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Abstract
In the last decade, we have seen very rapid and significant developments in
Raman scattering experiments on GaN and related nitride compounds: the �-
point phonon frequencies have been identified for both cubic and hexagonal
structures of binary compounds of GaN, AlN, and InN. The phonon spectra
of their ternary alloys, InGaN and AlGaN, were also intensively studied. On
the basis of these studies, characterizations of strain, compositional fluctuation,
defects, impurities, etc, are now being intensively conducted. Besides such pure
lattice properties, coupled modes between a lattice vibration (LO phonon) and
a collective excitation of free carriers (plasmon) in GaN have been thoroughly
studied, and the results are now widely applied to characterize carrier-transport
properties. Low-dimensional structures of nitrides such as quantum dots
and superlattices will soon enter the most active field of Raman scattering
characterization. This article briefly reviews the present status of Raman
scattering experiments on GaN and related nitride compounds and presents
some future prospects.

(Some figures in this article are in colour only in the electronic version)
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1. Introduction

This article reviews recent Raman scattering experiments on nitride semiconductors. Before
going into the details, let us introduce some basic characteristics. Table 1 shows selected
properties of binary nitride compounds that are treated in this article [1–3]. The three
species, AlN, GaN, and InN, crystallize in both hexagonal (wurtzite) and cubic (zinc-blende)
structures. Since the wurtzite materials are more stable than other and direct-transition-type
semiconductors, they have garnered much attention as attractive candidates for use as light
emitters or detectors. They can cover continuously, by appropriate alloying, from 1.9 eV (the
bandgap of hexagonal InN) to 6.2 eV (the bandgap of hexagonal AlN). (It should be noted here,
however, that a much smaller bandgap of hexagonal InN, 0.7–0.9 eV, has been reported very
recently from optical experiments using high-quality epitaxial films [4, 5], which means that
the value should be re-examined urgently.) In the mid-1990s, light-emitting diodes (LED) for
the blue and green regions of the spectrum were commercialized. Then, a few years later, blue
lasers emitting at 405 nm were commercialized. Besides those in optical devices, applications
in high-power and high-frequency electronic devices have also garnered much attention. This
is because the materials show relatively high electron saturation velocity and high breakdown
field: for example, GaN shows an electron saturation velocity 2 to 3 times higher than that
of Si (∼1 × 107 cm s−1), and a breakdown field one order or more greater than that in Si
(∼3 × 105 V s−1) [6]. Quite recently, various prototype electronic devices based on nitride
semiconductors such as the HEMT (high-electron-mobility transistor) have been fabricated.
For detailed information on the growth,processing, characterization, and device developments,
see the respective review articles [1–3, 7–10].

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 when compared with other spectroscopic techniques:
it is in principle non-destructive, contactless, and requires no special sample preparation
technique such as thinning or polishing. Furthermore, when a standard Raman microscope
is used with a visible laser for excitation, we can obtain lateral resolution of ∼1 µm or
less, which is determined by the beam waist of the probe laser at the sample surface.
Raman scattering occurs essentially as a result of modulation of the electronic polarizability
induced by various elementary excitations in solids such as phonons and plasmons. In
the case of Raman scattering by phonons, the scattering efficiency is higher in covalent
crystals than in ionic crystals, because the valence electrons are less localized and larger
fluctuation of the polarizability can be induced by lattice vibration. From this viewpoint,
nitride semiconductors are suitable for Raman scattering studies, since the chemical bonding
is a mixture of covalent and ionic bonding. Furthermore, nitride semiconductors are generally
robust and stand up well to laser irradiation, which is another advantage of Raman scattering
studies.
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Table 1. Basic properties of the three nitrides [1–3].

AlN GaN InN Unit

Hexagonal (wurtzite)
Density 3.23 6.15 6.81 g cm−3

Bandgap (Eg) 6.2 3.39 1.89c eV (at 300 K)
Temperature dependence (dEg/dT ) — −6 −1.8 10−4 eV K−1

Pressure dependence (dEg/dP) — 4.2 — 10−3 eV kbar−1

Lattice constanta a = 3.11 a = 3.189 a = 3.54 10−8 cm
c = 4.98 c = 5.185 c = 5.70 10−8 cm

Thermal expansion coefficienta �a/a = 4.2 �a/a = 5.59 �a/a ∼ 4 10−6 K−1

�c/c = 5.3 �c/c = 3.17 �c/c ∼ 3 10−6 K−1

Deformation potential 9.5 8.3 7.1 eV
Thermal conductivity 2 1.3 0.8 W cm−1 K−1

Refractive index 2.15 (at 3 eV) 2.33 (at 1 eV) 2.9–3.05
2.67 (at 3.38 eV)

Dielectric constant ε∞ = 4.77 ε∞ = 5.35 ε∞ = 8.4
ε0 = 8.5 ε0 = 8.9–9.5 ε0 = 15.3

Electron effective mass 0.48 0.2 0.11 m0

Electron saturation velocity 1.4 2.5 2.5 107 cm s−1

Breakdown field — >5 — 106 V s−1

Cubic (zinc-blende)
Bandgap (Eg) 5.11b 3.2–3.3 2.2 eV (at 300 K)
Lattice constant a = 4.38 a = 4.52 a = 4.98 10−8 cm
Refractive index — 2.9 (3 eV) —

a For comparison, sapphire has lattice constants of a = 4.758 and c = 12.9991 × 10−8 cm, thermal expansion
coefficients �a/a = 7.5 K−1 and �c/c = 8.5 × 10−6 K−1, and thermal conductivity of 0.5 W cm−1 K−1.
b Theoretical value (indirect bandgap).
c Very recently, a much smaller bandgap (0.7–0.9 eV) has been reported [4, 5].

The following consists of three parts: sections 2 and 3 describe Raman scattering studies
related to lattice properties and electronic properties, respectively, and section 4 describes some
important topics from the viewpoint of experimental techniques.

