from the properties of its alloys with GaN and AIN, which permit
the fabrication of InGaAIN based shortest-wavelength semiconductor laser diodes [3, 4].
Moreover, InN has distinct advantages in high-frequency centimetre and millimetre wave
devices, because the transport characteristics of InN are superior to those of GaN and GaAs [5].
Recent studies show that InN and other III-nitrides are promising materials for terahertz (THz)
radiation generation [6—8]. InN has also been proved to be a good plasma filter material in
thermophotovoltaic (TPV) systems [9]. However, the growth of InN is the most difficult among
the II-nitrides because the equilibrium vapour pressure of nitrogen over InN is several orders
higher than that of AIN and GaN, and accordingly the studies on InN are relatively fewer
than those on GaN and AIN due to the low decomposition temperature of InN, the difficulties
of growing bulk InN, and the lack of proper substrates, whose lattice constants and thermal
expansion coefficients both match InN, for thin film growth. With the improvement of growth
techniques in the past few years, InN thin films have been successfully deposited on sapphire
(«-Al>,03), GaAs, GaP, Si and glass substrates by magnetron sputtering, metalorganic vapour
phase epitaxy or chemical vapour phase deposition (MOVPE or MOCVD) and molecular
beam epitaxy (MBE) [10-19]. However, some important optical and electrical properties
of InN have not been fully understood, such as the band gap E,; most experimental values
including the early results [20] are about 1.9-2.0 eV, but recently, high-quality InN thin films
grown by MBE [21, 22] and MOVPE [23] with band gaps of 0.7-1.1 eV have been reported.
According to theoretic calculations, InN has excellent steady and transient electron transport
properties and the cut-off frequency of an InN field effect transistor (FET) can be higher than
400 GHz [5], but electrical studies on InN are limited to dark current and Hall measurements.
Since the first Raman report of InN in 1996 by Kwon et al [24], lattice vibration (phonon)
studies of InN have led to large quantities of theoretical and experimental results, which need
to be summarized to correspond to the recent review work on GaN [25]. Raman scattering
is a standard optical characterization technique for studying various aspects of solids such as
lattice properties, electronic properties, and magnetic properties. Raman scattering has many
advantages compared with other spectroscopic techniques: it is in principle non-destructive,
contactless, and requires no special sample preparation technique such as thinning or polishing.
On the other hand, nitride semiconductors are suitable for Raman scattering studies, since the
chemical bonding is a mixture of covalent and ionic bonding, which has a relatively high phonon
scattering efficiency, and they are generally robust and stand up well to laser irradiations.
InN has two possible structures: the hexagonal wurtzite and the cubic zinc blende (as
shown in figure 1); table 1 shows some of their fundamental parameters [1, 5, 25, 26]. Since
the wurtzite structure is the stable phase while the zinc blende structure is metastable, most
of the present studies on InN concentrate on hexagonal wurtzite InN (h-InN). This article
reviews lattice vibrational studies on h-InN, mainly emphasizing the phonon structure in the
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Figure 1. The structure of (a) wurtzite InN (h-InN) and
(b) zinc blende InN (c-InN).

Brillouin zone centre (the I' point), plasmon and longitudinal optical (LO) phonon (PLP)
coupling modes, disorder-activated modes, micro-Raman and temperature and pressure effects
of phonon modes. In addition, we also discuss the lattice vibration results of cubic zinc blende
(c-InN), ternary alloys of InGaN and AlGaN, and the low-dimensional structures such as
superlattice, quantum well and quantum dot structures.

The Raman scattering of phonons in crystals can be explained by the interactions of
phonons and photons [27, 28]. An incident photon with frequency of w;, interacts with the
phonons in crystals and then annihilates or generates a phonon with frequency of wpp, so the
frequency of the scattering photon is

ws = wr, & wpp. (1)

As regards the wavevectors of the incident photon &y, phonon q and scattering photon kg, they
are related by

kSZkLﬂ:q. (2)

Equations (1) and (2) correspond to energy conversation and momentum conservation,
respectively. The scattering is called Stokes scattering if the ‘—’ condition is satisfied and
anti-Stokes scattering if the ‘+’ condition is satisfied. The frequency shift of the scattering
photon is called Raman shift, which corresponds to the phonon frequency and is generally in
the range of 50-1000 cm~!. Lasers from near-infrared to near-ultraviolet (k; ~ 10® cm™")
are generally employed in experiments; the maximum of the wavevector change during the
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Table 1. Some fundamental parameters of InN.

Structure Parameters Values Units
Hexagonal wurtzite h-InN  Mass density 6.81 gem ™3
Band gap E, (300 K) 1.89% eV
Temperature coefficient dE;/dT  —1.8 1074 eVK!
Pressure coefficient dE, /d PP 19 meV GPa~!
Lattice constants a=3.54 A
c=570 A
Thermal expansion coefficient Aaja~4 107°K!
Acfc~3  107°K!
Deformation potential 7.1 eV
Longitudinal sound velocity 6.24 105 cm s~!
Transverse sound velocity 2.55 105 cm s~!
Piezoelectric coefficient 3.75 107> Cem™2
Thermal conductivity 0.8 Wem™! K1
Dielectric constants® oo = 8.4
&0 =153
Effective mass of electron® 0.115 mo
Electron saturating velocity 2.5 107 cm s~ !
Cubic zinc blende c-InN Band gap E, (300 K) 22 eV
Pressure coefficient dE, /d PP 22 meV GPa~!
Lattice constants® 4.98 A
Dielectric constants® £0o = 8.9
&0 = 10.2

4 Recently, much lower band gaps of 0.7-1.1 eV have been observed in MBE [21, 22] and
MOVPE [23] grown InN thin films.

Y Theoretical calculations.

¢ Average values.

scattering (i.e., the wavevector of the phonon) is 2ky., which is much smaller than the Brillouin
zone. We can therefore conclude that only the phonons near the Brillouin zone centre (I" point)
will contribute to the Raman scattering by equation (2). Studies of other critical points are
usually carried out by x-ray diffraction and neutron scattering measurements. The geometry
configuration used to describe the Raman scattering experiments is normally described as
ki (av, as)ks = incident direction (incident polarization, scattering polarization) scattering
direction. The Raman scattering section can be written as
do -
— =Wlag-R-ar|? 3
10 las | 3)
where W is a constant and R is the Raman tensor, which is related to the polarizability tensor
Xi; of the crystal:
9 2 .

no__ 2 A Qll ( 4)

"= o-
5] aQu Qg
For one lattice vibrational mode, it can be observed in the Raman spectrum only if the
experiment is under the geometry configuration when the scattering section does not equal zero,
which is called the group theory selection rules. It is called first-order Raman scattering when
the scattering process involves only one phonon, and multi-order scattering when it involves
more than one phonon. Generally, we can observe second-order scattering in experiments, i.e.,
annihilate or generate two phonons at the same time or annihilate one phonon and generate
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another one. In this case, the phonons that contribute to the Raman scattering can be other
than the I point ones, so long as they satisfy equations (1) and (2).

Infrared (IR) reflection and transmission are also frequently employed to study lattice
vibrations [27]. In normal incident configuration, we can obtain the dielectric constant spectra
and the corresponding optical constant spectra from the reflection spectra by the Kramers—
Kronig (KK) transformation, and then the phonon frequencies can be determined by their
extreme values. Another method is to use the fundamental Fresnel formula to calculate the
reflection spectra after considering the reflections and transmissions at interfaces, with the
contributions of transverse optical (TO) phonons and free carriers to the dielectric function by
the multi-oscillator model and the Drude model, respectively. By fitting the experimental
reflection spectra, we can obtain the phonon frequency, oscillator strength and damping
constant, which had been successfully applied in studying the phonon characteristics of
GaN [29]. However, IR reflection studies are relatively fewer compared with Raman studies
since they are not as direct as Raman scattering, and there has so far been no IR transmission
study reported, because of the experimental difficulties. Infrared spectroscopic ellipsometry
(IRSE) is another way to obtain the optical constants from the measured amplitude attenuation
and phase shift without the KK transformation.

