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The photoluminescence and Raman spectra of several Ga1-xAlxN layers (0 ≤ x ≤ 0.86) grown on 
sapphire substrates by metal-organic vapor phase epitaxy have been recorded at room temperature,
under an excitation at 244 nm. Using the photoluminescence spectra, the variation of the band gap 
of these alloys can be followed only up to x = 0.5. From resonant Raman scattering, it can be deduced 
that the band gap energy of the solid solution for x very close to 0.7 corresponds to the incident 
photon energy (5.08 eV). This result is confirmed by a detailed comparison of the present work with 
previous experimental data on the A1(LO) phonon peak position, obtained under visible excitation.

 

1 Introduction

Gallium aluminum nitride alloys are particularly suited
to the technology of opto-electronic devices, particu-
larly ultraviolet light emitters. Indeed, the width of their
forbidden band can be tuned for many applications in
this spectral range by varying the alloy composition.
The basic physical properties of these solid solutions
have been investigated only recently; concerning the
dynamical properties of Ga1-xAlxN, they have been
studied by Raman spectroscopy under excitation in the
visible range  [1] [2] [3]. 

The present measurements have been performed in
view of studying the band gap in the Ga1-xAlxN alloys
through resonant Raman scattering. Due to the strong
electron-phonon Fröhlich interaction in polar crystals, a
drastic enhancement of light scattering by polar LO
phonons can be achieved in resonant conditions, i.e.
when the energy of the incident (or scattered) photon is
close to the band gap energy of the semiconductor. Gen-
erally, the resonant effect is evidenced on a given sample
by varying the excitation energy. In the present work,
this energy was kept constant and the intensity of the
polar LO phonon was measured on several Ga1-xAlxN
layers, thus varying the band gap energy with x. 

It should be noted that the LO phonon observable in
backscattering geommetry along the c-axis of the wurtz-
ite structure corresponds to the symmetry A1; according

to the selection rules, it is allowed only when the pola
izations of the incident and scattered light are parall
So, far from resonance, the contributions of the allow
and “ forbidden ” (resonant) scattering processes can
be distinguished, while the latter predominates only 
resonant conditions.

2 Samples and experiments

We present photoluminescence and Raman meas
ments on a series of alloy samples with the wurtz
structure, covering a wide compositional range (0 ≤ x ≤
0.86). The layers used for this study were grown 
980°C on sapphire substrates by organometallic vap
phase epitaxy, after the deposition of a thin AlN buff
layer  [4]. Their thickness was typically 2 µm. 

The excitation was achieved with the 244 nm line 

a frequency doubled Ar+ laser. The corresponding
energy (EL  = 5.08 eV) lies between the fundament
direct gap energies of GaN (3.4 eV) and of AlN (6
eV), at room temperature. The experimental setup wa
Renishaw micro-Raman spectrometer, equipped with

diffraction grating with a 3600 m-1 groove density; its

spectral resolution was typically 7 cm-1. The continuous
extended (CE) scanning technique, developed by R
ishaw, allows one to obtain data collection over the f
spectral range of the spectrometer, particularly adap
for luminescence measurements far from the excitat
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line. In the present experiments, the diameter of the laser
spot on the samples was around 1 µm and the incident
light power was lower than 1 mW.

3 Experimental results

First, the room temperature photoluminescence (PL)
spectra of the Ga1-xAlxN layers are displayed in Figure
1. The energy of the PL features is plotted versus the
aluminum molar ratio x and compared with the band
gap measured by Brunner et al.  [5] in Figure 2. The
near band edge luminescence can be observed in the
spectra of gallium rich layers only. On the other hand,
the intense PL structure found in the spectra for x > 0.5
does not follow the increasing band gap. This gives evi-
dence for the increasing ionization energy of the centers
involved in the recombinations; as suggested by Perry et
al.  [6], it may be essentially due to the spatial localiza-
tion of the donor. The oxygen atoms, which are proba-
bly responsible for unintentional n type doping and,
according to the work of Van de Walle  [7], undergo a
transition from shallow to deep centers in wurtzite Ga1-

xAlxN near x = 0.5, would be good candidates for the
active donors in the solid solutions.

The Raman spectra, recorded at room temperature in

the  configuration for six samples regularly
spaced in the compositional range, are presented in Fig-
ure 3. They are quite different from the spectra obtained
using visible excitation  [3]. Under ultraviolet excita-
tion, the non-polar (allowed) E2 phonons are not in evi-
dence, while multiphonon Raman scattering by the polar
A1(LO) phonon is observed up to fourth order. The reso-
nance enhancement is maximum for x = 0.72. However,
a significant increase in intensity is already observed for
x = 0.35, although the difference between the corre-
sponding fundamental band gap Eg and the laser energy
EL  is as high as 1 eV in this case. Large resonance
effects are responsible for this behavior, which was
recently observed in pure GaN with wurtzite structure
[8]. Indeed, the coupling constant characteristic of the
Fröhlich interaction responsible for the enhancement of
the polar phonon lines is six times as big in GaN as in
GaAs  [9].