2. Lattice properties

2.1. AlN, GaN, and InN

This section starts with a brief introduction to the phonon dispersion of nitride semiconductors.
As described in the previous section, the group-III nitrides crystallize in hexagonal (wurtzite;
space group C4

6v) or cubic structure (zinc-blende; T2
d). Here, let us take GaN as an example: in

the hexagonal structure, the primitive cell contains two Ga–N atom pairs, while it contains only
one atom pair in the cubic structure. In both cases, a Ga atom is tetrahedrally surrounded by
four N atoms, and vice versa. The hexagonal and cubic structures differ only in the stacking
sequence of the Ga–N bilayers along the cubic [111] direction, which coincides with the
hexagonal [0001] direction. That is, the stacking order is ABCABC... in the cubic structure,
while it is ABAB... in the hexagonal structure. Here A, B, and C denote the allowed sites of
the Ga–N pair in the close-packed layer of spheres. The unit-cell length of the cubic structure
along [111] is given by the width of one unit bilayer, while that of the hexagonal structure along
[0001] is double that. Therefore, as shown schematically in figure 1, the phonon dispersion
of the hexagonal structure along [0001] (� → A in the Brillouin zone) is approximated by
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Figure 1. Schematic representation of the phonon dispersion. Phonon branches along [111] in the
zinc-blende structure are folded to approximate those of wurtzite structure along [0001].

folding the phonon dispersion of the cubic structure along [111] (� → L). By this folding, the
TO phonon mode at the L point of the Brillouin zone in the cubic structure reduces to the E2

mode at the � point of the Brillouin zone in the hexagonal structure. This mode is denoted in
figure 1 as EH

2 , where the superscript H means the higher-frequency branch of the E2 phonon
mode. There is another E2 mode at lower frequency labelled as EL

2 , which derives from zone
folding of the transverse acoustic (TA) mode in the cubic structure. In the hexagonal structure,
there is anisotropy in the macroscopic electric field induced by polar phonons. Thus, both the
TO and LO modes split into the axial (or A1) and planar (or E1)-type modes where atomic
displacement occurs along the c-axis or perpendicular to the c-axis, respectively. This splitting
is not shown in figure 1.

The first-order phonon Raman scattering is caused by phonons with wavevector k ∼ 0
(� point) because of a momentum conservation rule in the light scattering process. In the
hexagonal structure, group theory predicts eight sets of phonon normal modes at the � point,
2A1 + 2E1 + 2B1 + 2E2. Among them, one set of A1 and E1 modes are acoustic, while the
remaining six modes, A1 + E1 + 2B1 + 2E2, are optical. As shown in figure 1, one A1 and one
B1 mode (BH

1 ) derive from a singly degenerate LO phonon branch of the cubic system by zone
folding, while one E1 and one E2 mode (EH

2 ) derive from a doubly degenerate TO mode in the
cubic system. The atomic displacement scheme of these optical modes is shown in figure 2.
The A1 and B1 modes give atomic displacements along the c-axis, while the others, E1 and E2,
give atomic displacements perpendicular to the c-axis, Here, the A1 and E1 modes are both
Raman and infrared (IR) active, while the two E2 modes are only Raman active, and the two
B1 modes are neither Raman nor IR active (silent modes) [11].
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Figure 2. Optical phonon modes in the wurtzite structure. There are two types of the E2- and
B1-type modes that are distinguished by superscripts L and H.

The Raman scattering efficiency S with polarization detection is given by

S ∝ |eLReS|2 (1)

where eL and eS denote polarization for the incident and scattered light, respectively, and R
is the Raman tensor of the scattering process. In the case of wurtzite structure, the Raman
tensor only has diagonal components for the A1 phonon mode, while there are only off-
diagonal components for the E1 mode and both diagonal and off-diagonal components for the
E2 mode [12]. This means that the A1 mode can be observed when the incident and scattered
light have parallel polarization, while the E1 mode is observed only in crossed polarization
geometry. Table 2 summarizes the scattering geometries for observing the Raman-active
modes in the wurtzite structure. Here, conventional notation is used to describe the scattering
geometry: outside the bracket, the symbols show from left to right the direction of incident and
scattered light, respectively, and inside the bracket, they give from left to right the polarization
direction of the incident and scattered light, respectively. The A1(LO) phonon mode has atomic
displacement parallel to the c-axis, and propagates along the c-axis. Therefore, taking the z-
direction along the c-axis and x- and y-directions perpendicular to the c-axis, the A1(LO)
mode can be observed from backscattering from the c-plane of wurtzite samples by taking
the z(x, x)z̄ scattering configuration. On the other hand, Raman selection rules for the zinc-
blende-type crystals are relatively simple: if backscattering geometry is employed with no
polarization detection, only the LO phonon is observed from the (100) plane, while only the
TO phonon is observed from the (110) plane. The TO and LO phonons are simultaneously
observed from backscattering from the (111) plane [11].

Figure 3 shows typical phonon spectra of a hexagonal GaN layer grown on a sapphire
(1000) substrate [13]. The upper result was obtained by back scattering from the c-plane with
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Table 2. Raman configurations of allowed modes in hexagonal nitrides.

Configuration Mode

x(y, y)x̄ A1(TO), E2

x(z, z)x̄ A1(TO)
x(z, y)x̄ E1(TO)
x(y, z)y E1(TO), E1(LO)
x(y, y)z E2

z(y, x)z̄ E2

z(y, y)z̄ A1(LO), E2

no polarization detection, where two E2 phonon peaks (EL
2 , EH

2 ) and one LO phonon peak,
A1(LO), are observed. A substrate signal is also weakly observed at 418 cm −1. The higher-
frequency E2 mode (EH

2 ) is the strongest, and is common to hexagonal GaN, InN, and AlN.
The lower result was obtained from backscattering from the cross-section of the layer using
parallel (upper) and crossed (lower) polarization detection, where the A1(TO) and E1(TO)
modes give the dominant features, respectively.

The first-order phonon Raman spectra and �-point phonon frequencies have been
intensively studied for hexagonal GaN [14–22] and AlN [14, 23–28]. On the other hand,
experiments on cubic GaN [22, 29], cubic AlN [30], and cubic and hexagonal InN [31–33] are
scarce because of the difficulty of sample preparation. Typical phonon frequencies observed
by means of Raman scattering are listed in table 3 [14, 19, 29–32]. Since these values were
mostly derived for hetero-epitaxial films, the frequencies are somewhat influenced by residual
stresses. It is very difficult, however, to precisely estimate this effect because it depends on the
growth conditions. Table 3 lists the substrate species and the film thickness for each sample
for consideration of this. Roughly speaking, residual stress can be neglected for films thicker
than ∼10 µm: for example, hexagonal GaN films with thickness 50–70 µm [14] give phonon
frequencies very close to those of bulk samples [19], as seen from the comparison in table 3.
On the other hand, for relatively thin samples with thickness less than ∼1 µm, such as the
cubic samples in table 3, the strain effect cannot be neglected. It is estimated that the phonon
frequencies may be affected within ∼1 cm−1 by the residual stress, if thermal expansion
coefficients equal to those of the hexagonal system are assumed for comparison with those of
the substrates [1].