2. Lattice vibrations of wurtzite InN

2.1. Theoretical calculations

Wartzite InN (h-InN; see figure 1(a)) has four atoms per unit cell, i.e., two In-N atom pairs.
Zinc blende InN (c-InN; see figure 1(b)) has two atoms per unit cell, i.e., one In-N atom
pair. In both cases, one In atom is involved in an N atom tetrahedron and vice versa. h-InN
is different from c-InN only in the stacking order of In-N atom layers: h-InN is ABAB. ..
type along the [0001] direction and c-InN is ABCABC. .. type along the [111] direction. The
phonon structure of h-InN is relative to that of c-InN, i.e., the phonon dispersion along [0001]
(I' — A direction in Brillouin zone) in h-InN can be approximately obtained by folding the
phonon dispersion along [111] (I' — L direction) in c-InN.

h-InN belongs to the Cgv space group. Group theory predicts one Aj, one E;, two E, and
two B; modes and the corresponding polarization tensors can be written as follows:

a 0 0 00 ¢ 00 0
A)=10 a 0 Eix)=|0 0 0 Ei(y)=|0 0 ¢
00 b c 00 0 ¢ 0 )
d d 0 e f 0
Ex=|d —d 0 Bi=|f —e 0.
0 0 b 0 0 0

A; and E; symmetry are modes corresponding to the axial and planar vibrations,
respectively. They split into longitudinal acoustic and optical (LA and LO) and transverse
acoustic and optical (TA and TO), and the LO and TO branches can be activated both in
Raman and infrared spectra. E, and B; are non-polar modes and E, is only Raman active
while the B; mode is forbidden. Figure 2 gives the vibrational types of the atoms in the unit
cell corresponding to these phonon modes, and E; and B; each have two modes marked ‘(high)’
and ‘(low)’ according to their frequencies. Therefore, the Raman active modes of h-InN are
A (LO), A (TO), E; (LO), E; (TO), E; (high) and E;, (low). Table 2 shows the observable
modes in different geometry configurations based on group theory selection rules. Several
groups have calculated the phonon dispersion and phonon density of states (DOS) [30-37].
Figure 3 shows one of the calculated phonon dispersion and DOS results [31]. We can see
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Figure 2. The atom vibration modes in h-InN with the
¢ axis upwards. The superscripts H and L represent the
high and low frequency modes, respectively.

Table 2. Active phonon modes in h-InN at different geometry configurations (the z direction is
defined parallel to the ¢ axis of h-InN).

Geometry configurations  Active phonon modes

x(y, X Ay (TO), E»

x(z, 2)X Ay (TO)

x(z, y)X Ei (TO)

x(y, 2)y E; (TO), E; (LO)
x(y, y)z E»

z(x, )z E»

z(x, x)Z Ay (LO), B2

from figure 3 that most optical phonons at the I point are in the range of 400-600 cm ™! except
that E; (low) and B; (low) are about 100 and 200 cm~' and the LO-TO splitting of A is larger
than that of E;. Furthermore, we can see four peaks from the DOS located at 100, 200, 490 and
570 cm™', respectively, which agree well with the disorder-activated Raman spectrum from
N* ion implanted h-InN shown in figure 3(c). This similarity will be discussed in section 2.4.

2.2. Raman scattering experiments

From the selection rules and table 2, A; (LO) and E, modes can be observed in back scattering
z(x, —)z configuration, which is widely employed since nearly all studies have been made on
films grown with the c-axis normal to the substrate surface. The z direction is defined parallel
to the ¢ axis of h-InN. When we take the polarization into account, both A; (LO) and E, can
be observed at z(x, x)z, while only E; can be observed at z(x, y)zZ and the non-back scattering
configurations should be taken in order to observe other phonon modes. Figure 4 shows the
earliest Raman spectra of h-InN thin films, which were deposited on sapphire substrates by
MOVPE [24]. We can see that the relative intensities of A; (LO) and E, (high) at different
configurations agree well with the selection rules.

In fact, the deposited InN thin films are not ideal crystals, so the selection rules will relax,
which will result in the observation of the non-activated modes. For example, figure 5 gives
the Raman spectra of an InN thin film, which was deposited by atomic layer epitaxy (ALE)
on sapphire substrates [38]. We can observe six modes at the back scattering configuration of
z(x, x)z, even the forbidden B; mode. Table 3 gives typical Raman scattering and theoretical
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Figure 3. h-InN (a) phonon dispersion curves, (b) phonon density of states (DOS) and (c) DA
Raman spectrum at low temperature (7 K) after N* implantation (from [31]).

Intensity (arb. unit)
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700 600 500 400 300 Figure4. Raman scattering spectra of h-InN thin film at different
. -1 geometry configurations. The relative intensity of A; (LO) and

Raman Shift (Cm ) E, corresponds to group theory selection rules (from [24]).

calculation results available in the literature. Although the phonon structure at the I' point
is fairly clear, there are differences as large as 10 cm ™' between the reported results. This
is mainly caused by the material diversity and the disorder activation, stress and temperature
effects etc, which will be discussed in sections 2.4 and 2.5.

In addition, Kaczmarczyk et al observed second-order Raman scattering of an h-InN thin
film (see figure 6) [32]. The InN thin film was grown by MBE on GaN (0001) substrates with
a thickness of 120 nm, and the spectrum was excited by a 488 nm laser. In the low frequency
region, 145 cm™! is the acoustic phonon at the A point, 205 cm ™' is the overtone of the TA
phonon at the K or M point, and the authors also pointed out that the structure at about 200cm ™"
observed by Inushima et al [38] is also second-order scattering, rather than the forbidden B
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Figure 5. Raman spectra of h-InN thin film. Six optical modes can be observed due to the relaxation
of the selection rules (from [38]).

Table 3. The typical calculated (Cal.) and experimental (Exp.) phonon frequencies (in cm~!) of
h-InN in the literature.

Phonon modes  E; (low) By (low) A; (TO) E; (TO) E; (high) By (high) A; (LO) E; (LO)

[24] Exp. 495 596
[38] Exp. 87 200 480 488 540 580
[31] Exp. 87 447 476 488 58 593
[33] Cal. 83 225 443 467 483 576 586 595
[39] Exp. 445 472 488 588
Cal. 104 270 440 472 483 530
[16] Exp. 441-445 471-475 489-491 588-591
[32] Exp. 88 440 490 590
[35] Cal. 93 202 443 470 492 568 589 605
Cal. 85 217 449 457 485 566 587 59

(low) mode. In the high frequency region, 678 cm~! is the A; (LO) + A; (LA) mode at the K
or M point and 850-1200 cm ™! are the resonant frequencies of optical modes.

