JOURNAL OF RAMAN SPECTROSCOPY, VOL. 29, 291È295 (1998)

Comparative Determination of Absolute Raman
Scattering Efficiencies and Application to GaN
I. Loa,1* S. Gronemeyer,1 C. Thomsen,1 O. Ambacher,2 D. Schikora3 and D. J. As3
1 Institut fur Festkorperphysik, Technische Universitat Berlin, D-10623 Berlin, Germany
2 Walter-Schottky-Institut, Technische Universitat Munchen, D-85746 Garching, Germany
3 Universitat Paderborn, FB 6-Physik, D-33098 Paderborn, Germany

Absolute Raman scattering efficiencies for Ðrst-order light scattering of optical zone-center phonons were determined for cubic and hexagonal GaN. An improved method for the determination of scattering efficiencies by
comparative measurement with a standard substance such as BaF was used to minimize the experimental errors
2
substantially. ( 1998 John Wiley & Sons, Ltd.
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INTRODUCTION

BaF and CaF at an incident photon energy of 2.41
2
eV. 2

In recent years, GaN has received considerable attention as a promising material for applications in optoelectronics in the blue and ultraviolet spectral range.
Especially the recent success in using GaN for laser
diodes has given rise to the possibility of satisfying even
commercial requirements in the near future. Since it
became possible to grow both hexagonal (a-GaN) and
cubic GaN (b-GaN) layers of good quality and sufficient size, great e†orts have been made to investigate
their optical properties.
Absolute cross-sections for Raman scattering and
their wavenumber dependence are of great importance
as a stringent test of the theories used to describe the
scattering mechanisms.1,2 It is also common practice to
deduce from these absolute values quantitative results
for the magnitude of deformation potentials and
electronÈphonon coupling constants.3,4 In the case of
GaN they would provide important data for checking
the band structure calculations which nowadays are
carried out extensively. Likewise, absolute scattering
efficiencies could yield an easy and reliable method to
determine quantitatively minority phases of a-GaN in
b-GaN by means of Raman spectroscopy.5 Absolute
values are also of interest as a basis for the calibration
of two-photon absorption cross-sections or other nonlinear optical parameters such as the third-order nonlinear susceptibility.6
Several methods are used for the experimental determination.7 Because any truly absolute measurement of
a cross-section is charged with the problem of having to
take into account the optical characteristics of all the
components used in the experiment, comparative
methods are usually preferred. In this work we determined the scattering efficiency of nearly all optical zone
center phonons for several samples of hexagonal and
cubic GaN by comparison with the standard substances
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The relationship between the di†erential Raman crosssection dp that equals the ratio of scattered to incident
power per unit solid angle ) and the commonly used
scattering efficiency S is given by
dS
1 dp
\
d) V d)

(1)

where V denotes the e†ective scattering volume, i.e. the
volume where the scattering processes take place and
where the detected signal comes from. The efficiency S is
given with dimensions m~1 sr~1. In the case of Stokes
scattering it is7
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where u is the angular frequency of the scattered light,
s the phonon, c the speed of light in vacuum,
u that of
v
M the reduced mass of the vibrating atoms, N the
R
number
of primitive cells per unit volume and n the
0
BoseÈEinstein population factor evaluated at the wavenumber of the phonon. The polarizations of incident
and scattered light are described by the dimensionless
unit vectors eü and eü . The summation is carried out
s i that are represented by their
over all opticalL phonons
Raman tensors R . If the symmetry of the crystal concerned is known, iit is possible to determine the magnitude of the entries of the Raman tensors, the so-called
Raman polarizabilities of the material.
In practice, the scattered power P is proportional to
s
the area A under the peak in the Raman
spectrum of
the phonon in question per integration time t :
A
P P
s
t

(3)