In the bottom spectrum of figure 3 for geometry x(z, y)x̄, the A1(TO) and EH
2 modes are

weakly observed although they are forbidden. Similarly, the E1(LO) mode—quasi-E1(LO)—is
weakly observed in the forbidden geometry x(z, z)x̄ . This effect, i.e., relaxation of the Raman
selection rule, may be attributed to a large solid angle of the objective lens of the Raman
microscope (the so-called leakage effect). The reason is as follows: GaN belongs to a system
where long-range electrostatic force predominates over the crystalline anisotropy, as easily
understood from the fact that the TO–LO splitting (180–200 cm−1) is much larger than the
A1–E1 splitting (7–30 cm−1) [12]. In such a system, mixing of A1 and E1 modes may easily
occur when the incident or the scattered radiation is not strictly parallel or perpendicular to
the optical axes [21, 22, 34, 35]. Since the wurtzite nitrides are uniaxial crystals, purely
transverse or longitudinal phonons with A1 or E1 symmetry can be observed only when
the phonon propagation direction is strictly parallel or perpendicular to the crystal axis.
For an intermediate propagation direction, therefore, mixing of A1 and E1 modes occurs,
yielding quasi-TO and quasi-LO modes. They have some intermediate frequency values as
follows [12, 34, 36, 37]:

ω2
Q(TO) = ω2(E1[TO]) cos2 θ + ω2(A1[TO]) sin2 θ (2)
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Figure 3. Typical Raman spectra of hexagonal GaN observed at different scattering geometries [13].
The inset shows schematically the directions of the incident and scattered light. The substrate
(sapphire) signal appears weakly at 418 cm−1.

ω2
Q(LO) = ω2(A1[LO]) cos2 θ + ω2(E1[LO]) sin2 θ. (3)

Here, θ is the angle between the c-axis and the phonon propagation direction. The quasi-
E1(LO) mode (figure 3) has almost pure E1(LO)-mode character, since the frequency agrees
well with that observed in the allowed geometry, x(y, z)y.

So far, only the first-order Raman scattering has been considered. With the advent of
high-quality crystals, it has become possible to observe precise second-order phonon spectra
of hexagonal GaN [37, 38] and AlN [14]. For second-order Raman scattering, the momentum
conservation rule demands that the sum of the wavevectors of the two phonons participating in
the Raman scattering process is zero: k1+k2 ∼ 0. Thus, the phonon modes that contribute to the
Raman scattering are not limited to those at the � point, but extend to the whole Brillouin zone.
In this sense, second-order phonon Raman spectra reflect the phonon density of states, and can
be regarded as a critical test of the calculated phonon dispersion curve [14, 31, 37, 39, 40].
A group theory analysis of the GaN spectrum revealed that acoustic overtones appeared at
300–420 cm−1, acoustic–optical combinations at 850–1000 cm−1, and optical overtones and
combination modes at 1150–1500 cm−1 [37]. Similar results were obtained for AlN [14].
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Table 3. Typical phonon frequencies (cm−1) observed at 300 K for hetero-epitaxial nitride films.
The values in brackets derive from bulk samples [19].

AlN GaN InN

Hexagonal (wurtzite)
EL

2 248.6 144 (144) 87
A1(TO) 611 531.8 (531) 447
E1(TO) 670.8 558.8 (560) 476
EH

2 657.4 567.6 (568) 488
A1(LO) 890 734 586
E1(LO) 912 741 593
Substrate Sapphire Sapphire Sapphire
Thickness (µm) 50–70 50–70 0.1–0.7
Reference [14] [14, 19] [31]

Cubic (zinc-blende)
TO 655 555 472
LO 902 742 586
Substrate 3C-SiC GaAs GaAs
Thickness (µm) 0.1–0.4 1 1
Reference [30] [29] [32]

2.2. AlGaN and InGaN

As described in the introduction (section 1), growing high-quality ternary alloys of Alx Ga1−x N
and InxGa1−x N is a key technology for fabricating light-emitting devices operating in the
visible-to-UV region. For example, Nakamura fabricated diode lasers with the emission
wavelength ∼405 nm using an In0.2Ga0.8N/In0.05Ga0.95N multiple-quantum-well (QW)
structure for the active region, and Al0.12Ga0.88N layers for the cladding layers [41]. Raman
spectroscopy can clarify various aspects of the lattice and electronic properties in such alloy
systems; e.g., atomic composition as well as its homogeneity, residual stress, electronic
band structure, carrier concentration. The observation of phonon spectra at different atomic
compositions, which is described in this section, is the first step for such characterizations.

Let us first look at the case of Alx Ga1−x N. In the ideal case of an alloy, N atoms occupy
all the anion sites, while Al and Ga atoms share the cation sites in a random manner with a
probability ratio x :(1 − x). Since phonon Raman spectra are in general sensitive to disorder
in atomic arrangements, such randomness yields broadening of the phonon spectral peaks.
Unexpected peaks may also appear because the Raman selection rule is relaxed by this
randomness. Furthermore, the phonon frequency may shift with the atomic composition,
since the average reduced mass of the anion and cation pair changes, and there are often two
types of characteristic behaviour: one is the so-called one-mode-type behaviour, in which the
k ∼ 0 phonon frequency varies continuously from the mode frequency of one end-member to
that of the other, and appears with approximately constant strength; the other is the two-mode-
type behaviour, in which for an intermediate alloy composition two sets of phonon frequencies
appear at frequencies close to those of the end-members, the strength of each mode being
approximately proportional to the mole fraction of each component. Let us examine such an
example.

Figures 4(a) and (b) show the variation of the phonon spectra in cubic AlxGa1−x N from
x = 0 (GaN; bottom) to x = 1 (AlN; top) for the TO and LO phonon regions, respectively [30].
Here, epitaxial films with thickness 0.1–0.4 µm grown on 3C-SiC/Si substrate were observed.
The arrows denote the TO and LO phonon modes of the Alx Ga1−xN alloys, while the other
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Figure 4. Raman spectra of cubic Alx Ga1−x N layers grown on 3C-SiC/Si [30]. Here, (a) and (b)
correspond to the TO- and LO phonon regions, respectively. The phonon frequency is plotted in
(c) along with a calculation made using the REI model (solid curves).

phonon signals derive from the substrate (Si; 520 cm−1; 3C-SiC; 796 cm−1). The observed
phonon frequencies are plotted in figure 4(c) against x by filled symbols. It is seen that the
LO phonon frequency varies smoothly from GaN to AlN on one curve (one-mode behaviour),
while the TO mode varies on two isolated paths starting from x = 0 (the GaN-like mode) and
from x = 1 (the AlN-like mode); that is, the TO mode shows two-mode behaviour. It is also
found that the phonon peaks are heavily broadened in the intermediate range of x ; this derives
from the compositional fluctuation. The solid curves in figure 4(c) represent a theoretical
calculation of the alloy mode frequencies based on a random-element isodisplacement (REI)
model [42, 43]. The theory correctly predicts the different mode behaviours of the TO and
LO modes, and attributes the one-mode behaviour of the LO phonon to its sensitivity to the
surrounding electric field and to there being strong ionicity in the cation–nitrogen bond.

