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The interaction between carriers and polar phonons in InN is investigated using Raman spectroscopy. An
irreversible broadening and redshift of the 595 cm−1 A1�LO�-like phonon mode, observed after annealing the
layer to 700 K, is direct evidence of phonon-plasmon interaction in InN. Variable field Hall effect measure-
ments reveal that the InN layer is electrically heterogeneous and has at least three conduction layers exhibiting
a reduction in mobility after annealing, consistent with the phonon-plasmon coupled mode broadening. A
comparison between simulated and experimental coupled mode line shapes indicates that the mobility changes
measured for bulk or interface carriers is not large enough to account for the experimentally observed
annealing-induced broadening of the LO-like mode. We speculate that the observed A1�LO�-like mode broad-
ening is related to surface conduction carriers.

DOI: 10.1103/PhysRevB.75.035205 PACS number�s�: 63.20.�e

INTRODUCTION

InN has attracted great interest for its possible applica-
tions in ultrafast electronic devices, solar cells, and
optoelectronics.1 However, it has only recently become pos-
sible to prepare high quality InN epilayers2 and, as result,
many material properties have only recently been reliably
established, though many controversies still remain. The as-
pect investigated here is the nature of phonon-plasmon cou-
pling in InN. Polar longitudinal optical �LO� phonons inter-
act strongly with collective excitations of free carriers
�plasmons� via their associated macroscopic electric fields.
However, without exception, all Raman spectra reported for
high-quality InN layers,3–9 exhibit a phonon mode close to
the predicted 590 cm−1 LO phonon frequency.10 Indeed, the
mode observed close to the unscreened A1�LO� phonon fre-
quency is always phononlike, despite the large range of car-
rier concentration and mobility typical for current material.
As a result, in the past this mode has often been attributed to
a pure �unscreened� phonon mode. Several authors have re-
cently proposed that large wave vector scattering processes,
likely due to impurity related scattering, may enable the InN
longitudinal phonon-plasmon coupled mode �LPP� to ap-
proach the unscreened LO phonon frequency.4,7,8 In this
case, the InN LPP may be phononlike despite the high back-
ground free carrier concentration found in most InN films. A
similar theory has been successfully applied to other semi-
conductor materials, for instance, GaAs �Ref. 11� and GaN.12

However, there is as yet no direct evidence that the observed
�590 cm−1 mode is in fact a coupled mode and not a pure
mode, e.g., originating from a surface depletion layer.4 Other
authors have suggested that an LPP has been observed close
to the transverse optical �TO� phonon frequency in Raman
scattering3 and ellipsometry measurements.4 Further investi-
gation is therefore required.

To gain insight into the interaction between polar phonons
and plasmons in InN, we report on Raman scattering in InN
layers annealed between 80 K and 700 K. Annealing-
induced changes in the LO-like phonon line shape are com-
pared to carrier concentration and mobility changes deter-
mined by variable field Hall effect measurements. The
Lindhard-Mermin dielectric function was used to calculate
the LPP line shape for comparison to the experimental Ra-
man spectra.

EXPERIMENTAL METHOD

The InN layers investigated here were deposited by mo-
lecular beam epitaxy �MBE� on a 300 nm GaN buffer, on a
c-plane sapphire substrate, using the method described in
Ref. 2. In the following, we concentrate on results obtained
from a 500 nm thick InN layer. Raman spectra were recorded
using a Renishaw inVia micro-Raman spectrometer and
785 nm laser diode excitation, probing a depth 1/2� of
�60 nm, were � is the absorption coefficient reported in
Ref. 13. To minimize laser heating of the sample, laser light
was focused through a long working distance 50x objective
into a 2�20 �m line; 15 mW of laser power was incident
on the sample and no heating-induced phonon frequency
shift was observed. Experiments were performed in the back-
scattering geometry, allowing measurement of phonon
modes with E2 and A1�LO� symmetry. The spectrometer
spectral shift resolution and response width �FWHM� were
�0.1 cm−1 and 2 cm−1, respectively. The sample was placed
in a Linkam TMS600 cryostat containing an N2 atmosphere
during Raman scattering measurements. Heating or cooling
cycles of approximately 80 min duration were performed be-
tween 80 K and 700 K. Variable field Hall effect measure-
ments, in combination with quantitative mobility spectrum
analysis �QMSA� and multiple-carrier fitting �MCF�, were
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used to extract information about different carriers species
present in the layer.14

RESULTS

Figure 1 shows a Raman spectrum of the as-grown InN
layer measured at 80 K. The E2 phonon mode is observed at
495.5 cm−1, higher than the room temperature value of
490 cm−1 reported in Ref. 10, consistent with the
temperature-dependent frequency shift due to lattice expan-
sion and anharmonic phonon damping. The narrow 3.8 cm−1

FWHM spectral width illustrates the high crystalline quality
of the InN layer within the depth probed by the laser. The
second peak in the Raman spectrum has a spectral width of
�5 cm−1 FWHM and is centered at 595.5 cm−1, close to the
predicted unscreened A1�LO� phonon frequency.10 No GaN
phonon modes originating from the buffer layer are apparent
in the Raman spectrum, illustrating that the laser light is
absorbed within the InN layer.