Assuming the scattering process to be isotropic in the
solid angle ), the relationship between the power P
s
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scattered in ) per volume V and the scattering efficiency S becomes :
S
dS
P
SP
s
(4)
d) V P )
L
where P is the incident laser power that induces the
L
scattering processes in the crystal. All quantities require
corrections with respect to refraction, reÑection and
absorption of incident and scattered radiation. Experimentally, the scattered light is collected from an external solid angle ) , which is given by the numerical
e
aperture of the collecting lens. Considering refraction at
the sample surface, one obtains an internal solid angle
) which is to be used in Eqn (4). In the case of small
i
angles
it can be approximated by
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n 2
)
i\ a
(5)
n
)
s
e
where n and n denote the refractive indices of air and
s
sample, arespectively.
The reÑection losses at the sample surface can be
evaluated using the usual Fresnel equation for the
normal-incidence reÑectivity. Taking into account that
reÑection occurs for both the incident and the scattered
light and incorporating the solid-angle correction
according to Eqn (5), one obtains a total correction
factor
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with n \ 1. Since this correction is proportional to the
fourth apower of n , it will become one of the principal
s
sources of experimental
error.
It seems common practice to approximate the scattering volume V by a simple cylinder within which the
light scattering is assumed to be homogeneous. Its
diameter is approximated by the laser spot size in terms
of a Gaussian beam waist. Depending on the sample
thickness, the cylinder height is approximated by either
the Rayleigh length of the focused laser beam or the
sample thickness in the case of thin samples. This procedure appears as a source of substantial error for the
following reasons. Such a deÐnition of the scattering
volume is rather arbitrary in that it simply uses quantities that are easily accessible in the context of Gaussian beams. Even if one properly took into account the
propagation of the laser light within the sample, it
would still require accurate evaluation of the beam
propertiesÈwhich itself is not a trivial taskÈand would
not at all take into account the characteristics of the
collecting optics. Provided that samples of similar thickness and optical properties are used, this might be
acceptable. However, when comparing thin Ðlms as in
the case of GaN with standards in the form of bulk
crystals, this practice becomes a major source of uncertainty. We therefore propose the following procedure to
overcome all of these problems.

of the optical system at di†erent distances from the laser
focus. Then, this experimentally determined characteristic is integrated over the thickness of the sample to be
investigated, which results in a numerical model for the
depth proÐle. This model is then compared with a measured depth proÐle. Doing so for two samples allows
one to evaluate the relative scattering efficiencies fairly
accurately. This method also overcomes the need for
exact and reproducible focusing on to the surfaces of
di†erent samples and any evaluation of the beam
properties.
The Ðrst task, measuring the characteristics of the
excitation and collection efficiency, can easily be
achieved by moving a very thin sample along the laser
beam through the laser focus, taking a Raman spectrum
at each point and using the integrated intensity of a
Raman peak as a measure. In our experiments, the
Raman spectra were recorded in backscattering
geometry as illustrated in Fig. 1(a). We commonly used
a 400 nm ZnSe layer grown on GaAs, which gives good
results owing to the large scattering cross-section of
ZnSe. We also used a 1 lm Ðlm of GaN grown on
GaAs, which reproduced the proÐle obtained with ZnSe
very well. We noticed, however, that Ðlms grown on
transparent substrates are not as well suited, as reÑections from the back surface of the substrate can cause
some distortion of the caracteristic. Figure 1(b) shows a
series of Raman spectra of a 1 lm Ðlm of cubic GaN
taken at di†erent sample positions x. It illustrates the
varying excitation and collection efficiencies as the

METHODS
The basic idea is Ðrst to sample both the excitation
strength of the laser beam and the collection efficiency
( 1998 John Wiley & Sons, Ltd.