Hexagonal Alx Ga1−x N gives much more complicated features than the cubic system,
as expected from the rich phonon structure of hexagonal binary compounds. Some groups
reported phonon data based on Raman scattering [44, 45] and IR absorption [46]. A
comprehensive study based on Raman scattering was recently reported by Davydov et al [47],
part of which is illustrated in figure 5. The authors used a large set of samples including 2–4 µm
thick films with 0 < x < 0.5 grown on sapphire, and 1–4 µm thick films with 0.5 < x < 1
grown on Si(111). Both the A1(LO) and E1(LO) modes showed one-mode behaviour, while
the others, A1(TO), E1(TO), EH

2 , and EL
2 , showed two-mode behaviour. If we recall that the

phonon dispersion of wurtzite nitride is closely connected to that of zinc-blende nitride, by
zone folding (see figure 1), these results are consistent; LO modes tend to show one-mode
behaviour, while others show two-mode behaviour. The authors proposed quadratic equations
to fit the observed frequency as follows (in cm−1): A1(LO): 734 + 153x + 75x(1 − x); E1(LO):
742 + 170x + 65x(1 − x); A1(GaN-like TO): 531.8 + 64.5x − 1.9x(1 − x); and E2 (low,
GaN-like): 142.8 + 43.5x −14.5x(1− x) [47]. The small bowing parameters for the latter two
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Figure 5. The compositional dependence of phonon frequencies in hexagonal Alx Ga1−x N [47].

(1.9 and 14.5) indicate almost straight variations and, thus, these equations are very convenient
for estimating x from Raman spectra. It should be noted here that strain effects which also
depend on x should be included in a rigorous discussion of the relation between the phonon
frequency and the atomic composition. This remains, however, for the future. Davydov
et al also analysed the broadening of phonon peaks with x , considering the process of elastic
scattering of phonons by the compositional fluctuation.

In the case of InxGa1−xN, on the other hand, phonon spectra have been reported only for
a limited range of atomic composition. This is mainly because a phase-separation problem
has long prevented the growth of high-quality In-rich crystals [9]. (The large difference in
interatomic spacing between GaN and InN gives rise to a solid phase miscibility gap: spinodal
decomposition occurs typically at x � 0.3 in InxGa1−x N films grown at 700–800 ◦C with
thickness ∼0.5 µm, though this problem can be suppressed in much thinner films.) Successful
growth of hexagonal epitaxial films with 0.5 < x < 1 was recently reported along with
photoluminescence (PL) and absorption data [48, 49]. However, phonon data are still very
limited; they are available just for hexagonal InxGa1−x N with x = 0–0.33 [50] and 0–0.07 [51],
and cubic InxGa1−x N with x = 0–0.31 [52]. According to the results, both the TO and LO
modes in hexagonal and cubic systems show one-mode behaviour. This is clearly different
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from the case for Alx Ga1−xN, where one-mode behaviour was observed only for the LO
mode [30, 46]. This indicates that the TO phonons show either one- or two-mode behaviour
depending on the cation size [43]: the reduced mass of the In–N pair (12.5 amu) comes closer
to that of GaN (11.7) than that of AlN (9.2). Consequently, the In–N atomic pair follows
the frequency of the Ga–N pair vibration more easily than the Al–N pair does. Therefore,
TO phonons in Alx Ga1−x N tend to show independent modes in the intermediate composition
range. The difference in phonon kinetics between the cubic and hexagonal system is not
essential. However, such a simple picture does not hold for the LO mode, where a long-range
electrostatic force deriving from the strong ionicity of the cation–nitrogen bond dominates the
difference in reduced mass. Thus, one-mode-type behaviour is preferred for the LO phonon
mode in both Alx Ga1−x N and InxGa1−x N in either the cubic or hexagonal structure form.

2.3. The stress effect

As is well known, residual strain in layered structure is an important issue in fabricating opto-
electronic devices. As a typical example, strain in a laser diode structure may change the
electronic band structure in the optically active region and affect the laser gain [53]. There are
several causes of the lattice strain: first, lattice mismatch and difference in thermal expansion
coefficient between hetero-epitaxial layers or between a deposited layer and its substrate may
cause in-plane uniaxial or biaxial strain; second, lattice structure may be distorted in the
neighbourhood of native defects or by incorporated impurities. These point defects will induce
a three-dimensional strain such as hydrostatic stress if the defects are uniformly distributed.
Generally, hydrostatic strain and uniaxial or biaxial strain may coexist in hetero-epitaxial
layers. For more general aspects of the strain effect in nitride layers, see the appropriate
review articles [54–56].

Let us introduce some Raman studies on hydrostatic stress in hexagonal
AlN [23, 24, 28, 55] and GaN [19, 52] conducted by using diamond anvil cell for pressure
loading. The results are summarized in table 4, where the linear stress-shift coefficients K
and the mode Grüneisen parameters γ are listed [54, 57]. Here, K is defined by ω = ω0 K p,
where p is the applied hydrostatic pressure in GPa, and ω (ω0) is the phonon frequency with
(without) pressure. The mode Grüneisen parameter is a ratio between the frequency-shift rate
dω/ω0 and the volume compression dV/V , which can be rewritten using the bulk modulus
B0 as

γ = (dω/ω0)/(dV/V ) = (B0/ω0)(dω/d p). (4)

Perlin and co-workers obtained γ by using experimental data for K and putting B0 = 210 and
207.9 GPa for GaN and AlN, respectively [28, 54]. A peculiar feature seen in table 4 is that
the EL

2 phonon mode of GaN takes negative values of K and γ ; recalling that the EL
2 phonon

mode at the � point of the Brillouin zone of the hexagonal structure is approximated by zone
folding of the zone-boundary (L-point) TA phonon in the cubic structure (see figure 1), Perlin
and co-workers connected this negative pressure dependence, or soft-mode behaviour, to a
softening of the TA phonon of cubic GaN [19, 28, 54]. In fact, a phase transition occurs from
wurtzite to rock-salt structure at 47 and 16.6 GPa in GaN and AlN, respectively [19, 58].

Next, biaxial strain in nitride layers is considered. If wurtzite layers are hetero-epitaxially
grown on some hexagonal (0001) or cubic (111) substrates, the layers will have uniform biaxial
strain in the c-plane with strain tensor components εxy = εyz = εzx = 0, εxx = εyy �= 0,
and εZ Z �= 0. That is, the layers are uniformly compressed or expanded in the c-plane, and in
the reverse manner along the c-axis. In this case, the wurtzite (C6v) symmetry is maintained.
Therefore, there is no change in the list of phonon modes, and only a phonon frequency shift is
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Table 4. The hydrostatic pressure shift of the phonon modes. K (the linear stress-shift coefficient)
and γ (the mode Grüneisen parameter) are shown. See the text for their definitions. (Asterisks
mark quasi-LO modes).