The spectral width and frequency of the LO-like phonon,
shown in Figs. 2�a� and 2�b�, respectively, were determined
from Raman spectra recorded during the first annealing cycle
using a Lorentzian-Gaussian curve-fitting procedure. The
phonon spectral width temperature dependence predicted
from anharmonic damping,6 is shown Fig. 2�a� for reference.
The A1�LO�-like mode broadens with increasing sample tem-
perature but deviates from the predicted temperature depen-
dence at about 350 K. During cooling, the phonon spectral
width decreases, but does not return to the initial as-grown
value. Further temperature cycling revealed that the observed
LO-like mode broadening is irreversible. We note that after
cycling over the whole 80–700 K temperature range, the
temperature dependence of phonon broadening is once again
consistent with anharmonic damping effects, albeit offset
from the original values. The frequency of the LO-like mode
shown Fig. 2�b� is redshifted by about 1 cm−1 following the
annealing cycle, correlating with the irreversible broadening

observed for the linewidth. For InN epilayers annealed below
700 K, the E2 phonon spectral width and frequency mea-
sured during heating and cooling cycles are identical within
the experimental error. The E2 phonon spectral width and
frequency provide a measure of structural order and strain,
respectively. Therefore, no evidence is found for a large
structural change occurring within the temperature range in-
vestigated. The as-grown and post-annealing Raman spectra
measured at 80 K are overlaid in Fig. 1. Comparison be-
tween the Raman spectra illustrates that the LO-like mode is
visibly broadened and slightly redshifted following anneal-
ing, while the E2 mode remains identical within the experi-
mental error.

A feature apparent at 535 cm−1 in the post-annealed spec-
trum of Fig. 1 is not evident in the as-grown spectrum. This
feature has already been reported for as-grown InN layers
and was attributed to a B1 phonon mode,8 predicted in the

FIG. 1. Raman spectra recorded at 80 K for the as-grown layer
�dotted line� and after annealing at 700 K �solid line�. An unidenti-
fied feature, marked as X, is evident at �535 cm−1 in the post-
annealed spectrum.

FIG. 2. The phonon spectral width �a� and frequency �b� of the
A1�LO�-like mode measured during heating and cooling stages of
the annealing cycle. The phonon temperature dependence of phonon
spectral width predicted by anharmonic damping effects �Ref. 6� is
shown as a dashed line in plot �a�.
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range 530–560 cm−1,10 between the E2 and A1�LO� phonon
modes. The B1 mode is optically inactive and can therefore
only contribute to Raman scattering in a disordered lattice
due to the breakdown of translational symmetry. Judging by
the narrow E2 phonon spectral width, which is unchanged by
annealing the layer, and the fact that no other symmetry for-
bidden phonon modes are observed, the B1 mode assignment
seems unlikely. The origin of the 535 cm−1 mode is currently
unknown to us. However, we note that for InN layers exhib-
iting annealing-induced LO-like phonon mode broadening,
the intensity of this feature increases with temperature when
the layer is first heated above 350–400 K.

Figure 3 shows mobility spectra determined from variable
field Hall effect measurements of the InN layer at 80 K be-
fore and after annealing. At least three different mobility
carriers are present. The high mobility carrier, centered at
�2150 cm2/V s, is associated with the bulk. The low mobil-
ity carrier �100 cm2/V s can be associated with a surface
conduction layer,14 while the �500 cm2/V s mobility carrier
may be related to the InN/buffer interface. Mobility of the
�500 cm2/V s and �2150 cm2/V s carriers decreases after
annealing; and there is also a small increase in the concen-
tration of the �500 cm2/V s carrier. For the lowest mobility
carrier, originating from the surface, only zero mobility con-
ductivity is determined since the mobility is low enough that
mobility and carrier concentration cannot be resolved
independently;14 Annealing reduces the conductivity of this
carrier by a factor of roughly 1.5.