Figure 1. (a) Raman spectra recorded in backscattering geometry
with the sample being displaced along the optical axis. (b) Series
of Raman spectra of cubic GaN (1.25 mm layer) for various sample
positions x .
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sample is moved through the laser focus. Only the integrated intensity of the phonon peak, marked by the
gray area of the curve at x \ 3.7 mm, was used as a
measure for the characteristic, thus eliminating the
inÑuence of the luminescence background. The resulting
excitation characteristic is shown in Fig. 2(a), where the
data points correspond to the spectra in Fig. 1(b).
The second step is to model the depth proÐle for the
samples to be investigated. In principle, one needs to
integrate the measured charactersitic C (x) of the thin
reference sample over the thickness d of0 the sample in
question, which result in a model C . Taking into
s
account refraction at the sample surface we obtain

P

d
R C (x ] x/n ) dx
(7)
s 0 0
s
0
where x is the position of the sample, n its refractive
0 R the relative scattering efficiency.
s
index and
In other
s
words, C (x ) models the variation of the Raman inten0 spectrum is taken with the sample at difsity whens the
ferent positions x . The integration can be done either
0
numerically or analytically.
In the latter case one needs
to represent the measured characteristic by some analytical function for which the integration can be performed. To facilitate some curve Ðtting in the Ðnal step,
we represented our experimental characteristic by a sum
of Gaussian functions for which Eqn (7) can be evaluated analytically :
C (x ) \
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It should be noted that the speciÐc choice of Gaussian
functions for the representation of C (x) was arbitrary
but guided by convenience. It is only 0important to Ðnd
a representation of the measured proÐle for which the
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Figure 2. (a) Representation (solid line) of the excitation and
detection characteristic measured with a 1 mm cubic GaN sample
(dots) by a sum of four Gaussian functions (dashed lines). (b)
Experimental depth profile of a 1 mm BaF sample (dots) and the
result of the model in Eqn (8) (solid line). 2
( 1998 John Wiley & Sons, Ltd.
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integration in Eqn (7) can be performed so that its analytical result [Eqn (8)] can be used with a conventional
least-squares Ðt.
Finally, this model C (x ) can be compared with a
s 0 n are known, the relative
measured proÐle. If d and
s
scattering efficiency R is the only adjustable parameter.
s
It can be determined easily by Ðtting C (x ) to the
s 0
experimental data by a standard least-squares procedure. Figure 2 illustrates the whole procedure. Figure
2(a) shows the measured characteristic C (x) together
0
with its representation by a sum of four Gaussians.
In
Fig. 2(b), the parameter R was adjusted to Ðt optimally
s
the measured depth proÐle C (x ) of a 1 mm BaF
s 0
2
sample. The deviation for large x values is due to
0
reÑections at the back surface of the sample. Applying
this procedure to both the reference sample and the
crystal to be examined, their relative scattering efficiency can be determined very accurately and without
making any assumptions regarding the propagation of
the laser beam and the collection characteristics of the
spectrometer. Of course, corrections regarding refraction [Eqn (5)] and reÑection with the known indices of
refraction are still required.

EXPERIMENTAL
Most of the experiments were carried out using a
macro-Raman experimental set-up. Only for comparative measurements within the same sample did we prefer
a micro-Raman set-up. It was used to determine
phonon cross-sections in scattering geometries, which
are not accessible with the standard set-up. Within one
sample, direct comparison of di†erent phonon modes is
possible provided that at least one mode can be used for
reference in the investigated geometries.
An argon/krypton ion laser9 was used for excitation
at 514 nm at a power level of about 20 mW (\1 mW)
for the macro- (micro-) Raman set-up. Focusing of the
laser beam and collection of the scattered light was
done in the macro-Raman set-up by a photo objective
with a focal length of 50 mm. For the micro-Raman
set-up we used a 100 ] microscope objective of
numerical aperature 0.95. All spectra were recorded
in backscattering geometry using a triple grating
spectrometer.10
The standards were (111)-cleaved BaF and CaF
2 1.7 mm,2
single crystals with a thickness of 0.94 and
respectively. A 400 nm ZnSe/GaAs layer was used for
sampling of the excitation and collection characteristic.
Four GaN samples were investigated. Two of them
were hexagonal (001) Ðlms grown on sapphire by
MOCVD11 and MBE12 with a thickness of 2.1 and 3.4
lm, respectively ; we did not Ðnd signiÐcant di†erences
between these two. The latter Ðlm and a 350 lm hexagonal sample were used for measurements perpendicular to the crystal c-axis in order to examine phonons
that can be observed only in this conÐguration. Finally,
a 1.25 lm cubic Ðlm with a (001) surface grown on
GaAs13 was investigated.
Table 1 summarizes the refractive indices at an excitation energy of 2.41 eV that were used for the necessary corrections. The error intervals consider mainly the
inaccuracy of the values found in the literature and a
J. Raman Spectrosc. 29, 291È295 (1998)
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Table 1. Refractive indices of
the
investigated
materials
at
a
photon energy of
2.41 eV
Material

n

Ref.

