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ABSTRACT 
This paper reviews the Raman spectroscopy of diamond films, GaN, 
A1,Gal-,N alloys, AlN, and BN. The review focuses on the use of Raman 
spectroscopy to characterize various physical aspects such as stress, tem- 
perature, and microstructure, as determined by their influence on the 
Raman active modes manifested by the Raman lineshape. The phonon- 
plasmon interaction in GaN due to the characteristic unintentional n- 
type doping of this material is also discussed. Furthermore, a short sum- 
mary of the behavior of the optical modes of mixed alloys is presented, 
followed by a discussion of the Raman characteristics of A1,Gal-,N 
alloy. 

INTRODUCTION 

Diamond, gallium nitride, aluminum nitride, and cubic boron nitride 
are of great potential in the development of novel optoelectronic devices 
owing to their wide-bandgap and superior mechanical and thermal prop- 
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erties (1-6). Recent advances in the crystal growth techniques of dia- 
mond films (7-12) and the group I11 nitride materials (1 ,  3, 6, 13, 14) 
have enabled numerous studies via Raman spectroscopy. 

The Raman effect in solids is due to inelastic scattering of light by 
the crystal vibrations (the latter are referred to as phonons or optical 
modes). The incident light exchanges a quantum of energy with the 
crystal via the creation or annihilation of phonons. As a result, the 
scattered light loses or gains an energy quantum depending on whether 
a phonon was created or annihilated. In Raman spectroscopy, the shift 
of the energy of the scattered light is measured: Thus a characteristic 
value of the vibrational energy of a given solid may be obtained. The 
characteristic Raman energy, known as the Raman frequency, may be 
modified from its ideal value (corresponding to high quality material) 
by, among other factors, stress, temperature, structural defects, and 
impurities. Thus Raman spectroscopy may yield valuable information 
on the material characteristics and quality. 

This paper reviews the use of Raman spectroscopy to characterize 
a family of wide-bandgap materials that includes diamond and members 
from the group I11 nitrides. We focus on issues of stress ( 1 3 ,  tempera- 
ture (16), microstructure (17), and free carriers (18-21), 

First we review the applications of Raman spectroscopy to diamond 
films. The issue of the identification of the coexisting diamond and 
graphitic phases in diamond films is discussed, as well as that of the 
Raman lineshape of the diamond and the physical mechanisms affecting 
it. Next we summarize the Raman modes of the hexagonal wurtzite 
(WZ) and the cubic zinc-blend polytype structures of GaN. The effect 
of pressure and free carriers on Raman frequency of the WZ structure 
is examined. A review of the Raman characteristics of AlxGal,N alloy 
is presented. Raman-active modes of the wurtzite A1N and the effect 
of applied pressure on the Raman frequencies are reviewed. The effect 
of oxygen impurity on the Raman characteristics is also considered. 
Finally the bonding-anisotropy of the h-BN and the effect of the crystal- 
lite size on the Raman modes is discussed along with the effect of high 
pressure and temperature on the Raman frequencies of h-BN and c- 
BN. 

RAMAN SPECTROSCOPY OF DIAMOND FILMS 
The issues considered are the identification of the coexisting diamond 
and graphitic phases in diamond films and the effect of the graphitic 
phase on the film quality. Also addressed is the issue of the Raman 
lineshape of the diamond and the physical mechanisms affecting it. 
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Identification of Bonding Configurations 
Important applications of Raman spectroscopy to diamond films are 
the identification of the diamond structure and the amorphous structure 
of the sp2 carbon (graphitic phase) that coexist in many of the diamond 
films (22-24). Shroder et a1 (23) have developed a model in which the 
concentrations of diamond and graphitic components in diamond films 
may be obtained from the Raman intensities. The following section 
outlines the principal results. 

The Raman intensity from a material I (in a backscattering geometry) 
has been shown by Loudon (25) to follow the relation: 

where S is the scattering efficiency, Io is the incident intensity, L is the 
sample thickness in the direction of the incident laser light, and a1 and 
a2 are the absorption coefficients at the frequencies of the incident and 
scattered light, respectively. Wada & Solin (26) showed that the equa- 
tion could be modified to give the ratio of the Raman intensities of 
two different materials: 

1. 

where S has been redefined in terms of a scattering efficiency (A)  and 
a summation over the inner produce of the Raman tensor (Rj) and the 
polarization unit vectors of the incident and scattered light C1 and S2. 
I is the scattering intensity of the material being compared; ID represents 
the scattered intensity from the diamond, and Io is the incident intensity. 
A IR is the solid angle into which light is scattered, and the term involv- 
ing R is a correction term for reflection of the scattered light at the 
sample surface and multiple reflections within the sample. Here, a1 
and a2 are the previously defined absorption coefficients of the material 
to be compared with diamond because diamond is assumed to be trans- 
parent to the visible laser radiation. 