Wurtzite EL
2 A1(TO) E1(TO) EH

2 A1(LO) E1(LO) Unit Reference

GaN [54]
K −0.32 3.8 3.3 3.6 3.8 — cm−1 GPa−1

γ −0.46 1.5 1.24 1.33 1.09 —
AlN [57]
K — 4.08 5.07 5.39 4.00 5.51∗ cm−1 GPa−1

γ — 1.39 1.57 1.71 0.93 1.26∗

expected. As an example, let us examine hexagonal GaN layers grown on sapphire (0001) and
6H-SiC (0001). Sapphire has a larger thermal expansion coefficient (a⊥ = 7.5 × 10−6 K−1)
than GaN (a⊥ = 5.59 × 10−6 K−1) [59]. Thus, considering that only the difference in thermal
expansion coefficient induces the stress, compressive strain will be generated in the GaN c-
plane in the process of cooling from the growth temperature to room temperature. In contrast,
if 6H-SiC is used as the substrate, the result is reversed, since 6H-SiC has a smaller thermal
expansion coefficient (a⊥ = 4.2 × 10−6 K−1) than GaN [60].

Biaxial strain in the c-plane of the hexagonal GaN layer is most easily probed by observing
the EH

2 phonon mode by means of Raman scattering [34, 61–63]; this is because the frequency
is sensitive to biaxial strain in the c-plane as expected from the atomic displacement scheme
(figure 2) and, furthermore, this mode conveniently gives the strongest signal in the spectra
(figure 3). Demangeot et al [63] observed the stress shift for the A1(LO) mode and the EH

2
mode in hexagonal GaN as plotted in figure 6. The authors evaluated the stress-shift rate as
0.8 cm−1 GPa−1 for the A1(LO) mode and 2.9 cm−1 GPa−1 for the EH

2 mode. Some other groups
also reported stress-shift rates for the EH

2 mode: 6.2 [62], 4.2 [61], and 2.7 cm−1 GPa−1 [34].
These experimental results show scatter due to the difference in evaluation method of biaxial
stress; i.e., PL or reflection for the excitonic transition [61, 63], x-ray diffraction to determine
the lattice constant [34], surface profilometry to get the wafer curvature [62]. They were
analysed with relevant elastic constants assumed. A theoretical value from first-principles
calculation, 2.4 cm−1 GPa−1 [64], agrees well with the relatively small experimental values,
2.7 [34] and 2.9 cm−1 GPa−1 [63]. Davydov et al [34] reported biaxial stress-shift rates for
the EL

2 , A1(TO), and E1(TO) modes of GaN: −0.5, 2.8, and 1.4 cm−1 GPa−1, respectively.

2.4. Defect and impurity modes

So far, only phonon signals related to the host lattice have been described. In fact, however, we
can often observe foreign signals induced by impurities. If impurity atoms replace host-lattice
atoms heavier than the impurities, atomic oscillation may be induced in a limited range around
the impurities, which is the so-called local vibrational mode (LVM). Its frequency appears in
the energy gap between the acoustic and optical branches of phonons, or above the optical
branch. As the impurity is lighter, the LVM frequency becomes higher and the vibration is
more localized [65]. Another typical foreign signal derives from defects; i.e., the defect mode.
Point defects such as vacancies can cause a defect mode with a sharp peak like the LVM.
On the other hand, heavily disordered systems such as ion-implanted or low-temperature-
grown crystals can exhibit a different type of defect mode called the disorder-activated Raman
scattering (DARS) mode. DARS occurs as a result of phonon confinement to small (typically
less than 100 nm) defect-free regions. This confinement relaxes the Raman selection rules,
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Figure 6. Stress shifts of the A1(LO) and EH
2 phonon modes in hexagonal GaN grown on sapphire

substrate [63]. Lines denote the best linear fits to the data.

allowing phonons with non-zero wavevectors to contribute to first-order Raman scattering. The
DARS reflects, therefore, the phonon density of states of the host lattice, and usually appears
with broad spectral features. In the following, a LVM in Mg-doped GaN is first introduced
to demonstrate that a LVM can yield valuable information on the microscopic processes in
solids. Defect modes in ion-implanted GaN are then briefly described.

It is well known that low-energy electron beam irradiation [66] or thermal annealing in a
N2 atmosphere [67] is necessary to obtain p-type conductivity in Mg-doped GaN films grown
by MOCVD (metal–organic chemical vapour deposition) using H2 and NH3 as the carrier
gas of the precursors and the nitridation source, respectively. Although the Mg activation
process is not yet fully understood, it is widely believed that H impurities incorporated in the
growth or annealing process passivate Mg acceptors by forming Mg–H neutral complexes [67].
Observation of a LVM for a Mg–N–H complex by means of IR absorption in as-grown Mg-
doped films supports this hypothesis [68].

Harima et al [69, 70] observed Raman spectra of Mg-doped GaN MOCVD films with
post-annealing in a N2 atmosphere in the range 500–1000 ◦C as shown in figure 7. Here, the
spectra are normalized by the peak height of the EH

2 mode at 568 cm−1 (scaled out to focus
on weaker modes), and (a)–(c) show different frequency regions. In all panels, the bottom
spectra derive from a pre-anneal film, which is highly resistive. When the sample is annealed,
various new features appear, as seen in the upper traces: LVMs appear at 657 and 260 cm−1

upon annealing at above 600 ◦C, together with a broad band in the low-frequency region below
∼400 cm−1. These features are most clearly observed for annealing at 800–900 ◦C, but become
weak again for annealing at 1000 ◦C. The broad band below 400 cm−1 is not a phonon signal,
but an electronic signal attributed to what is called the ‘inter-valence-band transition of the
hole’, as described later. That is, the appearance of this broad band is evidence of p-type
conductivity [71–73]. The 657 cm−1 peak is assigned to the LVM for the Mg (activated)–N
bond, because
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Figure 7. Raman spectra of Mg-doped wurtzite GaN films prepared by MOCVD with post-
annealing at different temperatures in N2 ambient [69, 70]. The spectra are separated into three
regions, (a)–(c). The bottom spectrum in each figure was obtained from the as-grown (pre-anneal)
sample.

(i) the frequency agrees with an estimate from the optical mode frequency of GaN
(∼560 cm−1), obtained by considering the difference in reduced mass between the Mg–N
and Ga–N pairs; and

(ii) the mode intensity is almost proportional to the hole density.

It is found that Mg-doped GaN films grown by MBE (molecular beam epitaxy) have native
p-type character [74]. It is not surprising, then, that the 657 cm−1 mode is observed even in
as-grown MBE films. The other peak at 260 cm−1 that appeared upon annealing probably has
the same origin. Thus, figure 7(a) shows that p-type conductivity is obtained by annealing at
600–900 ◦C, but weakened by annealing at 1000 ◦C or above.