2.3. Plasmon and LO phonon coupling mode

The excited states of free electrons in semiconductors can also contribute to Raman scattering.
Here we discuss the collective excited mode, i.e., the plasmon, whose dispersion relation can
be written as [27]

a)i(q) = a)g + %qzvé (6)
where ¢ is the wavevector of plasmon, and wj, is the plasmon frequency when g = 0:

w; = nee’/(€0gccmsy) @)

where n. is the electron concentration, g is the vacuum dielectric constant, &4, is the relative
high frequency dielectric constant and m} is the effective mass of electron. Vg is the Fermi
velocity which corresponds to the Fermi energy Er = hwp = hzkl% /2m% and

Vg = hkF/m: (8)
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with kg the Fermi wavevector, and when 7 = 0 K
ke = 3%ne)'/3. )

Since almost all the InN thin films obtained so far are n type with high electron
concentration (>10'® cm™), i.e., w, is relatively large, the coupling of the plasmon and
the LO phonon (PLP) will be enhanced to form the PLP coupling mode. The coupling mode
splits into two branches, the upper (PLP*) and the low (PLP~) branch. When g = 0, their
frequencies can be described by

2 1 2 2 1 2 2 \2 2 2 1/2
0L, =3 +olo,) £ 3@, + @) )* — 4w 0] / (10)

where a)gi = neez/(sosw,;m;‘ Jandi = |” or ‘L’. With increasing w,, the PLP* increases

from the LO frequency to high frequency and the PLP™ approaches the TO frequency. It should
be noted that most observed PLP modes so far are PLP~ [14, 21, 23, 31]. Figure 7(a) shows the
Raman spectra of Mg doped InN from Davydov et al [31]. We can observe, with increasing
carrier concentration, the PLP~(||) mode approaches the A; (TO) frequency (~450 cm™").
Figure 7(b) shows the corresponding IR reflection spectra (related to the E; symmetry modes)
and the plasma reflection edges, from which the value of w, can be estimated, displaying the
same tendency, which will be discussed in section 2.8. Figure 8 shows the relationship between
the PLP frequencies and the electron concentration, and we can see that the Raman scattering
results [14, 21, 31] agree well with the calculations from equations (7) and (10).

It should be pointed out that electrons with high concentration will screen the LO phonon,
but the A; (LO) mode can still be observed in Raman spectra in addition to the PLP modes.
The reason is not yet clear, and one possible explanation is that the A; (LO) mode originates
from the depletion layer [39]. Nevertheless, Kasic e al [40] excluded the existence of the
depletion layer and attributed the observed A; (LO) mode to the PLP coupling mode with
large wavevector, because when ¢ > g. ~ mIw,/hkp, the collective excited mode would
degenerate to one-particle mode (i.e., enter into the Landu damping area) [41] and PLP™
approaches the unscreened A; (LO) frequency.

2.4. Disorder activated mode

Disorder-activated (DA) modes are caused by the breakdown of the translational symmetry in
the disordered lattice; thus the phonons at Brillouin zone edges can also contribute to first-order
Raman scattering. In this case, the Raman spectra should reflect the features of the DOS, for
instance as observed in the heavily Mn doped GaN [42] and InN:N* shown in figure 3(c),
where the low temperature (7 K) Raman spectrum of the N* implanted InN thin film is very
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Figure 7. (a) Raman spectra and (b) IR reflection spectra of Mg doped InN thin films. The carrier
concentrations of samples no 1, 2, 3 and 4 are 2 x 1020, 1 x 10%°,5 x 10" and 1 x 10" cm™3,
respectively (from [31]).
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Figure 8. The dependence of PLP coupling mode frequencies
on electron concentration (ne). The solid curves are the
350 et T 'Izo — calculated results, the filled circles, open circles and squares
10 n (Cm-s) 10 are Raman results from [14, 21, 31], and the triangles are from

e the ellipsometry results in [40].

similar to the calculated DOS curve. In fact, the inevitably existing defects, such as nitrogen

vac

ancies and dislocations, will somehow result in disorder activation.
The disorder activated lattice vibrations can be quantitatively explained by the spatial

correlation model (SCM), which was used to describe the Raman spectra of alloy
semiconductors [43] and nano-silicon [44, 45]. This model assumes that the phonon can
freely propagate in an area with a size of L (correlation length) and would be scattered with

the

phonon beyond this area. From the SCM, the Raman scattering intensity can be written as

) S /‘ exp(—¢°L*/4a*) d°q
“Jo [o— (@ +T/2)?

(1)



Topical Review R391

where the wavevector ¢ is in units of 277 /a, a is the lattice constant, L is the correlation length
(A), Ty is the scattering peak width in an ideal lattice, w(q) is the dispersion relationship
of phonon, and the integration is taken over a spherical Brillouin zone, i.e., the dispersion
relation is taken as isotropic. Various one-dimensional approximations of w(gq), taking the
forms [43, 46, 47] of

w?(q) = A+ {A% — B[l — cos(q)]}!/? (12a)

w(q) = [A + Bcos(q/2)]"? (12b)
or

w(g) = A+ Bcos(mq) (12¢)

where A and B are constants determined by experiments, have been used.

As figure 9 shows [48], the Raman scattering structures of InN thin films grown by different
methods are quite different. Compared with the InN thin film grown by MOVPE, the magnetron
sputtered one has a relatively poor crystalline quality, which means a high defect density and
a strong DA effect. We can see that the LO-like structure (i.e., the DALO) has a manifest red
shift, broadening and asymmetry. Furthermore, an additional band similar to the LA structure
in DOS (i.e., the DALA) emerges in the low frequency region. Similar structures have also
been reported in several references, such as the InN thin film deposited at low temperature by
MOVPE [49, 50], randomly oriented polycrystalline InN [39], InN thin film with high growth
rate by MOCVD [51] and InN nano-wire [52] etc; we attribute these structures to the DA
phonon modes.

Recently, Qian et al [53] studied the DA Raman scattering of InN thin films sputtered
on GaAs substrates at low temperature (100 °C) and quantitatively explained the experimental
results with SCM. Figure 10 shows the fitting results of the DA Raman scattering of two InN
thin film samples sputtered at different pressures (the contributions from GaAs substrates have
been subtracted). A good fit can be obtained by a combination of SCM and a Lorentz line for
the DALO peak. We can also obtain a series of parameters, such as the correlation length L,
frequency shift of peak position Aw and the asymmetry parameter I,/ I';, etc. The Lorentz
peak at about 490 cm~! was usually attributed to the Brillouin zone edge phonon in some
cases [54, 55], and its relative intensity to the SCM peak will increase when L decreases. But
here the fitting results give the opposite tendency, and the value corresponds to the E, (high)
frequency; this Lorentz peak is therefore attributed to the DA E, (high) mode. The DA mode
does not have a large red shift because the E, (high) mode has a relatively flat dispersion
relation. This study links the correlation length L to the growth conditions of InN thin films
and L can be physically explained as the average distance between the defects, which reflects
the crystalline quality. As a result, we can investigate the effects of growth conditions on the
structure and quality of InN thin films. Pan et al [56] studied the influences of the nitriding
conditions of sapphire substrates. As figure 11 shows, we can estimate the thin film quality
from the Raman peak width, in order to select the optimizing nitriding condition. For GaN,
there have been detailed studies on this topic [57].

2.5. Temperature and stress effects

Generally, when the temperature (7') increases, the phonon frequency w (7') decreases and the
peak width broadens. This frequency shift Aw(7T') can be divided into two additive parts: one
is due to the lattice thermal expansion Aw; (T') and the other is due to the anharmonic coupling
with other phonons. They can be written as [58, 59]

Aw(T) = w(T) — wy = Aw (T) + Awr(T) (13)
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Figure 9. Raman spectra of InN thin films deposited  Figure 10. DA Raman scattering spectra and the fitting
on sapphire substrates grown by MOVPE and measured  results of InN thin films deposited on GaAs substrates.
at (a) 77 K and (a’) room temperature; magnetron  The samples are sputtered at 100 °C with a sputtering
sputtering and measured at (b) 77 K and (b’) room  pressure of (a) 10 mTorr and (b) 1 mTorr (from [53]).
temperature. The peaks marked with ‘S’ are from the

sapphire substrate and ‘CaF,’ from the window of the

Dewar (from [48]).

where oy is the harmonic frequency of the phonon and

T
Aw(T) = —woy f (ae(T) + 20, (F)] T (14)
0

Awy(T) = A'[1+2n(T, wo/2)] + B'[1 +3n(T, wo/3) + 3n*(T, wo/3)]  (15)

where o, and o, are temperature dependent linear expansion coefficients parallel and
perpendicular to the c axis of the hexagonal wurtzite structure, y is the Griineisen coefficient, A’
and B’ are constants, and n(7, w) = [exp(hw/kgT) — 117! is the Bose—Einstein distribution.
The scattering peak width is

[(T) =T, +C[1+2n(T, wy/2)]+ D[1 +3n(T, wy/3) + 3n*(T, wo/3)] (16)

where C and D are constants and I';, represents the contributions from the defect and impurity
scattering.