In order to investigate the Raman intensity from a composite, Shroder 
et a1 (23) prepared samples consisting of compressed powder of -1 pm 
diamond and -40 pm graphite particles for which the concentrations in 
each sample were known. In order to apply Equation 1 to the diamond- 
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graphite composite samples, several approximations relevant to the ex- 
perimental conditions were made. The first approximation was that the 
values of LD and A f l  were the same for both materials because the 
Raman signal was being collected from a region of discrete particles. 
Moreover, the reflection losses due to light scattering between the 
graphite and diamond particles were assumed to be minimal and thus 
were disregarded. Finally, due to the random orientations of the parti- 
cles, an angle-average value of the summation over all possible polari- 
zation directions was taken. 

In light of these approximations, the ratio of the Raman scattering 
intensities of diamond to graphite may be given as 

2. 

where A‘ is the angle- and polarization-averaged scattering efficiency 
per nearest-neighbor bond, Nis the atomic density, and VD is the volume 
of the diamond, which is sampled by the Raman scattering. The absorp- 
tion factor of graphite is accounted for in the V 4 V G  term, which repre- 
sents the fraction of each graphite particle sampled in the Raman pro- 
cess. Apportioning the volume of diamond is not applicable because 
it is essentially transparent to the laser light, and thus the entire volume 
of diamond is sampled by the Raman scattering. The factor of 4/3 
accounts for diamond having four nearest-neighbors and graphite hav- 
ing three nearest-neighbors at each site. Equation 2 can be written in 
terms of the percentage of diamond in the composites PD as follows: 

3. 

At 514.5-nm laser excitation, graphite has an absorption depth of -30 
nm (26). However, because the scattered light must also exit the absorp- 
tion region, an absorption length of -15 nm was considered instead 
(see Figure la ) .  The ratio of the scattering efficiencies A’DIA’G was 
taken to be -1/75 (26). 

Equation 3 states that for a given composite the relative Raman 
intensities are modulated not only by the relative Raman scattering 
efficiency but also by the volume of the absorbing component, which 
is actually sampled by Raman scattering. The effect of the absorption 
on the Raman spectra can be seen qualitatively in the spectra presented 
in Figure lb.  The spectra of diamond-graphite composites (of -1 pm 
diamond and -40 pm graphite particles) is shown for which the relative 
concentration of diamond in the samples ranges from -1 up to 60%. An 
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1250 -0 1450 1550 1650 

RAMAN s m  (Cm-1) 

Figure I (A) Model of the unit volumes in the Raman scattering from composites: (a) 
fully illuminated diamond particle of -30 pm size and (b) graphite particle -30 pm size, 
partially illuminated in a 15 nm surface layer. (B)  The Raman spectra of the composites 
of diamond and graphite powders. The relative concentrations of diamond in the samples 
are (a) 1.3%, (6) 6.6%, (c) 21.5%, and (d)  50%. The diamond band (D) is at 1332 cm-' 
and the graphite band (G) is at 1580 cm-'. (From 23.) 

interesting aspect of these spectra is that the -1% diamond composite 
displays a 1 : 1 ratio between the peak intensities of diamond and graph- 
ite. At 50% diamond concentration, the peak arising from graphite has 
practically disappeared even though the Raman cross section is 75 times 
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60 - 

40 - 

c 

I I I 

0.0 0.2 0.4 0.6 0.8 1.0 

FRACTION OF DIAMOND 
Figure 2 Ratio of peak intensities ( I D I I ~ )  vs relative concentration of diamond in the 
composite samples. The solid lines are derived from Equation 3, assuming an average 
graphite particle size of 42, 30, 10, and 1 p,m, respectively. (From 23.) 

larger in graphite than in diamond. Thus the absorption of graphite has 
a significant effect on the Raman spectra of the composites, as is shown 
in the large disparity of the measured intensities of the samples. 

The quantitative predictions of the model, as given in Equation 3, 
are evidenced in Figure 2, where the ratio of the two peaks vs concentra- 
tion of diamond is plotted for various particle sizes of graphite. It can 
be seen that when the particle size was taken to be 42 p,m, the model 
and the experimental data are in agreement. Within the model, when 
the graphite domains are smaller than the absorption length, the value 
of V'GlVG becomes 1, and the effect of absorption can be ignored. 
The only intensity-modulation factor in that case is the relative Raman 
scattering efficiency. In high-quality diamond films, the graphitic do- 
mains are very small, so when applying the model, in most cases, the 
absorption effect may similarly be ignored. 

Recent investigations of photoluminescence and Raman scattering 
in diamond thin films have shown that the graphitic phase affects the 
optical as well as the mechanical properties of the diamond (27-29). 
In many diamond films, a strong broadband luminescence extending 
from approximately 1.5 to 2.5 eV and centered at -2 eV has been 
observed (30). The photoluminescence results from transitions of an 
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in-gap state-distribution, which has been attributed to the graphitic- 
disordered phase in the diamond films(28). Moreover, it has been deter- 
mined that the internal compressive stress in diamond thin films is due 
to various impurities and defects present in the film, in particular due 
to the graphitic phase (29, 31). 

The Diamond Raman Lineshape of Diamond Films 
The Raman frequency of a high-quality material yields information 
about the vibrational energy of the phonons, whereas the Raman linew- 
idth is a measure of the phonon lifetime. When the quality of a material 
is degraded by the presence of defects, the resulting Raman lineshape 
reflects the effect of the defects on the phonon characteristics. The 
focus of this section is recent investigations of Raman lineshape as it 
relates to the various defects present in diamond thin films. 