The high-frequency-range spectra in figures 7(b) and (c) suggest a role of H impurities
in the Mg activation process [70]. A LVM is observed at 3123 cm−1 in (c) in a pre-anneal
sample. The mode disappears upon annealing at above ∼600 ◦C, while many new LVMs
appear simultaneously at 2000–2200 cm−1 as seen in (b). The 3123 cm−1 mode was verified
to be H related by a deuteration experiment [68]. This frequency, being close to that of N–H
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Figure 8. A schematic diagram of the Mg activation process in GaN caused by thermal annealing
in a N2 atmosphere.

stretching in NH3, suggests that H atoms are bonded to N to form a Mg–N–H complex. This
picture was supported by theoretical studies showing that H ions will be bonded to N and
located at the anti-bonding site [75, 76] or body-centre site [77] of the Mg–N bonds. The
LVMs at 2000–2200 cm−1 were observed also in as-grown MBE films that showed p-type
conductivity [74, 78, 79]. These modes were attributed to H-decorated N vacancies (VN) or
extended defects. Ga–H and Mg (neutral)–H pairs [80] or more complicated centres [81]
are also candidates for giving rise to these LVMs. To summarize, figure 7 shows that H
atoms connected to Mg–N bonds in as-grown films are released by annealing at above 600 ◦C,
activating the Mg acceptors. Hydrogen atoms then diffuse in the host lattice until they find
new bonding partners, or get out of the film. Figure 8 shows our picture. If N2 gas is used
instead of H2 as the carrier gas in the MOCVD growth process, the 657 cm−1 mode appears
even in as-grown film, while hydrogen-related modes are absent [70]. This is consistent
with its native p-type conductivity [82]. Other LVMs in GaN related to Ga vacancies [83–
85], and impurities of arsenic [86, 87], oxygen [88], and CHn complexes [89, 90] have been
reported.

Let us move on to considering structural defects observed by means of Raman scattering.
Figure 9 shows typical spectral variation in GaN induced by ion implantation and subsequent
annealing [91]: here, the top trace shows a standard spectrum of hexagonal n-type GaN, giving
a sharp EH

2 phonon peak at ∼570 cm−1 and an A1(LO) peak at ∼750 cm−1. Note that the
latter peak is broadened due to a coupling with plasmon as explained later. When the sample
is implanted with Ca+, the spectrum changes drastically, as seen at the bottom, where: broad
bands appear at below 350 cm−1 and at 500–800−1; new weak signals appear at 300, 360,
420, and 670 cm−1; and the EH

2 and the A1(LO) modes are severely broadened with tails to the
lower-frequency side. All these spectral features were well reproduced on implanting other
species such as Ar+. Thus, the signals are interpreted as defect-induced modes. The peaks at
360 and 420 cm−1 were assigned to LVMs due to N or Ga vacancies. In contrast, the peaks
at 300 and 670 cm−1 as well as the broad signals at ∼560 and 730 cm−1 near the EH

2 and
the A1(LO) modes should be assigned to DARS, because they reflect characteristic features
in the phonon density of states [14, 92]. The middle four traces in figure 9 were obtained by
subsequent annealing at 900–1150 ◦C. The defect-induced modes are weakened with the rise
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Figure 9. Raman spectra of wurtzite GaN with Ca+ implantation and subsequent annealing [91].

of temperature, which means recovery in crystallinity. It is worth mentioning, however, that
the peak for the A1(LO) mode is still sharp even after 1150 ◦C annealing, and the original
broad peak in the top trace is not yet recovered. This is because the coupling with the plasmon
is suppressed, which suggests that the carrier mobility is low or, in other words, recovery of
the crystallinity is still incomplete.

2.5. Phonon-related topics—temperature effects, superlattices, dilute magnetic
semiconductors

Heating or cooling of a sample causes spectral changes similar to those induced by hydrostatic
pressure on crystals: heating of a crystal induces lattice dilation, then the restoring force of
lattice vibration decreases and the phonon peak shifts to lower frequency; if it is cooled, the
reverse will occur. Besides the frequency shift, heating induces peak broadening because
anharmonic interactions between phonons will increase, or, in other words, the phonon decay
channel increases. Link et al [93] reported temperature effects on the EH

2 and the A1(LO)
modes in hexagonal AlN and GaN grown on sapphire in the range 85–760 K. They analysed
the frequency shift considering the lattice dilation effect,anharmonic coupling of phonons up to
the fourth order, and thermal strain between the nitride layer and the substrate, and showed the
first two gave dominant contributions at high temperatures. The broadening was also analysed
by considering up to the fourth order of anharmonic interactions. Similar results were reported
for the EH

2 mode of hexagonal GaN grown on sapphire or 6H-SiC substrate [94, 95]. Link et al
[93] observed heating of a GaN-based LED during operation by using the frequency shift of
the EH

2 mode of GaN for temperature calibration.
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Raman spectra of semiconductor superlattices (SLs) were intensively studied for GaAs-
based systems such as GaAs/AlAs: when compared with bulk crystals, SLs present various
characteristic features—zone folding of the phonon dispersion, mode confinement of optical
phonons, the advent of interface modes, and so on [96]. In contrast to the case for GaAs-
based materials, Raman scattering experiments on GaN-based SLs are very scarce. This is
mainly due to the difficulty of the growth process and the analysis: the nitride SL is a heavily
strained system, and lack of a smooth hetero-epitaxial interface and a large piezoelectric
field at the interface complicate the interpretation of experimental results. So far, Chen et al
[97] have observed zone folding of optical phonon modes in GaN/AlGaN SLs, and Gleize
et al [98] reported quasi-confined and interface modes in a GaN/AlN SL. More recently,
Davydov et al examined several GaN/AlGaN SLs, and reported that only the A1(TO) mode
is propagating, while other optical modes are confined. Folded acoustic phonon modes were
also clearly observed [99]. Strain effects have been investigated in SLs of GaN/AlN [100] and
GaN/AlGaN [99].

Dilute magnetic semiconductors (DMSs) based on III–V compounds, such as In1−xMnxAs
and Ga1−x MnxAs, have recently garnered much interest as candidate materials for future
spin electronics or ‘spintronics’ applications [101]. The basic idea of spintronics is to
open a new field for semiconductor devices by hybridization of spins of doped magnetic
impurities with electric charges of free carriers. Although the observed ferromagnetic transition
temperature has been relatively low (Tc < 110 K) in the above compounds, recent theoretical
studies [102, 103] on wide-bandgap semiconductors were very encouraging because they
predicted Tc well above 300 K, and promising experimental data began to appear on GaN-
based systems [104, 105]. At present, however, Raman scattering experiments on nitride-based
DMSs are still very few. Zajcac et al reported Raman spectra of Ga1−x MnxN with x = 0.005.
They showed features of DARS, suggesting the difficulty of growing high-quality crystals with
doping with magnetic elements [106].