Detailed studies on the temperature effect of Raman scattering for GaN and AIN have
been reported [58—60]. For InN, figure 9 gives the Raman spectra at room temperature and
77 K of two InN thin film samples [48]. For MOVPE grown InN thin film, the A; (LO) and
E, (high) peaks shift from 490, 598 cm~! at room temperature to 491, 607 cm~' at 77 K.
The magnetron sputtering InN thin film also has evident temperature effects. There is only an
LO-like (DALO) scattering band centred at 570 cm™! at room temperature, while an evident
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Figure 11. Raman spectra of InN on sapphire substrate, with the nitriding conditions of (a) 1000 °C
and different times (1-80 min) and (b) 40 min and different temperatures (700-1100 °C) (from [56]).

(This figure is in colour only in the electronic version)

TO-like scattering band emerges and the DALA band centred at about 200 cm~! becomes
clearer. There is no detailed report about the temperature effect of Raman scattering in InN,
which needs more detailed temperature dependent Raman experimental data.

The stress effect (i.e., the phonon frequency shift due to the stress) of phonon modes has
been reported in detail for GaN and AIN [61-65]. Kozawa et al [63] pointed out that at biaxial
stress, the relation between the frequency shift Aw of E; mode and the stress o is

Aw =620 17)
where the stress is in units of GPa. We can use the Griineisen coefficient y to describe the
relation between the lattice thermal expansion and the frequency shift:

B() da),'

Vi = ;’ P |,
where w; is the frequency of the ith phonon, P is the hydrostatic pressure, and B is the bulk
elastic modulus, whose relation with elastic constants C;; is [66]

B, — (C11 + C12)C33 — 2C%, .

Ci1+Cp+2C353 —4Cy3
We can see that this description corresponds well to the temperature effect of equation (14).
The deformation potential constant can also be used to describe the stress effect. When the

stress is uniaxial and parallel to the ¢ axis or biaxial and perpendicular to the ¢ axis, the strain
tensor ¢;; satisfies ey, = &,; = &;, = 0 and &, = &,,. The frequency shift is

(18)

(19)

Aw = 20e,, + e, = 200y, + Bgzz (20)

where «, 8 (incm™!) and &, B (in cm~! GPa~!) are deformation potential constants, and o;;
is the stress tensor. When the stress is biaxial and the strain is elastic, we have o, = 0 and

Oxx = Oyy = Gungx (21)

where G is the biaxial elastic modulus, which can be calculated from the elastic constants:
2C3

Gap = Cp1 +Cp — —2 (22)

Cy
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Figure 12. E, (high) modes of InN thin films grown at different temperatures: A, B and C
correspond to 650, 600 and 500 °C, respectively. The line position at 488 cm~! is the reported
value in [38] grown at 440 °C (from [71]).

Generally, there are thermal residual strains in thin films, which are due to the different
expansion coefficients between the thin film and the substrate when the thin film is cooling
down after a high temperature growth. When the growth is along the c axis, the residual strain
is biaxial and perpendicular to ¢ axis, and can be estimated by

Exx = (Tg — Tp) (otsup — Ctfitm) (23)
where T, and T, are growth temperature and room temperature, and oy and gy, are
expansion coefficients (along the a axis of the wurtzite structure) of the substrate and thin
film, respectively. For the InN thin film and sapphire substrate, oy, and agyy are 7.5 X 10°°
and 4.0 x 107® K~!, and during the cooling process, there will be a compressive stress in
the thin film because the expansion coefficient of the substrate is larger. If the reliable stress
effect parameters (Griineisen coefficient or deformation potential coefficient) can be obtained
experimentally, we can monitor the stress status in thin films by Raman scattering.

The influences of stress effects have been noticed in earlier studies. For example, [16]
mentioned that the Raman peak positions shift 3—4 cm ™! for InN thin films deposited by MBE
on Si(111) substrates at different temperatures (450-550°C). There are both experimentally
and theoretically reported elastic constants of InN thin films [67-70] for quantitative studies
of the stress effect. Qian er al [48] estimated G, to be 239 GPa and obtained the stress
effect of the A; (LO) mode in InN thin film grown on sapphire by MOVPE as Aw = 23.90,.
Kurimoto et al [71] studied InN thin films grown by MOCVD and obtained the relation between
the frequencies of E, (high) mode and the residual strain (%): @ = 50¢,, + 481.5 (cm™).
Figure 12 clearly shows that when the growth temperature increases, the E, (high) peak shifts
to higher frequencies.

2.6. Micro-Raman imaging

Micro-Raman imaging has become an important technology for studying spatial fluctuations.
When excited by a visible laser, the lateral resolution can reach 1 um or even higher; this
can be used to study the distributions of strain, carrier concentration, polytype (cubic or
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Figure 13. Micro-Raman spectra from an individual GaN pillar of (a) 5 um, (b) 2 um, (c) 1 pum,
and (d) 600 nm diameter (inset), and of (e) 400 nm, (f) 200 nm, and (g) 100 nm diameter. Asterisks
indicate sapphire structure Raman bands (from [72]).

InN thin films

~1(a) 10 mTorr

LA

(b) 15 mTorr

Figure 14. Distribution of the correlation length L in InN thin films with sputtering pressures of
10 and 15 mTorr, respectively. The scanning area is 9 um x 9 pum with a spatial resolution of 1 m
(from [73]).

hexagonal) and lattice defects in nitride semiconductors. Some studies on GaN in this area have
been summarized in [25]. Furthermore, the combination of a high spatial resolution optical
technique and surface structuration opens up a detailed investigation into nano/micrometre-
size fine patterning nitride objects for high performance electronic and optoelectronic devices.
Demangeot et al [72] studied the micro-Raman and micro-photoluminescence (PL) properties
of GaN pillars fabricated by electron beam lithography and reactive ion etching (RIE) on top
of an AIN buffer layer. Figure 13 displays a set of Raman spectra for GaN pillars of different
sizes from 5 um to 100 nm in diameter. In addition to the clear decrease of the intensity of the
GaN E; phonon (at 568 cm~!) with respect to the AIN E, phonon when decreasing the GaN
pillar size, the frequency red shifts of the E; mode indicate a partial relaxation of the strain in
the GaN pillars. Micro-PL mapping gives strong evidence for defect induced donors and/or
acceptors near the facets of the RIE etched pillars.
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Figure 15. Dependence of (a) the average correlation length L, (b) the trap concentration
Npp, (c) the nonuniformity of the correlation length, and (d) the fractional variation & of the
correlation lengths on the sputtering pressure in InN thin films grown by reactive sputtering at
100 °C (from [73]).