The Raman linewidth in general can be broadened via several mecha- 
nisms: The main mechanisms applicable to the diamond line are homo- 
geneous broadening (32) and broadening due to the size effect of the 
crystal, a theory that has been developed to explain the lineshape of 
boron-nitride material (17). Homogeneous broadening arises from a 
decrease of the lifetime of the crystal phonons. The theory of homoge- 
neous spectral lineshape predicts that the linewidth is inversely propor- 
tional to the phonon lifetime and that the lineshape is expected to be 
a Lorentzian (33). The other mechanism that results in Raman line 
broadening is phonon confinement in a small domain size (17). 

The well-established confinement model is based on the uncertainty 
principle Ak - 2dd,  which states that the smaller the domain size d, 
the larger the range of different phonons that are allowed to participate 
in the Raman process. Hence the broadening of the Raman line in this 
case is due to the spread in phonon energy, and the lineshape reflects 
the shape of the phonon-dispersion curve. The Raman lineshape in the 
phonon-confinement model is given by 

4. 

where L is the confinement size, W, is the diamond natural linewidth 
(-2 cm-l), and w(q) is the phonon-dispersion curve of the form A + B 
*cos(q.rr), (17, 34-36). In general, the width, shape, and peak position 
are dependent on the specific character of phonon-dispersion curves. 
In particular for silicon, the above model predicts that as the crystalline 
domain size decreases, the peak of the Raman line shifts to a lower 
frequency and the lineshape becomes asymmetric (35). 
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558 BERGMAN AND NEMANICH 

Ager et a1 (34) have investigated the application of the confinement 
model to the Raman lineshape of diamond thin films. For each of the 
relevant phonon-dispersion relations, Ager et a1 modeled the expected 
lineshape using the confinement model (Equation 4) and compared the 
results with the Raman lineshape of diamond films. The study of the 
expected Raman line involved three sets of lineshape calculations in 
which different one-dimensional dispersion curves were used. First, in 
case (a), a dispersion relation was used for which the phonon frequency 
decreases away from the r point. The dispersion relation has the form 
w(q) = A + Bcos(q.rr), where A = 1241.24 cm-' and B = 91.25 
cm-'; the shape of this curve is similar to that used in Si and GaAs 
phonon-confinement calculations. For case (b), the A2 (0) dispersion 
curve was used; this curve in diamond has a shallow maximum, which 
is farther from the r point. Figure 3 depicts the characteristics of the 
first two dispersion relations (37). Lastly, in case (c), the weighted 
averaged three-dimensional dispersion curve was used in the calcula- 
tions (see Reference 34 for a more detailed analysis). 

1338 

1337 

1336 

1335 

1334 

1333 

1332 

1331 
0.0 0.1 0.2 0.3 0.4 0.5 0.6 

q/q,, in the [OOl] direction 

Figure 3 Detail of the (001) phonon-dispersion curves for diamond. The A5(0)  has a 
maximum at r point. The A2(0) curve exhibits a shallow maximum away from the r 
point. (From 34, 37.) 
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Figure 4 presents the Raman linewidth vs the Raman frequency, as 
obtained from Equation 4, for the three cases of dispersion relations. 
Also presented in the figure is the correlation of the Raman linewidth 
vs frequency, which was obtained from diamond films. Figure 5 shows 
the predicted Raman lineshapes as calculated from the phonon-confine- 
ment theory for various values of domain size L for dispersion relations 
(a) and (b). In Figure 6,  the Raman spectra of diamond films and crystal 
are presented. As shown, there is significant disagreement between the 
Raman diamond lineshapes obtained from diamond films (which are 
symmetric) and those predicted from the confinement model (which 
are asymmetric). Moreover, the confinement model predicts a red shift 
of the Raman frequency as the line gets broader, which is opposite in 
behavior to the observed diamond peak frequencies. 

From these results Ager et a1 have concluded that the size effect in 
diamond films is not a dominant factor in determining the lineshape 
characteristics of diamond films. They suggested that the internal com- 
pressive stress in diamond is a more likely mechanism in determining 
the Raman lineshape. Results similar to those obtained by Ager et a1 
also have been reported by Bergman & Nemanich (29); moreover, in 
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_. L P infinity 
_ - - -  
- L = 100 A: 

(a  1 

- 
L = infinity C -  - - 

_ - - -  L = l O O 0 i  

- L=50$ 
- 

L - 2 0 A  

- 

- 
............. ................. ............ .- -. 

1320 1325 1330 1335 

Raman shift (crn-’) 
Figure 5 Calculated Raman lineshapes from the phonon-confinement theory for differ- 
ent values of domain size L. (a) Results when using dispersion relation described in case 
(a), (b) the results of case (b). (From 34.) 

the latter study, the Raman lineshape was found to be correlated to the 
internal compressive stress imposed, for the most part, by the graphitic 
phase present in the diamond thin films. 