3. Electronic properties

3.1. LO phonon–plasmon coupled modes

Semiconductors contain a variety of electronic excitations due to free and bound charges,
and many of them can be studied by means of Raman scattering (so-called electronic Raman
scattering) [107, 108]. We can observe electronic excitations due to free carriers, either single-
particle excitation or collective excitation (plasmons), as well as coupled modes of electronic
excitation and lattice vibration: a good example of a coupled mode is the so-called LO phonon–
plasmon coupled mode (LOPC), which has been intensively studied in n-type GaN as described
below [20, 109].

The LOPC mode consists of upper- and lower-frequency branches (denoted here as L+

and L−, respectively). Figure 10 shows typical variations of LOPC-mode profiles in n-type
hexagonal GaN with the carrier density [110]. Here, the carrier density n and the mobility µ

evaluated from Hall measurements are given in each figure. On increasing n from 1.2 × 1017

cm−3 (top) to 6.2 ×1018 cm−3 (bottom), the L+ mode shifts to higher frequency and broadens,
with a tail to higher frequency. The L− mode also shifts to higher frequency. However,
although this is not clear in figure 10, the L−-mode profile sharpens unlike the L+-mode one at
larger n (1019–1020 cm−3) and approaches the A1(TO) phonon frequency at 531 cm−1 [109].
The solid and dashed lines are theoretical fits to the observed profile to be explained later.
Variations of the L+-and L−-mode frequencies are plotted against n in figure 11 [20, 109, 110].
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The dotted line shows the plasmon frequency ωp given by

ωp = {4πne2/(ε∞m∗)}1/2 (5)

where ε∞ (=5.35) is the optical dielectric constant of GaN, and m∗ (=0.2m0) is the effective
mass of the electron [111]. The solid curves in figure 11 denote longitudinal excitation
frequencies calculated by equating the dielectric function ε(ω) to

ε(ω) = ε∞{1 + (ω2
L − ω2

T )/(ω2
T − ω2 − iω�) − ω2

p/(ω
2 − iωγ )} = 0. (6)

Here, ωT (ωL) is the TO (LO) phonon frequency in the uncoupled sample, and � (γ ) is the
damping rate of the phonon (plasmon). If � and γ are neglected in the present calculation,
then equation (6) is solved as

ω2
± = {ω2

L + ω2
p}/2 ± {[ω2

p − ω2
L ]2 + 4ω2

p[ω2
L − ω2

p]}1/2/2. (7)

Equation (7) reproduces the observed LOPC-mode frequencies fairly well as seen in figure 11,
the sign ± corresponding to the L+ and L− modes, respectively.

Figure 11 suggests that the carrier density n can be estimated from the observed LOPC-
mode peak frequency for either the L+ or the L− branch. A convenient empirical formula has
been proposed for deducing n (�1×1019 cm−3) from the observed frequency shift �ω (cm−1)
of the L+-mode frequency from the uncoupled-mode one [112]:

n = 1.1 × 1017 �ω0.764. (8)

For a more precise evaluation of the carrier density n as well as the drift mobility µ, a
line-shape fitting analysis based on a semi-classical approach considering the contribution of
deformation potential (DP) and electro-optical (EO) mechanisms can be employed: the Raman
scattering efficiency is then described as [113, 114]

I (ω) = S A(ω) Im[−1/ε(ω] (9)

where ω is the Raman shift, S is a proportionality constant, ε(ω) is the dielectric function, and
A(ω) is given by

A(ω) = 1 + 2Cω2
T [ω2

Pγ (ω2
T − ω2) − ω2�(ω2 + γ 2 − ω2

P )]/�

+ C2(ω4
T /�)[ω2

P{γ (ω2
L − ω2

T ) + �(ω2
P − 2ω2)} + ω2�(ω2 + γ 2)]/(ω2

L − ω2
T ).

(10)

Here, C is the Faust–Henry coefficient [115] for hexagonal GaN [20, 110, 116]. We can fit the
observed line shape with equation (9) using n, �, and γ as adjustable parameters, and deduce
the carrier density n as well as the mobility µ from the relation µ = e/(m∗γ ). In figure 10,
the smooth solid curves show the best-fit calculations obtained by assuming ωT = 533 cm−1,
ωL = 735 cm−1, C = 0.48 [110], and (n (cm−3), µ (cm2 V−1 s−1)) = (0.9 × 1017, 467),
(2.7 × 1017, 333), (0.8 × 1018, 211), and (3.6 × 1018, 123) for samples (a)–(d), respectively.
There is a good agreement as regards the spectral profile as well as the carrier density and
mobility between the simulation and the observation. Although there is still a noticeable
discrepancy for the L− branch of (d), having the largest carrier density, we can improve the
agreement by including a charge-density-fluctuation (CDF) mechanism [113, 114] into the
calculation as shown by the dashed curve [110, 117]. Similar results were previously reported
for n-type GaAs [118], in which the CDF mechanism gave comparable contributions to the DP
and EO mechanisms. It has been suggested that the CDF contribution is generally important
when carriers have small effective mass and small damping [107].

Figure 12, upper figure, shows Raman spectra observed from backscattering from the
c-plane of Mg-doped p-type GaN samples [73]. The upper four samples were post-annealed
in a N2 atmosphere at 800 ◦C and have different hole densities. In contrast, the bottom one
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Figure 10. Raman spectra of n-type wurtzite GaN with different carrier densities [110]. Smooth
solid lines denote theoretical fits for the L+ mode, considering DP and EO mechanisms. The dashed
line in (d) includes the CDF contribution.

was not annealed; it is therefore highly resistive, and was shown for comparison. The carrier
density p (cm−3) and mobility µ (cm2 V−1 s−1) obtained from Hall measurements are shown
in the figure. Contrary to the case for n-type GaN, there is no LOPC-mode feature for the
A1(LO) mode; the profile is always sharp and gives no clear frequency shift or broadening
with increase of p. This was attributed to heavy damping of the hole plasmon [73, 116, 119].

Other nitride semiconductors have not yet been well investigated from the viewpoint of
LO phonon–plasmon coupling. N-type cubic GaN showed heavy damping of plasmons [120].
This is probably to be ascribed to its more defective nature compared to hexagonal GaN.
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3.2. Inter-valence-band transitions

In figure 12, upper figure, the annealed samples show a broad band in the low-frequency region
at <∼400 cm−1, the intensity of which increases with the hole density. This band was assigned
to a single-particle excitation of a hole from the heavy-hole band to the light-hole band (inter-
valence-band transition) [73]. This type of electronic excitation was previously reported in
heavily doped p-type Si and GaAs [71, 72]. The continuum band intensity normalized by the
EL

2 phonon peak intensity at 144 cm−1, IB/S, is plotted in the lower figure as filled circles.
The systematic variation of the band intensity (dashed line) can be used for calibrating the
hole density. Since the LOPC-mode analysis is not possible for p-type GaN, this calibration
technique is of practical importance.