For InN, the micro-Raman study is currently at an early stage. Recently, Chen et al
[73] have carried out detailed micro-Raman mappings on hexagonal InN thin films grown by
reactive sputtering on GaAs(111) substrates at 100 °C under different sputtering pressures.
Figure 14 shows the distribution of the calculated correlation length L after SCM fitting [53]
over the surface mapping area of the InN thin films grown with pressures of 10 and 15 mTorr,
respectively. It is clear that the sample under 10 mTorr pressure has larger L values, but the
correlation length values fluctuate more severely than those in the 15 mTorr sample. Figure 15
shows the dependence of the average correlation length L, the trap concentration Npp, the
nonuniformity of the correlation length, and the fractional variation & of the correlation lengths
on the sputtering pressure. It is found that the best average quality obtained for the 10 mTorr
sample is at the expense of the sample’s uniformity. The results have been discussed on the basis
of growth mechanisms and roles of the grain size fluctuation in InN thin films: the crystalline
10 mTorr thin film, consisting of the largest crystalline grains, will show the best average
quality. However, the size difference among the large grains will also be large, resulting in
the high correlation length fluctuation. In contrast, the nearly amorphous 15 and 20 mTorr
samples have almost no crystalline grains, and will definitely be more uniform.

Furthermore, the different grain size fluctuation induced nonuniformity in InN thin films
will also have different effects in the InN/GaAs interfaces. In order to examine the InN/GaAs
interface effects, Chen et al [73] have also performed Raman measurements with different
laser wavelengths (figure 16) under the same backscattering geometry. When excited by a
1064 nm laser, the scattering signals are mainly from the GaAs substrate, and we can obtain
the DA scattering structure as discussed in [53] after subtracting these substrate signals. The
reason is that 1064 nm (1.17 eV) photon energy is below the band gap of this InN thin film
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Figure 16. Raman spectra of one InN thin film sputtered on a GaAs(111) substrate excited by
(a) 1064 nm and (b) 514.5 nm lasers.

(~1.9eV [74]), so the laser can penetrate the whole thin film layer (~2 wm) and the scatterings
from the substrate make a dominant contribution to the spectrum. In contrast, the 514.5 nm
(2.41 eV) laser has a very small penetration depth because the photon energy is larger than the
band gap and the absorption coefficient is very high. The interface influence on the InN thin
film can be estimated by comparing the fractional variation & (figure 15(d)) between the SCM
calculated correlation lengths from the wavelength dependent Raman spectra. It is found that &
has exactly the same behaviour as the relative deviation (nonuniformity), clearly demonstrating
the relationship between the grain size fluctuation (material nonuniformity) and the interface
dislocation or trap density due to the presence of lattice mismatch.

Mamutin et al [75] employed the same wavelength dependent Raman scattering technique
to reveal the defect densities of different depth in InN samples. Nevertheless, the most
important wavelength dependent effect is resonant Raman scattering (RRS), i.e., when the
incident photon energy approaches the actual electron transition energy (such as the band gap
of semiconductors), the Raman scattering efficiency will be significantly enhanced. RRS has
become more and more important especially in studying the low-dimensional superlattice,
quantum well and quantum dot structures. Unfortunately, there is no study of RRS for InN
so far, though that of the ternary alloy InGaN has been reported, which will be discussed in
section 4.

2.7. Growth method effects

The high quality InN thin films grown by MBE [21, 22] and MOVPE [23] have been reported
to have a band gap of 0.7-1.1 eV, in contrast to the previous value of 1.9-2.0 eV. It is very
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Figure 17. The Raman frequencies of E; (high) and A; (LO) as a function of reported band gaps
in h-InN grown by different methods.

interesting to compare the Raman scattering structures in these InN with quite different band
gaps. We notice that all the Raman modes in narrow band gap (high quality) InN can be
observed in the previous large band gap InN thin films. Figure 17 summarizes the reported
frequencies of E;, (high) and A; (LO) modes as a function of band gap in InN grown by
different methods. It is clear that the modes are also at almost the same frequencies of 491 and
589 cm™!, respectively. However, fairly clear frequency differences (as large as 7 cm ™' for
E, (high) and 16 cm~! for A; (LO)) have been observed in large band gap InN mainly due to
the material diversity and the disorder activation, stress and temperature effects, etc discussed
above. The frequency differences in narrow band gap InN are very small (<2 cm™!), and
the Raman modes have narrow linewidths. These reveal the high quality and uniform InN
thin films produced by modern MBE and MOVPE techniques. Saito et al [22] reported the
narrowest linewidth of 3.7 cm ™! for the E, (high) mode in MBE grown InN at 550 °C. With
the decrease of growth temperature to 460 °C, the E, (high) mode demonstrates a small red
shift (from 491.9 to 491.1 cm™!) and becomes slightly wider (from 3.7 to 4.4 cm~!) due to
the stress effect. Nevertheless, the PL signal decreases rapidly with the growth temperature,
demonstrating the sensitivity of luminescence on InN thin film quality. This may explain the
absence of luminescence in previous large band gap InN thin films before 2001, but it is still
difficult to distinguish what the real band gap of InN is.

2.8. Infrared spectroscopy experiments

The even parity phonons are Raman active while the odd parity phonons are infrared active;
i.e., Raman and infrared spectra are complementary in studying the lattice vibrations. In fact,
both Raman and IR spectra, including transmission, reflection and ellipsometry spectra, have
been employed in most lattice vibrational studies such as those of GaN [76—79]. Osamura
et al [80] first measured long-wavelength optical phonons in polycrystalline InN film using
IR reflection measurements and obtained frequencies of 478 and 694 cm~! for TO and LO
phonons, respectively. IR spectroscopy measurements have been employed recently for much
better quality InN thin films.

IRSE has proved to be an efficient in sifu analysis tool. When incident light polarized
parallel (p) or perpendicular (s) to the incident plane reflects at the surface and interfaces of
the sample, both the amplitude and the polarization status (phase) will change. The Fresnel
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Figure 18. Dielectric constant spectra of InN obtained from IRSE. (a) Im{e } where the E; (TO)
structure can be observed, (b) Im{—1/g} where the PLP coupling structures can be observed and
the frequency position marked with arrow is A (LO) (from [40]).

reflection coefficient ratio can be defined as
o = Rp/Rs = tan W exp(iA) (24)

where W, A are ellipsometric parameters, which represent the relative amplitude damping and
phase difference of the electric vectors of £, and E;. Different models should be established
to analyse the experimental data, especially for multilayer thin film structures. Generally, the
dielectric spectrum ¢(w) = ¢1(w) +ig2(w) is calculated from a ‘vacuum/thin film/substrate’
model under the assumption that the dielectric constant is homogeneously distributed. Kasic
et al [40] studied the IRSE of InN thin film and obtained a modelling dielectric spectrum by
fitting the experimental data. As figure 18 shows, the peaks of 477 cm~! in Im{e, } and 435
and 1677 cm~" in Im{—1/¢;} correspond to E; (TO) PLP mode frequencies (see the triangles
in figure 8). The average effective mass of electron calculated from the dielectric function
model is 0.14 m. Schmidtling et al [81] also used IRSE to estimate the influences of growth
conditions on thin film quality.

The normal incident reflection spectrum based on the KK transformation is a classical
way to measure the optical constants [27]. In principle, the KK transformation requires the
information of the optical constant spectrum over the whole wavelength range (from 0 to 00);
however, some reasonable approximations can be made for the limited wavelength optical
constant spectrum. Davydov et al [31] grew InN thin films with the c-axis either perpendicular
to the substrate surface (sapphire (0001) plane) or parallel to the substrate surface (sapphire
(1102) plane). They analysed the IR reflection spectra at different configurations through the
KK transformation and obtained the TO frequencies from the — Im(¢) spectrum: A; (TO) is
488 cm™! (electric vector E || ¢) and E; (TO) is 476 cm™! (electric vector E L ¢). Inushima
et al [38] obtained the wide range (0.05-6 eV) dielectric constant spectrum (see figure 19)
from the IR reflection spectrum by the KK transformation. From the spectrum, the E; (TO)
frequency is 476 cm~! and the E; (LO) frequency is 570 cm~!, determined by the extreme
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Figure 19. The dielectric constant spectra obtained from IR reflection spectra by the KK
transformation. The inset shows the low frequency region, where the extreme values correspond
to E; (TO) at 476 cm ™! and E; (LO) at 570 cm~! (from [38]).

values of the dielectric constant spectrum.