Recently, a study of the Raman lineshape of nanometer-sized dia- 
mond particles was conducted by Yoshikawa et a1 (38). The diamond 
particles, referred to as cluster diamond, are produced via detonation 
of explosives and have promising potential in a variety of mechanical 
applications (38). The observed Raman spectrum of the cluster diamond 
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15000 

10000 

5000 

0 

I . . ,  

lower-quality film 

- 
higher-quality film 

Diamond chip 

1250 1300 

4 1 : : : : .  

(a1  - 

1350 1400 

Raman shift (cm-') 
Figure 6 Raman spectra of diamonds. (a)  Type IIa synthetic diamond. (b) High quality 
diamond film, and (c) lower-quality diamond film. The lines exhibit a Lorentzian 
lineshape. (From 34.) 

has been found to agree with that calculated by the phonon-confinement 
model. A Raman spectrum and the calculated lineshape are presented 
in Figure 7, where the Raman frequency is 1320 cm-' (which is a 
decrease from the 1332 cm-' frequency of crystalline diamond or high- 
quality film); moreover, the lineshape of the cluster diamond is asym- 
metric. The particle size, which has been calculated via the confinement 
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I 2 0 0  1 2 a  1200 13 20 1360 1100 

RAMAN SHIFT(cm-1) 
Figure 7 The Raman lineshape of cluster diamond; experimental data (circles) calcu- 
lated line (solid line). (From 38.) 

model L = 55 A, agrees with that estimated from X-ray measurements 
(38). 

GALLIUM NITRIDE 
In this section the Raman modes of the hexagonal wurtzite (WZ) and 
the cubic zinc-blend polytype structures of GaN are summarized. The 
effect of pressure and free carriers on Raman frequency and lineshape 
of the WZ structure is discussed. Lastly, a short summary of the behav- 
ior of the optical modes of mixed alloys is presented, followed by a 
discussion of the Raman characteristics of A1,Gal,N alloy. 

GaN in the stable state has a wurtzite crystal structure and belongs 
to the space group C$,. The group theory predicts that there are four 
Raman active modes represented by Al + El + 2E2 (39). The Al 
mode splits into longitudinal (LO) and transverse (TO) components, 
as does the El mode; the two E2 modes are nonpolar modes. Table 1 
lists the observed Raman frequencies that have been reported (40-42). 

The GaN samples investigated by Manchon et a1 (40) were in a 
crystalline form that was prepared by heating a pre-purified GaN pow- 
der at 1200°C. The Al(LO) and the El(LO) modes investigated by 
Cingolani et a1 (41) were obtained from a crystalline sample and from 
an epitaxial GaN film grown on sapphire substrate, respectively. The 
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Table 1 The frequencies in units of cm-I of the WZ gallium nitride Raman modes 

- 533 - 559 145 568 40 
41 710 - 74 1 

- - 570 42 738 
- - - 

- - 

samples investigated by Murugkar et a1 (42) were grown on c-plane 
(0001) sapphire substrates. The frequency of the Al (LO) mode reported 
by the latter group is blue shifted by 28 cm-' from the AI (LO) at 710 
cm-' reported in Reference 41. The blue shift has been tentatively 
ascribed to effects due to stress in the film (42). 

A detailed study of the effect of pressure on the crystalline GaN 
Raman lines has been reported (43). The applied pressure was hydro- 
static in the range 0 to -50 GPa. The pressure dependence of the Raman 
frequencies of the AI (TO), El (TO), E;, and E$ modes has been shown 
to follow the quadratic relation: 

5. 

where P is the applied pressure in units of GPa, 00 is the Raman 
frequency at zero applied pressure, and ul and u2 are the first and 
second pressure coefficients. Table 2 presents the set of parameters 
that describe all the observed mode characteristics under the applied 
pressure. Figure 8 depicts the pressure dependence of the Raman fre- 
quencies that were generated by applying Equation 5 to the data pre- 
sented in Table 2. 

An interesting phenomenon of a phase transition at high pressure 
conditions has been observed (43). When the applied pressure exceeded 
45 GPa, the GaN crystal became dark and the Raman signal disap- 
peared. The researchers suggested that at a pressure of -48 GPa, a 

w(cm-') = w0 + u l P  + u2P2, 

Table 2 The parameters of the pressure relation for the Raman 
modes (43) 

A I ( W  53 1 4.06 - 0.0127 
El (TO) 560 3.68 - 0.0078 
E p  568 4.17 - 0.0136 
E$') 144 - 0.25 - 0.0017 
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Figure 8 The pressure dependence of the Raman frequencies of WZ GaN. (Data from 
43.) 

phase transition might be taking place from the WZ stable structure to 
the NaCl structure. 