4. Other topics

4.1. Resonant Raman scattering—quantum wells, quantum dots

Resonant enhancement of the Raman scattering in semiconductors occurs when the incident
or scattered photon energy coincides with the bandgap of the specimen, or, in other words,
when there is efficient electronic excitation in the specimen [11]. Resonant enhancement
enables observation of the Raman signal from a limited scattering volume, which is too weak
to be observed under off-resonant conditions. For this reason, resonant Raman scattering has
recently increased in importance as a tool for characterizing nanometre-scale structures such
as QWs and quantum dots (QDs).
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Figure 12. Raman spectra of Mg-doped p-type hexagonal GaN with different hole densities (upper
figure) [73]. The lower figure shows variation of the low-frequency continuum band. The dashed
curve is a guide to the eye.

Wagner and co-workers reported a series of resonant Raman studies on various layered
structures of the hexagonal GaN-based system [50, 121–124]. The merit of resonant Raman
scattering is seen typically in figure 13: here, Raman spectra from a QW structure of
Al0.15Ga0.85N (100 nm)/GaN (3 nm)/Al0.15Ga0.85N (1500 nm) in the on-resonant (top trace)
and off-resonant (middle) conditions are compared [122]. The bottom trace is a standard
GaN bulk signal given for comparison. In the off-resonant case, the LO phonon region is
dominated by the signal of the AlGaN barrier layers at 770 cm−1. In the resonant case, in
contrast, the incident laser at 3.54 eV induces resonance enhancement in the GaN well layer;
thus the well layer signal at 740 cm−1 is greatly enhanced. Considering that the well layer is
much thinner than the barrier layers, the resonant enhancement effect is remarkable. In InGaN
alloys, compositional fluctuation [123] and a strain-induced piezoelectric field in InGaN/GaN
QWs [124] have been investigated by means of visible lasers. Resonant Raman scattering in
GaN QDs has also recently been reported [125, 126], and quantum size effects discussed [125].

4.2. Micro-Raman imaging

Micro-Raman imaging, i.e., mapping of the Raman microprobe signal or its derivatives, has
become a standard Raman characterization technique for getting a quick overview of spatial
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Figure 13. Raman spectra of wurtzite Al0.15Ga0.85N/GaN/Al0.15Ga0.85N, a single QW (middle
and top), and GaN for reference (bottom) [122].

variation of various physical quantities in a specimen [127]. This technique has been applied
to nitride semiconductors for characterizing the distribution of strain, carrier concentration,
polytype (cubic or hexagonal), crystalline defect, and so on. Since only an outline is given here,
readers are strongly recommended to see the original articles with beautiful (often colourful)
mappings.

LOPC modes and the EH
2 phonon modes in hexagonal GaN have been most frequently

examined for the mapping of carrier density and lattice strain, respectively. Ponce et al observed
LOPC modes with a spatial resolution of 0.5 µm in an n-type GaN layer, and analysed the
donor impurity distribution [128]. Harima et al analysed LOPC modes in an n-type GaN layer,
and found that the distributions of carrier density and mobility were strongly correlated with
the direction of source-gas flow [129]. Siegle et al observed the cross-section of an undoped
220 µm thick GaN layer grown by hydride vapour phase epitaxy (HVPE) on sapphire and
compared between Raman scattering and microscopic PL data [130]: their Raman study
showed variation of the carrier density from 1017 cm−3 (near surface) to 1020 cm−3 (interface
with substrate) and relaxation of the biaxial compressive strain toward the surface. The PL
peak showed a gradual red-shift toward the interface and a sudden blue-shift at the interface.
These effects were explained by a stress gradient and an inhomogeneous carrier distribution.
Goldys et al also reported high carrier density near the interface in a thick HVPE film [131].
Siegle et al compared signal intensities between the EH

2 - and the A1(TO) phonon modes by
observing the cross-section of a 400 µm thick HVPE film, and showed reorientation of the
c-axis near the interface [132]. Mixing of cubic and hexagonal GaN phases in an epitaxial
layer was also studied by comparing characteristic phonon signals [133].
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Raman imaging study of GaN layers grown by the epitaxial lateral overgrowth (ELOG)
technique is a rapidly increasing area. Improved spatial resolution achieved with the confocal
microscopy technique [127] revealed unintentional doping of Si impurities that derive from the
mask of SiN [134] and SiOx [135]. Holtz et al observed isolated hexagonal islands grown on a
square-patterned mask, and found large biaxial compressive strain and small carrier density in
the window region [136]. Bertram et al characterized ELOG-grown layers combining Raman
scattering with cathode luminescence imaging, and showed that a coherent growth region
having good crystallinity was dominated by narrow excitonic emission [137].

5. Concluding remarks

Owing to the rapid development in the growth technology, we have seen in the last decade
dramatic developments in Raman scattering studies on nitride semiconductors. Typical results
are as follows: �-point phonon frequencies identified for both hexagonal and cubic GaN,
AlN, and InN; compositional variation of the phonon frequency in ternary alloys of AlGaN
and InGaN; stress and temperature variations of the phonon frequency in GaN and AlN;
impurity and defect modes observed. LOPC modes in n-type GaN have also been well studied
and widely applied in evaluation of the carrier density distribution using the Raman imaging
technique.

There still remain, however, many important issues for further Raman studies. First,
basic phonon data on In-rich compounds are insufficient for both ternary alloys and binary
compounds (InN) due to the difficulty in the growth process. Similarly, phonon data on cubic
GaN, AlN, and InN are limited. For cubic ternary alloys, the situation is worse. Second,
the LOPC modes have been well studied only for n-type hexagonal GaN, and those for other
compounds have scarcely been examined. Such reports for n-type InGaN and AlGaN are
eagerly awaited, because optical characterization of the free-carrier density and mobility in
these alloys is important for the development of devices. Third, there will be increasing
interest in lattice properties of low-dimensional systems such as QWs, superlattices, and QDs,
because these materials are all also key elements for future devices. When compared with
GaAs-based systems that have been relatively well explored, nitride systems have intrinsic
complexity such as large strain and a piezoelectric field at the hetero-epitaxial interface. Fourth,
electronic Raman scattering due to free and bound charges is very scarcely reported. LOPC
provides an exceptional case. The p-type materials have been especially poorly studied (both
binary and ternary compounds). Electronic transitions related to shallow impurity levels have
not yet been clearly observed by means of Raman scattering. Optical characterization of
free-electron motion in low-dimensional systems such as the two-dimensional electron gas
(2DEG) at a hetero-epitaxial interface will attract much attention from the viewpoint of device
applications.

Although there is a long way to go, Raman scattering will undoubtedly remain a powerful
technique for exploring physics in nitride semiconductors, and a convenient characterization
tool for use in developing future devices.
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