Another straightforward way to analyse the IR reflection spectrum is based on the
combination of a damping harmonic oscillator model and Drude model [48], which represent
the contributions of TO phonons (only the TO phonon is considered because the light is
transverse) and free carriers to the dielectric function &(w):

Siw%o.; Eco)

b
e(w) = €00 + - 25
(@) = £eo IZ wip,; — @ —iwy, @’ +iwy, 25

where wro i, S; and y; are the frequency, oscillator strength and damping parameter of the ith
oscillator, wy, is the plasmon frequency defined in equation (7), and y,, is the damping constant
of the plasmon:

e
(26)

= mp

where p is carrier mobility, and the complex refractive index is

n(w) = v &(w). (27

In the case of normal incidence, we can get the reflection coefficient R by considering the
reflections from film—vacuum and substrate—film interfaces and applying the Fresnel formula:

2
Ivf + dplfs

R= (28)

1+ apryrres

where ry¢ and rg are the reflection coefficients from vacuum to film and from film to substrate,
respectively, and a, represents the phase difference and amplitude damping between two
consecutive reflections in the film. ry, rr and a, can be expressed as

1 —ny ng — ng
k] rfs = (29)
1+n¢ ne + ng

2wd
a, = exp(i @ ”f) (30)

I'vf =

€o

where d is the thin film thickness, w is the IR radiation frequency, ¢y is the light velocity in
vacuum, and n¢ and ng are complex indices for the thin film and substrate, respectively.
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Figure 20. The fitting of IR reflection spectra of InN thin films deposited on GaAs by sputtering.
The triangles are experimental data and the solid curves are calculated results (from [48]).

It should be noted that only the single component L is considered in the above
equations (25)—(30) for normal incidence. Figure 20 shows the process of fitting the IR
reflection spectra by this model [48]. First, we can fit the IR reflection spectra of the GaAs
substrate and get the parameters for the substrate, and then fit the spectra from thin films
on GaAs substrates by equation (28) and get the parameters for the thin film (InN), through
which we can calculate the reflection spectra for bulk InN. In this way, we can get not only
the TO phonon parameters, but also the electric parameters such as the carrier concentration
and mobility. The unexpected extra mode at 448 cm~! may indeed be an indication of sample
quality.

Nevertheless, the reliability of the infrared spectroscopy experiments will be influenced
by some parameters, especially e 1 and m* (which is anisotropic and we generally use the
average value in the literature). They are taken as known parameters in the dielectric function
model, but the values (calculated or experimental) have large uncertainties. For example,
£00,1 ranges from 5.8 [38] to 8.5 [82], and different calculated values have been obtained by
Persson et al [83] with different theoretical models. Chin ef al [84] gave the average values
of 65,1 = 8.4 and m* = 0.115 mg from previously reported data. In the case of high carrier
concentration, if the electric parameters can be accurately determined, we can also deduce the
effective mass m* from the sharp plasma reflection edge near w, 1 (figure 7(b) and [9]).

3. Lattice vibration of zinc blende InN

Very limited studies have been carried out for cubic zinc blende InN (c-InN) up to now, but it
plays a very important role in device application, such as the excitation medium in hexagonal
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(h-)InGaN based quantum well light emission devices [85]. Yamamoto ef al [86, 87] obtained
a very thin c-InN film (~0.05 m) on a GaAs(111) B substrate by MOVPE under a nitriding
temperature below 700 °C, while a mixed phase of c-InN and h-InN was obtained on GaAs(100)
substrates. Kaczmarczyk et al [32] and Tabata e al [88] reported c-InN by depositing an InAs
buffer layer on GaAs(100) substrates. Recently, Bhattacharya et al [89] also observed c-InN
on sapphire (0001) substrates grown by pulse laser deposition (PLD) from XRD and Raman
scattering results.

c-InN with zinc blende structure (figure 1(b)) has a lattice constant of 4.98 A, and a band
gap of 2.2 eV. c-InN belongs to the Tﬁ space group and there are two atoms per unit cell. Its
lattice vibration modes are simpler than those of h-InN: there is one LO and one TO mode at
the T" point and the optical phonons have the symmetry of I'is(x, y, z). The Raman tensors
have the following form:
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[is(y) €29
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The selection rule is also simpler; for example, at the back scattering configuration without
considering the polarization, only LO can be observed from the (100) plane, only TO can be
observed from the (110) plane, and both LO and TO can be observed from the (111) plane.

There have been some calculated results by different models on the phonon dispersion
of c-InN [35, 90, 91]. Figure 21 shows the phonon dispersion and the DOS of c-InN [35].
Similarly to c-GaN, because of the large mass difference between the indium and nitrogen
atoms, c-InN has two high peaks in the acoustic region of the DOS and flat dispersion along
the '-X and I'-L directions for the LO phonon. There are clear differences for the frequencies
of TO and LO phonons at the I" point obtained from different models. For example, Bechstedt
et al [90] obtained values of 467 and 596 cm ™!, while Leite Alves et al [91] reported values
of 489 and 526 cm™', respectively, in contrast to the earlier studies by Kim et al [67] and
Wright [68], who gave calculated values of 540 and 470 cm~! for the TO phonon. Since the
TO phonon frequency of the cubic structure can be estimated from the A; (TO) and E; (TO)
phonon frequencies of the hexagonal structure,

wro = [(w}, +20f)/31"? (32)

we can obtain the c-InN TO phonon frequency of 465 cm™! by taking the average values of
445 and 475 cm™! for A (TO) and E; (TO) from the reported results of phonon frequencies
for h-InN (see table 3). It is clear that the calculated results of Bechstedt et al and Wright are
closer to the estimated value.

Raman scattering studies of c-InN have been reported only in [32] and [88], and the
two Raman scattering results are obtained on the same sample, but with different excitation
wavelengths. Figure 22 gives the Raman scattering spectra of c-InN. Tabata et al [88] excited
the sample with a 514.5 nm (2.41 eV) laser (figure 22(a)). The two peaks located at 430 and
479 cm~! were attributed to the second-order scattering of the InAs buffer layer, while those
located at 457 and 588 cm~! were attributed to TO and LO modes of c-InN. Kaczmarczyk
et al [32] excited the sample with a 632.8 nm (1.96 V) laser (figure 22(b)). The observed TO
and LO frequencies were 472 and 586 cm~!. We can see that the LO frequencies agree well,
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Figure 21. Phonon dispersion curves and DOS of c-InN (from [35]). The open circles are calculated
values in [87].
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Figure 22. Raman spectra of c-InN excited by (a) 514.5 nm and (b) 632.8 nm lasers. The asterisk
represents the intensification from the second-order scattering of InAs (from [32, 88]).

while the TO frequencies evidently differ. Kaczmarczyk et al observed that the intensity ratio
between the LO of InN and TO of InAs, LOpn/TOmas, was 0.36 when excited by 632.8 nm,
and only 0.04 when excited by the 514.5 nm laser. They attributed this enhancement to the
RRS effect, demonstrating the reliability of the first-order scattering assignment. Furthermore,
the TO frequency of 472 cm™! is closer to the estimated value from equation (32). The TO
peak observed by Tabata et al may actually be second-order scattering from the InAs buffer
layer.