Another mechanism that affects the Raman lineshape in GaN is the 
coupling of the phonons to the plasma oscillations of the free carriers 
(plasmons). Klein et a1 have developed a model that predicts the Raman 
lineshape for phonon-plasmon interactions (44). According to the 
model, when a material contains free carriers in an appreciable concen- 
tration, the Raman cross section may be modulated by two mechanisms. 
The first is the modulation of the Raman polarizability by the atomic 
displacement (deformation-potential mechanism), and the modulation 
via the longitudinal electric field of the carriers (electro-optic mecha- 
nism). The second mechanism is that of direct scattering events caused 
by the electronic-charge-density fluctuations. In Sic  (44), GaP (43,  
and GaN (19), the scattering events due to the electronic-charge-density 
fluctuations are found to have a much smaller effect than the deforma- 
tion-potential and the electro-optic mechanisms. Thus the electronic- 
charge-density fluctuations mechanism may be neglected. The equation 
of the Raman lineshape based on this model is rather complex and has 
been used to fit the data (46). However, the curve fit of the experimental 
data to the equation yields, among other physical parameters, the plas- 
mon frequency op from which the value of the concentration of free 
carriers n can be determined: 
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Figure 9 Raman spectra of the A1(LO) 
mode of GaN at several free carrier con- 
centrations. (From 19.) 

900 850 800 750 700 
RAMAN SHIFT (cm-1) 

6. 

where for a given material e is the electron charge, m* is the electronic 
effective mass, and ern is the high-frequency dielectric constant. 

The determination of the concentration of free carriers via Raman 
spectroscopy is often more advantageous than that via electrical mea- 
surements because no contacts are required. The former technique has 
proven to be effective in the determination of the free carriers concen- 
tration in doped Sic  (47) and doped GaP (46). Recently, Kozawa et 
a1 investigated the LO phonon-plasmon coupled modes in GaN (19). 
Figure 9 shows the Raman spectra of the A1(LO) mode at several carrier 
concentrations; here the Raman band shifts towards the high-frequency 
side and broadens with an increase in the carrier concentration. The 
spectra of the A1(LO) coupled mode as well as the model-predicted 
lineshape are presented in Figure 10. The inset to the figure lists the 
values of the fitting parameters among which is the plasmon frequency 
wp, from which the carrier concentration may be evaluated (via Equa- 
tion 6, as described previously). Figure l l shows the carrier concentra- 
tion n calculated from the Raman data vs those obtained from the Hall 
measurements. As shown, the values of the concentrations obtained in 
both techniques agree. 

Because of the difficulty in achieving high-quality cubic GaN sam- 
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I I I I I I 

- Calc. 
nH=l.5X1 017cm-3 

820 800 780 760 740 720 700 
RAMAN SHIFT (cm-1) 

Figure I O  The experimental data and the calculated Raman lineshape of the AI(LO) 
mode of GaN. (From 19.) 

h 

p? 
c 
C u 
v 

C 

cr: cr: 
G u 

Figure I I 
tration nH 

CARRIER CONCENTRATION n,, (crn”) 

The free carrier concentration calculated from the Raman data vs the concen- 
obtained from the Hall measurements. (From 19.) 
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ples, little information is available on the Raman characteristics of the 
cubic phases in contrast to the more well-researched hexagonal GaN. 
However, a few recent results have been reported in this area. Miyoshi 
et a1 have grown high-quality cubic zinc-blend GaN films on (100) 
GaAs substrates (48). The researchers observed the LO mode at 
730 cm-' and the TO mode at around 550 cm-'. Humphreys et a1 
have achieved both cubic and WZ GaN epitaxial films, which have 
been grown on (0001) sapphire substrates (49). The difference between 
growth temperatures of the substrates was suggested to give rise to 
the different observed phases. A Raman peak at -740 cm-' was also 
observed in the spectra and was attributed to the cubic phase of GaN. 
Lastly, recent calculations (50) predict the frequency of the Raman TO 
mode of the cubic zinc-blend structure to be 558 cm-'. 

One of the most promising materials for the fabrication of optoelec- 
tronic devices is the A1,Gal,N alloy series (51-54). The optical prop- 
erties of the A1,Gal,N alloys are, to a large extent, unknown. The lack 
of information is due mainly to the difficulty of growing the material. 
The first to report the Raman characteristics of A1,Gal,N alloys were 
Hayashi et a1 (55).  Their analysis was based on previous investigations 
of the optical phonons in other families of mixed crystals (56). A brief 
review of these fundamental antecedent results is given, followed by 
a discussion of the application to A1,Gal,N. 

Mixed crystals of the form AB1&, are classified into two main 
classes according to the behavior of the k - 0 optical phonons (56). 
Figure 12 depicts the two classes, referred to as the one-mode and two- 
mode material, respectively. In general, if the frequencies of the AB 
and AC components differ greatly, a two-mode behavior is expected; 
if the frequencies of both components have proximate values, a one- 
mode behavior results. As can be seen in Figure 124  for an intermediate 
composition x in the two-mode class of materials, two sets of frequen- 
cies have usually been observed in the spectra. One set of frequencies 
is due to the LO and TO modes of the lighter AB component, and the 
other set is due to the LO and TO modes of the heavier AC component. 
The frequencies of the two-mode material are not linear with x; more- 
over, the modes are degenerate at x - 0 and x - l. The degenerate 
mode at x - 1 has been attributed to a local mode arising from a residual 
concentration of the B component present in the AC component. On 
the other hand, the degenerate mode at x - 0, which occurs in the 
composition region where AB is almost pure, has been regarded as a 
resonance gap-mode arising from residuals of C defects in the AB 
component. 
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'a) Two-mode behaviour of AB1,C, 

Gap Mode 
LO (AC) + 

0 0.5 1 
AB AC 

x 

(b) One-mode behaviour of ABI-~C, 

0 0.5 1 
AB AC 

X 

Figure 12 
type material. 