DISCUSSION

The irreversible broadening and redshift of the
A1�LO�-like phonon, illustrated in Figs. 2�a� and 2�b�, indi-
cates that permanent changes are induced in the InN layer
when it is first heated above 350–400 K. By monitoring the
E2 phonon we can conclude that, in the temperature range
investigated, no significant structural changes occur within
the �60 nm depth probed by the laser. The mechanism re-

sponsible for the broadening and redshift of the LO-like pho-
non must therefore be attributed to a change in phonon-
plasmon interaction. This is direct evidence that the
controversial 595 cm−1 mode is in fact a phonon-plasmon
coupled mode and not an unscreened A1�LO� phonon. It is
therefore justified to assign the 595 cm−1 phononlike mode
as a longitudinal phonon-plasmon coupled mode. The behav-
ior illustrated in Fig. 2 was reproduced in several other InN
layers,5 although not all those investigated.6

Following the observed annealing induced changes in the
A1-LPP, it remains centered close to the predicted 590 cm−1

A1�LO� frequency.10 To enable comparison to the experimen-
tal Raman spectrum, we have calculated the LPP line shape
by incorporating the Lindhard-Mermin susceptibility for q
�0 processes. The large wave vector contribution may arise
from the presence of impurities in InN,4,7,8 as well as the
laser excitation being resonant with a critical point of InN.5,9

The method described in the following is similar to that used
in Refs. 7 and 12. The total longitudinal dielectric function of
a polar lattice can be written as the sum of background �first
term�, phonon �second term� and free carrier �third term�
contributions

��q,�� = �� + ��

�LO
2 − �TO

2

�TO
2 − �2 − i�	

+ 
�q,�� , �1�

where �� is the background dielectric constant, � is fre-
quency, q is wave vector, 	 is the phonon anharmonic damp-
ing parameter, �LO and �TO are the longitudinal and trans-
verse phonon frequencies, respectively. The dielectric
susceptibility of a free electron gas is given by Lindhard-
Mermin expression15


�q,�� =
�1 + i�/���
0�q,� + i���

1 + �i�/���
0�q,� + i��/
0�q,0��
, �2�

where �=�−1=e /�m* is the electron collision frequency and

0�q ,�+ i�� is the temperature-dependent Lindhard expres-
sion for the dielectric susceptibility.16 We use T=0 K to en-
able the Lindhard expression to be evaluated analytically, a
valid assumption for low temperature Raman scattering. The
analytical solution of the Lindhard expression is detailed in
Ref. 17. We also assume a parabolic conduction band as in
Refs. 7 and 12, using m*=0.09me. The Raman scattering
intensity is determined by integrating all scattering processes
up to the cut-off wave vector qmax

I��� = �
0

qmax

q2F�q�S���Im�−
1

��q,���dq , �3�

including the Yukawa-type impurity potential weighting
function F�q� for q�0 processes.18 The response function
S��� in Eq. �3� is determined by the predominant scattering
mechanism and reduces to a constant for the forbidden
Fröhlich �IIF� scattering mechanism. The integral I��� con-
verges slowly and is sensitive to qmax, the wave vector limit
used. A full review of the application of the Lindhard-
Mermin theory to light scattering in semiconductors can be
found in Ref. 18.

FIG. 3. Mobility spectra �sheet carrier concentration� of the as-
grown and annealed InN layer determined from variable field Hall
effect measurements at 80 K.
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The simulated phonon-plasmon coupled mode was calcu-
lated by solving Eq. �3� and using the bulk carrier concen-
tration �4.5�1017 cm−3� and mobility �2150 cm2 v−1 s−1� pa-
rameters determined from the Hall analysis. The values
�TO=450 cm−1 and �LO=596 cm−1 used here are similar to
those reported in Ref. 10. Increasing qmax causes the L− LPP
branch to blue-shift, plotted in Fig. 4 for increasing multiples
of the Thomas-Fermi screening wave vector �qTF�. The L−

mode converges to the unscreened LO phonon frequency for
large wave vectors, in agreement with Refs. 6 and 7. The L+