Bhattacharya et al [89] confirmed the existence of c-InN by the (002) and (004) diffraction
peaks in high resolution XRD, but the disorder due to the coexistence of cubic and hexagonal
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phases results in a broadened band similar to the DA scattering structure (see figure 10). They
attributed this band to the contributions from the DATO and DALO modes, which are located
at about 492 and 572 cm~!, respectively.

4. Lattice vibration of InN related alloys and low-dimensional structures

4.1. Lattice vibration in alloys

The alloys of III-nitrides have been greatly studied in recent years. For the InN related InGaN
and InAIN alloys, their band gaps can be adjusted from InN (1.9-2.0 eV or 0.7-1.1 eV) to
GaN (3.4 eV) or AIN (6.2 eV), which correspond to the visible—near ultraviolet band. The
growth of high quality alloys is a crucial technique to fabricate related devices. There have
been lots of studies on the IlI-nitride superlattice, quantum well and quantum dot structures
and their alloys for light emission devices [92-98]. Nakamura [99] has realized a 405 nm
laser diode by employing an Ing,GaggN/Ing 0sGag osN multi-quantum well structure as the
active region. Raman scattering can investigate many lattice and electron properties in these
systems, such as the composition, uniformity, residual stress, electronic band structure and
carrier concentration, and the observation of phonon properties is the fundamental work in
studying these alloy systems as well as low-dimensional structures.

For In,Ga;_,N, present phonon property studies are confined to a limited composition
range due to the phase separation in the large In composition alloys [2, 100]. The phase
separation is caused by the large difference between the interatomic distance of GaN and that
of InN, which increases the solid miscibility gap. Although the spinodal decomposition can
be suppressed by decreasing the film thickness, it will still occur when x > 0.3. Recently, a
In,Ga;_,N alloy with 0.5 < x < 1 has been successfully grown, and the PL and absorption
data have also been obtained [22, 101], but no lattice vibration information.

Grille et al [102] calculated the phonon behaviour in mixed III-nitrides. Figure 23 shows
the composition dependence of the phonon DOS at the I" point in cubic (c-) and hexagonal
(h-)InGaN and AlInN. For c-In,Ga;_,N, both the LO and TO have one-mode behaviour.
There is an impurity mode between the LO and TO, but it would not be observed in a Raman
experiment due to its small spectrum intensity. For c-Al,In;_,N, the LO has a one-mode
behaviour while the TO has a two-mode behaviour due to the large mass difference between
the Al and In atoms. There is also an impurity mode with small spectrum intensity between
the two TO modes. For h-In,Ga;_,N, both A; (LO) and E, have two-mode behaviour from
the calculations (we just show the E; (LO) in the figure; the A; (LO) has a similar behaviour
except for a frequency shift). But the E; frequency is very close to that of A| (TO) and E; (TO),
which brings about a difficulty in the correct assignment of Raman scattering structures. For h-
Al,In;_,N, the phonon behaviour is more complex. A; (LO) has a one-mode behaviour, while
the AIN-like E; (TO) and E,; intercross with the By, and the E, mode has a weak two-mode
behaviour, which is different from other alloys.

Experimental Raman scattering results of c-In,Ga;_,N have been reported with the
composition range of 0 < x < 0.33 [96, 103—-106]. Figure 24(a) shows the Raman spectra of
c-In,Ga;_, N with different In compositions [104]. We can see that the LO and TO frequencies
decrease with the increase of the In component x, i.e., the phonon frequency shifts from that
of GaN to InN. Figure 24(b) gives the linear dependence between the LO and TO frequencies
and x [107], which is in good agreement with the calculation of [102], i.e., both the LO and
TO have one-mode behaviour in c-In,Ga;_,N. The 625 cm™! scattering structure, as shown
in figure 24(a), has been attributed to the LO mode in the separation phase of c-In,Ga;_,N
with large x. Based on the linear relation between the frequency and the In composition, we
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Figure 23. Composition dependent phonon behaviour at the I' point in ternary alloys of (a) c-
In,Ga;_,N, (b) c-Al,In;_;N, (c) h-In,Ga;_,N, and (d) h-Al,In;_,N (from [102]).

can determine an x value of 0.8 (see the open circle in figure 24(b)). Silveira et al [105]
employed the RRS technique to further study this mode. Figure 25 shows the Raman spectra
of c-Ing33Gag 7N with different excitation energy Ep. The intensity ratio of peak S and LO
(S/LO) varies with the excitation energy Ep as shown in the inset of figure 25. We can
clearly observe the resonant excitation energy of about 2.4 eV, which agrees well with the PL
result. An In composition of 0.72 has been estimated from the linear relation between the LO
frequency and x. Furthermore, the XRD results also confirm the existence of the separation
phase with an estimated x of about 0.8.

Harima er al [108] studied the phonon behaviour of h-In,Ga;_,N. They found that the
E, frequency decreases with increasing x, while no clear A; modes can be observed except
for some scattering bands induced probably by defects (the DA modes). Due to the limited
composition range (x < 0.07), we cannot identify that the phonon behaviour in h-In,Ga;_,N
is either one-mode or two-mode type. Alexson et al [109] studied the A; (LO) and E, phonons
in h-In, Ga;_,N with 0 < x < 0.5 by different ultraviolet lasers. Under 325.2 nm (3.81 eV)
laser excitation, both the A; (LO) and E, display sharp peaks (see figure 26(a)) since this photon
energy is close to the resonant condition. But in the large x cases, the A; (LO) peak broadens
and splits, which has been attributed to the spinodal decomposition due to the composition
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Figure 24. (a) Raman spectra of c-In,Ga;_N, (b) composition x dependence of the LO and TO
frequencies in c-InyGa;_,N (from [104, 107]).

nonuniformity. Figure 26(b) shows the x dependence of the A; (LO) and E, frequencies. The
alloy A; (LO) frequency corresponds to that of InN when linearly extrapolating to x = 1,
demonstrating the one-mode nature of the A; (LO) phonon. In contrast, the E, frequency has
a large discrepancy with that of InN on linearly extrapolating to x = 1, i.e., the frequency is
not simply linearly dependent on x. This result does not agree with the calculations in [102],
where the E, is also of one-mode type. The reason may be, as we have mentioned before,
that the E, frequency is very close to those of A; (TO) and E; (TO), which influences the
determination of the E, peak position.

For In,Al;_xN, the phonon structure has been reported only by Naik ef al [110]. They
studied the Raman spectra of h-In, Al;_N with 0 < x < 0.7 by ultraviolet and visible lasers.



Topical Review R407

5 8
6 ﬁ\ ¢-Ing 33Gags7:N

NN

Intensity (arb. units)
(%] w

pa—
L]

2.50
2,60~/-A
281 st

200 500 600 700
Raman Shift (cm™!)

Figure 25. RRS spectra of c-Ing33Gag ¢7N; EL, is the excitation energy, S is the LO phonon due
to the large x separation phase. The inset shows the Ey, dependence of the intensity ratio of S and
LO (from [105]).

Figure 27(a) shows the Raman spectra of h-In,Al;_;N (x < 0.55) excited by a 244 nm
(5.01 eV) laser. The A; (LO) and two E; modes can be observed, and their frequencies shift
to the low side when x increases. When x reaches 0.55, no evident scattering peaks can be
observed due to the large difference between the band gap of the alloy (~2.5 eV) and the
excitation energy. Therefore, the samples with x > 0.55 are excited by a 514.5 nm (2.41 eV)
laser. Furthermore, at high frequency range, two-phonon and three-phonon scattering modes
(marked by arrows) are also observed. Figure 27(b) shows the relation between the frequencies
of A; (LO) and E, and the Al composition (I — x), from which we can see that A; (LO) is
one-mode type and E; is two-mode type in h-In, Al;_,N.