The two classes of mixed crystals: (a) two-mode type and (b) one-mode 

The phonons of the one-mode class of materials exhibit fundamen- 
tally different behavior than those of the two-mode materials. It can 
be seen in Figure 12b that only one set of LO and TO frequencies is 
present and that the frequencies vary linearly with the composition 
from the AB component to the AC component. In addition to the one- 
mode and two-mode classes of materials, an intermediate class exists 
that exhibits two-mode behavior over a certain composition range and 
one-mode behavior over the rest of the range. The intermediate type of 
behavior has been observed in some of the 111-V crystals (57) including 
AsGal -,In,, GaAs ,Sb,, SbGal _,In,, and InAs ,Sb,. 

Raman studies of A1,Gal-,N films in the composition range 0 < x 
< 0.15 have been recently described (55). Figures 13 and 14 present 
the Raman spectra and the frequencies as a function of composition, 
respectively. The 0.15 composition range studied in (55) corresponds 
to the range in Figure 12 where the AC (GaN) component is in an 
almost pure state. Therefore, if the A1,Gal,N film in this composition 
range is one-mode, then a linear dependence of the LO and TO modes 
on the composition is expected. Moreover, the slopes of the two lines 
should have the same sign. If the film is of a two-mode type, then the 
LO and TO dependence on composition is expected to be nonlinear 

Annual Reviews
www.annualreviews.org/aronline

A
nn

u.
 R

ev
. M

at
er

. S
ci

. 1
99

6.
26

:5
51

-5
79

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.a

nn
ua

lr
ev

ie
w

s.
or

g
 A

cc
es

s 
pr

ov
id

ed
 b

y 
A

ri
zo

na
 S

ta
te

 U
ni

ve
rs

ity
 o

n 
01

/2
0/

22
. F

or
 p

er
so

na
l u

se
 o

nl
y.

 

http://www.annualreviews.org/aronline


WIDE-BANDGAP SEMICONDUCTORS 569 

I lo 550 6 
Raman Shift (cm") 

Figure 13 
Al,Ga,,N at various compositions x. (From 55.) 

Raman spectra of (a)  A1(TO), EI(TO), and E2 modes and (b) EI(LO) of 
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- AIN mol& fraction Figure 14 Compositional dependence 
of E2, E1(TO), A1(TO), and E1(LO) 
modes of Al,Gal,N. (From 55.) 

AIN molar fraction 

and the slopes to be of opposite sign. Also, a local mode, due to residual 
concentration of AI atoms in the GaN matrix, should exist. 

The E1(TO) and E1(LO) Raman frequencies, which have been inves- 
tigated by Hayashi et al, have been shown to comply, according to the 
above criteria, with the one-mode behavior (55). As can be seen in 
Figure 14, both El(T) and E1(LO) frequencies exhibit a linear increase 
(with a small deviation of unknown origin) with the AI composition, 
and no local mode arising from A1 was observed. 

ALUMINUM NITRIDE 

In the following, a review of the Raman active modes of the wurtzite 
A1N is presented, and the effect of applied pressure on the Raman 
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Table 3 The Raman frequencies in units of cm- of the WZ aluminum 
nitride modes 

A1(TO) A1(LO) EI(TO) E1(LO) E$') E$*) Reference 

614 893 673 916 252 660 58 
607 - - 924 24 1 660 15 

- 59 659 888 67 1 895 - 
667 910 667 910 - 655 60 

frequencies, as well as the effect of oxygen impurity on the Raman 
characteristics, is discussed. 

AlN, like GaN, in the stable state has a wurtzite crystal structure 
and belongs to the space group C&. The group theory predictions are 
essentially the same as described above (39). Table 3 lists the observed 
Raman frequencies of A1N single crystals (15, 58-60). As shown in 
the table, there is a large variance in the reported frequencies for a 
given mode. This variance may be attributed to the crystalline quality 
of the A1N samples (58). 

Raman scattering studies of A1N crystals under pressure have been 
conducted by Perlin et a1 (15) and by Sanjurjo et a1 (59). The applied 
pressure was hydrostatic in the range of 0-14 GPA. Both groups ob- 
served that the Raman frequencies of the A1N modes increase almost 
linearly with applied pressure. The pressure dependence of the Raman 
frequency w reported by Perlin et a1 (15) is of the form 

w(cm-') = wo + alp + a2p2, 7 .  

where P is the applied pressure in units of GPa, q, is the Raman 
frequency in no-pressure conditions, and al and u2 are the pressure 
coefficients. A slightly different pressure dependence of the form 

8. 
was reported by Sanjurjo et a1 (59). Table 4 presents the set of param- 
eters for Equations 7 and 8, describing the observed mode characteris- 
tics for both studies. 