The inset of Figure 3 shows the Raman spectra of the
x = 0.72 layer recorded at three different temperatures.
When decreasing the temperature, thus increasing the
forbidden energy band of the sample, we observe a con-
tinuous enhancement of the A1(LO) phonon line, sug-
gesting that the band gap energy of this solid solution
would be close to but still lower than EL  = 5.08 eV, at
low temperature. Our results can be compared with
recent absorption measurements [5] [10] on Ga1-xAlxN,
at various temperatures. Using the phenomenological

dependence of the conventional band gap energy
room temperature, defined in ref.  [10] and expressed
electron volts) as:

Eg(x) = 3.45 (1 − x) + 6.13 x − 1.3 x(1 − x)  (1)

 
we find for x = 0.72, Eg = 5.11 eV, which is close to

the incident photon energy in our experiment EL  = 5.08
eV. The value of Eg would be still greater at liquid nitro-
gen temperature. However, no conclusion can be dra
from this little discrepancy, because the precision in t
band gap determination is probably not sufficient, eith
from absorption measurements, or from experiments
resonant Raman scattering.

In Figure 4, the variation of the intensity of th
A1(LO) phonon is given as a function of the detunin
dimensionless parameter (Eg - EL )/hωLO . The values of
Eg are taken from ref.  [10]. Note the asymmetric sha
of this resonance profile, around the maximum obtain
experimentally for an aluminum molar ratio x close 
0.72. 

In Figure 5, the frequencies of the A1(LO) phonon
measured under ultraviolet excitation are plotted vers
the aluminum content x. They are compared with t
previous results of a Raman study we performed un
visible excitation  [3] on the same samples (dotted lin
A shift of the phonon line position between these spe
tra is in evidence for x > 0.3 and clearly changes si
around x = 0.7.

4 Modeling

The dependence of the peak position on the wavelen
of the laser line can be explained in terms of local co
positional inhomogeneity of the solid solutions  [11]. I
resonant conditions, the volume of the Raman probe 
the Fröhlich type scattering processes corresponds t
cally to the polaron size. The polaron radius  aP  can be
calculated as  [12] :

 
Using for the phonon energy hωLO  = 92 meV and

taking for the polaron mass mp a value close to the elec
tron mass m* = 0.2 m0 , as in GaN wurtzite crystal, we
would find aP = 1.5 nm, which is lower than the corre
sponding value in “ usual ” zincblende III-V semicon
ductors. Within the polaron volume VP, the alloy
composition can be significantly different from the nom
inal value. Because of statistical composition fluctu
tions, the LO phonon may be shifted from its of
2  MRS Internet J. Nitride Semicond. Res. 3, 52 (1998).
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resonance value when a selective enhancement of the
signal coming from locally GaN- or AlN-rich regions
may be achieved through electron-phonon Fröhlich
interaction.

In the following, x0 corresponds to the (nominal)
average value of the aluminum molar fraction in a given
sample. The probability of finding the fraction x of alu-
minum atoms inside the (spherical) volume VP of the
polaron can be approximated by a distribution centered
on the nominal composition x0 with the following form:

 
using for the gaussian function the standard devia-

tion deduced from a binomial distribution of cations . 

 
Here, n stands for the cation volume density in the

alloy. In resonant conditions, the most probable fre-
quency of the LO phonon in the layer is given by the sta-
tistical average function  [11]:

                               

(2)

 

where  is the phonon frequency determined.
far from resonant conditions, which may be expressed

(in cm-1 units) from our previous results as  [3] :

 = −51.8 x2 + 199.7 x + 742

 
Eg(x) is given by equation (1) and Γ is an parameter

which is of the order of one phonon energynbsp the val-
ues Γ = 60 meV and aP = 1.3 nm (instead of 1.5 nm,
which was determined for pure GaN) have been chosen
as best parameters for the calculation.

The solid line of Figure 5 is the plot of the frequen-
cies ω(x0) deduced from equation (2). A satisfactory
agreement is found between the calculated values and
the frequencies measured under ultraviolet excitation.

Obviously, the shift of the calculated LO phonon fre
quency with respect to the values of ref.  [3] is vanishi
when the nominal aluminum molar ratio is x0 [ape   ]
0.7, i.e. when the condition Eg (x0) [ape   ] EL  is veri-
fied.

5 Summary

The band gap of Ga1-xAlxN layers have been investi-
gated using resonant Raman scattering under an exc
tion at EL  = 5.08 eV. The intensity variation of the
longitudinal optic phonon shows that the band g
energy is close to EL  when x = 0.72. F Moreover the fre
quencies of the A1(LO) phonon are significantly shifted
from the values obtained under visible excitation. T
modeling of this frequency shift in terms of compos
tional fluctuations of the layers confirms that the ba
gap energy is close to EL  for a solid solution with an
aluminum molar ratio x = 0.7, as it is found in the res
nance profile.
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FIGURES

Figure 1. Photoluminescence spectra of the Ga1-xAlxN layers

recorded at room temperature 

Figure 2. Energy of the experimental PL features versus the
aluminium molar ratio x. The full circles correspond to near
band edge lunminescence and diamonds to other PL features.
The alloy band edge from Ref.  [5] is plotted in dotted line. 

Figure 3. Raman spectra of the Ga1-xAlxN layers recorded at

room temperature in the   configuration. Insert :

Raman spectra of the Ga0.28Al0.72N layer recorded in the same

configuration at three temperatures. 

Figure 4. Resonance profile of the A1(LO) phonon versus

detuning (Eg - EL)/hωLO  (see text). The dotted line is only a

guide for the eye. 
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Figure 5. Plot of the calculated frequencies (solid line) and of
the frequencies measured ultraviolet excitation (open circles),
for the A1(LO) phonon. For comparison, the dotted line gives

the variation of the frequencies measured under visible
excitation. 
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