a-GaN
b-GaN
BaF
2
CaF
2

2.44 À 0.05
2.36 À 0.10
1.47 À 0.01
1.44 À 0.01

14
15
16
16

general dependence of optical properties on purity and
quality of the investigated samples.17 Variations of the
optical parameters with phonon energies were negligible.
RESULTS AND DISCUSSION
Table 2 summarizes the measured relative and absolute
Raman cross-sections for three samples in various scattering geometries. The absolute scattering efficiencies of
the E (high) and A (LO) phonons were measured in a
direct2 comparison 1of the 3.4 lm a-GaN sample with
BaF as outlined above. The values are based on a scat2 efficiency dS /d) \ (0.28 ^ 0.05) ] 10~5 m~1
tering
S
sr~1 of BaF 7 for backscattering
on the (111) surface
2
with polarizations e \ e . The cross-sections of the
L
s
phonons in other conÐgurations
were obtained by internal comparison with the E (high) mode, which can be
2 and the x(. . .)x6 conÐguobserved in both the z(. . .)z6
ration. For the determination of the absolute x(. . .)x6
quantities we assumed the scattering efficiency of the
E (high) mode to be the same in both conÐgurations as
is2predicted by the symmetry properties of the crystal.
In addition, the scattering cross-section of the T (LO)
phonon in cubic GaN was determined by direct 2comparison with BaF .
2
It should be noted
that although the E (low) and
E (high) modes in hexagonal GaN have the 2same sym2

metry, we found their intensity ratio to di†er in the
z(xx)z6 and the z(yx)z6 conÐguration. Since we cannot
give a conclusive explanation of this observation, Table
2 also reports a set of relative scattering efficiencies for
the 350 lm sample. These data are given to mark the
range of uncertainty that is due to sample dependence.
With regard to the detection of minority phases in
hexagonal and cubic GaN, we also determined the scattering efficiency of the cubic T (LO) mode relative to the
2
hexagonal E (high) and A (TO) modes : S [T (LO)]/
2
1
S 2
S [E (high)] \ 1.6 ^ 0.4
and
S [T (LO)]/
S 2
S 2
S [A (TO)] \ 3.8 ^ 1.0.
S 1
The errors given in Table 2 take into account systematic errors due to the uncertainties of the indices of refraction and sample thicknesses and also the statistical
error of the relative scattering efficiency R derived from
s
the depth-proÐle Ðt. The errors of the absolute
scattering efficiencies listed in Table 2 include the 18% error
of the absolute scattering cross-section of the reference
material BaF on which this comparative measurement
is based. It is 2the largest error contribution. The second
most important single source of error in all cases is the
uncertainty of the refractive index used for the reÑection
loss and solid angle correction according to Eqn (6)
because of its fourth-power dependence. When more
accurate values for either the refractive indices or the
absolute scattering efficiency of BaF are available,
more accurate cross-sections of GaN 2can be deduced
based on the relative scattering efficiencies listed in
Table 2.
In order to demonstrate the advantage of the proposed method, we also evaluate the scattering efficiency
of the a-GaN E (high) mode relative to BaF using the
2
conventional procedure,
i.e. approximating2 the scattering volume by a cylinder as described above. This
will generally lead to an over-estimation of the scattering volume of the thick standard sample since, compared with a thin sample, light scattered from the
out-of-focus regions is detected with lower efficiency.
Because of this, the scattering cross-section of the reference material will be under-estimated, Ðnally resulting
in too large a value of the absolute cross-section of the
sample in question. SpeciÐcally, the Rayleigh length was