The high solubility of oxygen impurities in A1N has been shown to 
degrade the optical and thermal properties of the material (61-63). 
Moreover, it has been observed that a critical oxygen concentration 
exists past which the photoluminescence, thermal conductivity, and the 
unit-cell volume undergo a significant change in characteristics (61). 
Figure 15 shows the thermal resistance as a function of oxygen content 
(61-63). As is evident from the figure, at -0.8 at % oxygen concentra- 
tion, a change in the behavior of the thermal resistance occurs. 

w(cm-') = wo + alp 
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0.01 20 

0.0110. 

0.01 00 

0.0090 

0.0080 

0.0070 

Table 4 The parameters of the pressure relation for the AlN Raman modes 

' 

00 Ul u 2  
Mode (cm-') (cm- '/GPa) (cm- '/GPa2) Reference 

607 4.63 -0.01 15 
924 1.67 0.27 15 
660 3.99 0.035 15 
659 4.97 - 59 
888 3.8 - 59 
67 1 4.84 - 59 
895 4.0 - 59 

The influence of the oxygen impurity concentration on the Raman 
lineshape, as investigated by McNeil et al, showed a trend similar to 
that above (58). Figure 16 presents the Raman linewidth as a function 
of oxygen concentration: at the critical concentration of -0.8 at %, 
a transition in the behavior of the linewidth is noted. The observed 
phenomenon of a critical oxygen concentration has been attributed to 

W 
0 z 
c 
v) 
v) 
W 
U 

a 
I 

-I a 
E 
I]= 
W 
I c 

0' 

0.0050 
/ 

0 . 0 0 4 0 ~  // 

0 Kurokawa et al. 
0 Slack 

0.0030b'l I I I I I I I I I I I 
0.0 0.4 0.8 1.2 1.6 2.0 2.4 

OXYGEN (at. %) 
Figure 15 Thermal resistance of AIN as a function of oxygen concentration. (From 
61.) 
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0 
0 

h 

A 

0 

0 

f 
0 

0.0 0.5 1.0 1.5 2.0 2.5 3.0 
Oxygen atomic % 

Figure 16 Raman linewidth of AlN vs oxygen concentration for El mode (square), AI 
mode (circle), and E2 mode (triangle). (From 58.) 

a change in the structure of the oxygen defect; up to 0.8 at %, the 
oxygen impurity is a point-like defect, and above that concentration 
the oxygen is in the form of an extended defect (58, 61). 

BORON NITRIDE 

Boron nitride can have a cubic, hexagonal, wurtzite, rhombohedral, or 
turbostratic structure (13). Among these various structures, only the 
zinc-blend cubic BN (c-BN) and the hexagonal BN (h-BN) have been 
investigated via Raman spectroscopy because of the high-quality crys- 
tals achieved for these structures. 

The following presents a review of Raman investigations of c-BN 
and h-BN. The bonding-anisotropy of the h-BN, as well as the effect 
of the crystallite size on the Raman modes, is discussed. Lastly, a review 
of the effect of high pressure and temperature on the Raman frequencies 
of h-BN and c-BN is presented. 

The c-BN belongs to the T$ space group and has LO and TO Raman- 
active modes (60). The h-BN, on the other hand, belongs to the D$, 
space group and has two E2. Raman-active modes (64). Table 5 lists 
the Raman frequencies of the two structures (60, 65). 

The large variance in the Raman frequencies of h-BN (52 and 1366 
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Table 5 The Raman frequencies of the h-BN and the c-BN 

Frequency of h-BN 
(cm-') (cm-') 

Frequency of C-BN 

Low Frequency: 52.5" 
High frequency: 1366.0" 

LO: 1304.0b 
TO: 1056.0b 

a Reference 65. 
Reference 60. 

cm-') is due to the large anisotropy of the bonding configurations of 
this material. Figure 17 shows the crystal structure of h-BN: The struc- 
ture consists of hexagonal planes of boron atoms bonded to nitrogen 
atoms. Within any plane there is a strong sp2 bonding between the 
boron and the nitrogen atoms; however, only a weak van der Waals 
bonding exists between planes. The low-frequency mode at 52 cm-' 
is due to vibrations originating from adjacent planes sliding against 
each other (rigid-layer shear mode), whereas the high-frequency mode 
at 1366 cm-' is due to in-plane vibrations between the boron and 
nitrogen atoms. 

The effect of the crystallite domain size on the high-frequency 1366 
cm-' Raman mode of h-BN has been previously investigated (17). The 

O S  O N  

Figure 17 The crystal structure of the h-BN. (From 17.) 
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40 

8- 

2 U 'E u 6- 
4 4  

' I I I I 

- Phonon Peak %It A vs ' /L~  
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+/A - 
- 

- Least-Squares fit to Dato 
A 3F' -0.29 cm-; 07+ 2:JY ---- Calculated a - 

I I I I I 

Figure 18 The dependence of the peak position of the high-frequency EZg mode of h- 
BN vs 1/15. The solid line represents the Raman data, whereas the dashed line represents 
the calculated peak position using the phonon-confinement model. (From 17.) 

Raman measurements indicated that the Raman line shifted to higher 
frequency, broadened, and became asymmetric as the crystallite size 
decreased. It was shown (17) that the observed Raman characteristics 
can be explained via the phonon-confinement model (see Equation 4). 
Figure 18 depicts the experimental and calculated dependence of the 
Raman peak position on the crystallite size L. The experimental data 
in Figure 18 agree with the model. 