4.2. Lattice vibration in low-dimensional structures

The development of InN-based heterostructures and devices is in its initial stage. Growth of
a suitable barrier or cap layer on InN layers is found to be difficult due to intermixing and
interfusion into the InN layers. The group at Cornell University has successfully obtained an
AIN barrier on InN film with evidence of two-dimensional electron gas accumulation in the
InN layer, and observed very low leakage current and weak rectifying behaviour in InN-based
FET structures. The recentrapid improvementin the InN film quality will result in the practical
application of InN devices soon. At the present stage, lattice vibration studies on InN-based
low-dimensional structures are very few because of the growth difficulties. There is only a
preliminary study on InN nano-wire and some theoretical calculations, such as the interface
localization of phonons in InN/GaN superlattices [111, 112]. Liang et al [52] obtained InN
nano-wires with diameters of 40-80 nm and lengths of up to 5 um on p type Si(100) substrates
by sputtering. The A; (LO), A; (TO) and E; modes are observed in the Raman spectrum, but are
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Figure 28. Calculated Raman spectra of (InN)g_s/(InNp 5GaNg s)s/GaNg_s/(InNg 5GaNg 5)s
superlattices with interface thicknesses of different § monolayers (from [111]).

similar to DA scattering. The Raman peaks have evident red shift, broadening and asymmetry;
in particular, the A; (LO) mode has a red shift of 14 cm~!, which can be explained by the size
confinement effect in nano-structures.

Since the bonds in nitrides are more ionic, together with the large difference
between the radius of cations and anions, we can predict an evident interface effect
in InN/GaN superlattices due to the easy formation of a broad interface. Bezerra
et al [111] calculated the dispersion relation and Raman spectrum of zinc blende
(InN)g_s/(InNp 5GaNy 5)s/GaNg_s/(InNg 5GaNp 5)s superlattices with interface thickness of
8 monolayers. The results indicate that the interfaces have almost no effect on folded acoustic
modes, but will cause a large frequency shift for confined optical modes. Figure 28 shows the
calculated Raman spectra. Since the dispersion curves of the optical modes in InN and GaN do
not overlap and the dispersion curves of acoustic modes are in much lower frequency region,
the optical modes in ideal superlattices all belong to confined modes. The largest frequency
shift caused by the interface is up to 60 cm~! and some peaks will be evidently strengthened
when the interface thickness § increases. The most influenced confined mode by the interface
is confined in an area of about two monolayers.

Most reported experimental results up to now have been on the InGaN/GaN low-
dimensional structures. Yang et al [94] measured the Raman spectra of InGaN/GaN multi-
quantum wells and confirmed the PL signals from InN clusters, which are formed due to the
low miscibility for indium in GaN. Davydov et al [113] reported the Raman spectra of III-
nitrides and InGaN nano-compounds. The scattering structure is a broad band between the
A (TO) of InN and A; (LO) of GaN. Wieser et al [114] studied the composition fluctuation
in a GaN/InGaN/GaN double heterojunction by RRS and PL spectra. When the excitation
frequency changes, not only does the PL peak shift, but also the LO peak shifts accordingly,
which can be explained by the selective resonant excitation of the areas with different In
compositions. Wagner et al [115] studied the strain effect in an InGaN/GaN quantum well
by RRS. The A; (LO) frequency of h-Ing ;3Gagg7N is found to be 3 cm~' lower than that
of GaN and independent of excitation power density. If we only consider the composition
effect (see figure 26), this frequency shift should be 10 cm™! instead of 3 cm ™', so the strain
effect must be considered. The strain induced frequency shift is 5 cm~! calculated from the
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A1 (LO) and 2A (LO) to the nonresonant E; of GaN (from [115]).

deformation potential of A; (LO) and the estimated strain in Ing ;3Gag g7N/GaN, which is close
to the discrepancy of 7 cm™!. Figure 29 shows that the relative intensity of the resonant excited
A; (LO) and 2A; (LO) to the E, of the GaN layer increases with the excitation power density.
Generally, the screening effect of the piezoelectric field induced by the photo-generated carriers
increases with the excitation power density, resulting in a reduction of the LO intensity. This
anomaly can be explained by the fact that at low excitation power density (i.e., low carrier
concentration), the piezoelectric field causes a quick separation of the electrons and holes,
which broadens the exciton enhancement of the resonant Raman scattering section, while
at high excitation power density (i.e., high carrier concentration), the piezoelectric field is
screened and the RRS processes are recovered.

It should be emphasized that the Raman scattering studies of low-dimensional nitride

semiconductors are developing rapidly and will be one of the major research interests in the
future.

5. Concluding remarks

The studies of lattice vibrational properties in InN have made much progress in recent years,
although these studies are not as extensive and thorough as those in GaN. For the phonon
structure at the I" point, detailed theoretical and experimental results have been reported; there
have also been some limited studies on the PLP coupling, DA scattering, temperature and
stress effects, and micro-Raman imaging; some theoretical and experimental results of lattice
vibrations in InN related ternary alloys InGaN and InAIN have also been obtained; studies on
lattice vibrations in low-dimensional structures of nitride semiconductors are becoming more
and more attractive.
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Very recently, Bhuiyan et al [116] reviewed the growth, characterization and properties
of InN thin films. With the progress in growth technology, more and more confusion and
problems have been proposed, and further studies are required. For example, consider the
band gap of InN mentioned in the introduction; recent MBE and MOVPE grown high quality
InN thin films have band gaps of 0.7-1.1 eV [21-23], which are far below the about 1.9—
2.0 eV of previous (before 2002) InN. Davydov et al [22] attributed this to the InN-In,O3
compounds and InN nano-grains, due to the incorporation of oxygen impurities. In,O3 has a
wide band gap (3.1 eV) and the quantum size effect for the nano-compounds also widens the
band gap, so the absorption edge of the whole InN thin film will shift to the high energy side.
Shamrell et al [117] proved a high concentration of oxygen impurities in sputtered InN thin
films by Rutherford back scattering. From the standpoint that the larger band gap is correct,
the emission at around 0.7 eV is interpreted as a deep emission. Jenkins et al [118] predicted
deep levels near the mid-gap of InN that are responsible for an optical absorption near 1 eV.
Tansley et al [119] identified five distinguishable defect energy levels observed in the band
gap of InN. Therefore, the growth of more high quality InN film is required for further detailed
studies. Nevertheless, there is not much difference in the reported lattice vibrations for these
different band gap InN thin films.

Furthermore, in lattice vibration investigations, especially Raman scattering, there are still
many importantissues to be clarified. First, for binary InN, although the phonon structure at the
I" point is very clear, more accurate temperature dependent Raman investigations are needed to
study the temperature effect; the stress effect study is limited to the E, mode and stress effects
of other modes should be yielded; only PLP~ modes are observed for PLP coupling and n type
InN has been obtained under current growth condition: the information of p type is absent;
there is no information about the Raman scattering of free or bonded electrons. Second, for
ternary alloys, there lacks detailed information of the phonon behaviour, especially for InGaN
with large In composition and InAIN. Finally, there are very few Raman studies on low-
dimensional nitride semiconductor structures, and research in this area should attract much
attention in the future due to their importance in the device applications. The development of
Raman spectroscopy, especially the RRS and high spatial resolution micro-Raman technique,
also makes it an efficient tool for studying the phonon and electron behaviour, such as the
folded modes, confined modes and free electron motions in a two-dimensional electron gas,
in a nitride semiconductor superlattice, quantum well and quantum dot structures.
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