Table 2. Relative and absolute scattering cross-sections of hexagonal and cubic GaN at a photon energy of 2.41
eVa
Scattering efficiency
Sample

Raman mode

Polarization
(Porto)

Relative to
BaF
2

Relative to
hexagonal GaN E (high)
2

Absolute
10É5 mÉ1 srÉ1

E (high, 566 cmÉ1)
z (xx )z6
13.5 À 1.5
1
3.8 À 1.1
2
E (low, 143 cmÉ1)
z (xx )z6
Í0.26 À 0.02Ë
(1.91 À 0.02) Ã 10É2
Í0.07 À 0.02Ë
2
E (low, 143 cmÉ1)
z (yx )z6
Í0.33 À 0.04Ë
(2.42 À 0.02) Ã 10É2
Í0.09 À 0.03Ë
2
A (LO, 735 cmÉ1)
z (xx )z6
5.8 À 0.7
0.43 À 0.01
1.6 À 0.5
1
A (TO, 531 cmÉ1)
x (yy )x6
Í7.3 À 1.2Ë
0.54 À 0.03
Í2.1 À 0.7Ë
1
E (TO, 558 cmÉ1)
x (zy )x6
Í8.1 À 1.6Ë
0.60 À 0.05
Í2.2 À 0.9Ë
1
A (TO, 531 cmÉ1)
x (yy )x6
—
0.47 À 0.01
—
a-GaN (350 lm)
1
A (TO, 531 cmÉ1)
x (zz )x6
—
2.1 À 0.1
—
1
E (TO, 558 cmÉ1)
x (zy )x6
—
0.79 À 0.04
—
1
E (TO, 558 cmÉ1)
x (yz )x6
—
0.86 À 0.10
—
1
b-GaN
T (LO, 737 cmÉ1)
z (x ¾x ¾)z6
22 À 4
1.6 À 0.4
6 À2
2
a Values in square brackets were determined indirectly by comparison with the E (high) mode measured on the same
2
crystal surface.
a-GaN (3.4 lm)

( 1998 John Wiley & Sons, Ltd.
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determined as 1.1 mm, and the BaF sample has a
2
thickness of 0.94 mm, so that the scattering volume
would be expected to be limited by the latter. As can be
seen from Fig. 2(b), the scattering volume is e†ectively
limited by the characteristics of the collecting optics
with a depth-of-focus of ca. 0.7 mm, i.e. signiÐcantly
smaller than the sample thickness. Consequently, even
in the best-case situation (focusing into the center of the
0.94 mm BaF sample), the result obtained by the con2
ventional method is too large by a factor of 1.7.
One should also consider the possible impact of interference e†ects due to reÑections at the sample surfaces.
It is not a speciÐc problem in the proposed method but
applies to any measurement of Raman intensities. For
the present study, we could exclude such e†ects by comparison of the results for samples with di†erent thickness in the case of our hexagonal GaN Ðlms, where no
di†erences were found. In the case of the cubic GaN
sample, interference e†ects could not occur because of
its microscopically rough surface.
We also used CaF as a standard material. By com2 determined the absolute crossparison with BaF we
2

295

section of CaF as dS /d) \ (0.065 ^ 0.017) ] 10~5
2
S
m~1 sr~1. The relative
scattering
efficiency of CaF and
2
BaF is S (CaF )/S (BaF ) \ 0.232 ^ 0.019.
2
S
2 S
2
In conclusion, an improved method for the comparative measurement of absolute Raman scattering crosssections was developed. It was shown that the
conventional technique can lead to severe overestimation of the deduced Raman cross-sections. The
new method was employed to determine the scattering
efficiencies of most zone-center optical phonons in hexagonal and cubic GaN. For the quantitative determination of hexagonal minority phases in cubic GaN, we
directly measured the relative scattering cross-sections
of the cubic T (LO) mode in comparison with the hex2 and A (TO) modes.
agonal E (high)
2
1
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