The shift of the h-BN Raman line to higher frequency with decreasing 
confinement size is a manifestation of the unusual dispersion curves 
that h-BN is predicted to have; the phonon frequency of the highest 
branch is not a maximum at the I? point (17). For most crystalline 
solids the reverse is true; a decrease in the Raman shift (of the highest- 
frequency nonpolar mode) with decreasing crystallite size is expected 
[as occurs in the case of silicon (36) and cluster diamond (38)]. 

The effect of applied pressure (in the range 0-1 1 GPa) on the Raman 
modes of h-BN has been studied by Kuzuba et a1 (66). The researchers 
investigated the dependence of the high-frequency 1366 cm- and low- 
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frequency 52 cm-' modes on the pressure in order to study the anisot- 
ropy of the force constants. The high- as well as the low-frequency 
Raman modes were observed to increase with the applied pressure. 
However, the mode frequencies were found to increase with different 
rates, implying different pressure coefficients of 5 cm-'/GPa for the 
low-frequency mode and 4 cm-'/GPa for the high-frequency mode. 
Furthermore, the change in force constant (from the atmospheric value 
to the value at 1 1  GPa) of both modes was calculated. It was found 
that the force constant of the low-frequency mode increased by a factor 
of 4, whereas that of the high-frequency mode increased by only 6%. 
The results of Kuzuba reflect the strong anisotropy of the force con- 
stants in h-BN. 

Recently the pressure dependence of the LO and TO Raman modes 
of c-BN have been investigated (59). The pressure coefficient for the 
LO and TO was found to be 3.45 and 3.39 cm-' GPa, respectively. In 
this pressure range, the pressure dependence P of the Raman frequency 
w has been determined to follow the linear relation (59) 

wLO = 1305 + 3.45P 

= 1054 + 3.39P. 

The results of the pressure dependence studies indicate that the pressure 
coefficients of c-BN are smaller than those of h-BN, implying that the 
Raman modes of c-BN comply less to stress than those of h-BN. 

In addition to yielding information about the stress state, Raman 
spectroscopy is also a powerful tool in the study of the thermal proper- 
ties of solids (67-69). Recently, the temperature dependence (in the 
range 300-1830K) of the TO and LO Raman modes of c-BN has been 
investigated by Herchen & Cappelli (16). The study indicated that the 
Raman frequency w of both modes decrease with increasing tempera- 
ture: 

w = wo - alT - a2T2, 

where wo = 1060.6 cm-', al = 0.010 cm-'/K, and a2 = 1.42 X 
cm-'/K2 for the TO mode, and 00 = 1307.6 cm-', al = 0.003 

cm-'/K, and a2 = 1.46 X cm-'/K2 for the LO mode. Figure 19 
presents the temperature dependence of the Raman frequencies of c- 
BN. The temperature behavior of the Raman frequency of crystalline 
diamond is also shown in the figure; it is evident that the temperature 
dependence of both materials is similar. The frequency change between 
room temperature and 1800 K was calculated for c-BN to be 5.6 and 
3.8% for the TO and LO modes, respectively, and 3.4% for diamond 
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Figure 19 The temperature dependence of the Raman frequency of diamond and c- 
BN. (From 16.) 

(16). The similar temperature dependence of both materials implies 
that c-BN has thermal properties comparable to that of diamond. 

To date no temperature dependence studies have been conducted 
on the anisotropy of the Raman frequencies of 1.1-BN. However, the 
temperature response (in the range 300-2325 K) of the high-frequency 
E2g Raman mode of h-BN has been studied by Exarhos & Schaaf (70). 
The temperature dependence of the Raman frequency w and the line- 
width A o were shown to follow the relations: 

w2 = 13722 - 71.987' - 1.197 X 10-2T2 

A@ = 7.67 + 3.62 X 10-3T + 5.22 X 10-6T2. 

In addition, Exarhos & Schaaf outlined a method to calculate the intrala- 
mellar thermal expansion coefficient from the Raman analysis; the 
value was calculated to be 3.5 X deg-' (70). 

CONCLUDING REMARKS 

The Raman effect arises from the interaction of light with matter; as 
such, Raman spectroscopy is a nondestructive and powerful tool in the 
study of lattice dynamics. The various investigations reviewed here 
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demonstrate the utility of Raman spectroscopy in characterizing the 
bond configuration, stress state, and thermal stability of wide-bandgap 
semiconductors. Moreover, through Raman spectroscopy valuable in- 
formation may be obtained about the impurities and structural defects 
present in a crystal matrix. Although significant progress has been made 
in understanding the crystal dynamics of the stable structure of GaN, 
AlN, and BN, as well as diamond films, the investigation of the phonon 
characteristics of the unstable states and novel mixed alloys are still at 
the initial stages. 

Any Annual Review chapter, as well as any article cited in an 
Annual Review chapter, may be purchased from the 

Annual Reviews Preprints and Reprints service. 
1-800-347-8007;415-259-5017;email:arpr @class.org 
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