branch shifts to higher energy and is ultimately Landau
damped and ceases to exist for large wave vectors18 �not
shown�. We note that for small q values, the calculated LPP
line shape exhibits L− and L+ branches below the TO phonon
frequency and above the LO frequency, respectively. The IIF
scattering mechanism response function SIIF��� has been
used in Eq. �3� and gives the best agreement possible with
the experimental peak shape. The IIF mechanism is domi-
nant for excitation energies near to critical point resonances,
illustrated in Ref. 12 for excitation close to the fundamental
band gap of GaN. The assignment of IIF scattering in the
current work is consistent with the above-band gap
resonance-enhanced LO-phonon scattering previously ob-
served for InN,5 although we make no assumptions about the
exact nature of the critical point or its relation to the band
gap. The response function for the charge density fluctuation
�CDF� scattering mechanism, SCDF���, has a maximum at
�TO and minimum at �LO,18 and therefore does not repro-
duce the experimental line shape well �not show�. In Fig. 5,
the simulated LPP is overlaid with the experimental spec-
trum for comparison. The simulated LPP mode frequency
agrees well with the experimental A1�LO�-like mode, al-
though it exhibits an asymmetry not observed in the experi-
mental spectrum. Since this material is electrically inhomo-
geneous, it is likely that the LO-like mode is in fact

superposition of LPP modes arising from more than one con-
duction layer. This may make the exact fitting of the simu-
lated LLP line shape to the experimental spectrum difficult.

To investigate whether the annealing induced changes in
the carrier mobility could account for the observed broaden-
ing of the LO-like mode shown in Fig. 2�a�, the LPP line
shape was calculated for a range of carrier mobilities. Con-
sidering the bulk carrier concentration determined from the
Hall measurements �4.5�1017 cm−3�, and using mobilities
encompassing both medium and high mobility carriers
�250–2200 cm2/V s�, the calculated line shape does not vary
significantly from the one overlaid in Fig. 5. Only when the
mobility is reduced further, �250 cm2/V s, does the calcu-
lated L− LPP broaden significantly with decreasing mobility,
shown in Fig. 6. The measured trend of decreasing carrier
mobility after annealing is therefore consistent with the LPP
broadening. However, the mobility decrease measured for
medium and high mobility carriers is not large enough to
account for the experimental observed broadening. Adjusting
the carrier concentration in the range measured for high and
medium mobility carriers �0.4–1.2�1018 cm−3� also did not
significantly change the calculated LPP line shape �not
shown�.

Figure 6 does illustrate that low mobility carriers may be
responsible for the observed annealing induced broadening
of the LPP. The conductivity of the low mobility surface
related carriers shows a reduction by a factor of 1.5 post
annealing. Unfortunately, the exact carrier concentration and
mobility are difficult to resolve in the surface conduction
layer using the variable field Hall method. Exact parameters
required for fitting the LPP are therefore not available. Using
a very low carrier mobility, �=25 cm2/V s for example, the
LPP line shape calculated for carrier concentrations of
1�1017 cm−3 and 1�1018 cm−3 is shown in Fig. 7. The re-
sulting spectral width is �9 cm−1 FWHM and a small red-
shift is observed for the higher carrier concentration, similar
to the experimental spectrum. Therefore, we may speculate

FIG. 4. Longitudinal phonon-plasmon coupled mode line shape
calculated using �=2150 cm2/V s, n=4.5�1017 cm−3 for increas-
ing multiples of the Thomas-Fermi screening wave vector �qTF�.
The TO and unscreened A1�LO� phonon frequencies are indicated
by dashed lines.

FIG. 5. As-grown Raman spectra recorded at 80 K �solid line�
overlaid with phonon-plasmon coupled mode �dotted line� simu-
lated for qmax=15qTF, �=2150 cm2/V s, and n=4.5�1017 cm−3.
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that the low mobility carriers ��100 cm2/V s�, associated
with the surface, are involved in the experimentally observed
broadening of the LO-like mode post annealing �from 5 to
10 cm−1 FWHM�. Considering the low thermal stability of
InN,19 it is possible that nitrogen decomposition at the sur-
face generates a small concentration of nitrogen vacancies.
This would reduce mobility, but may not be apparent in the
E2 linewidth which typically requires larger structural
changes. In this case, we may also speculate that the cur-
rently unexplained feature at 535 cm−1 is related to nitrogen
decomposition near the sample surface.

CONCLUSIONS

To gain insight into the interaction between carriers and
polar phonons in InN, Raman spectra were recorded during
annealing cycles between 80–700 K. The observed irrevers-
ible broadening and redshift of the A1�LO�-like phonon
mode indicates that a permanent change is induced in when
the InN layer is first heated above 350–400 K. Since no
effect was observed for the nonpolar E2 phonon, this is direct
evidence of LO phonon-plasmon interaction in InN. Variable

field Hall effect measurements revealed that the InN layer is
electrically heterogeneous, with at least three conduction lay-
ers associated with the bulk, surface, and interface. Measured
carrier mobility decreases after annealing. The simulated L−

phonon-plasmon coupled mode converges close to the un-
screened A1�LO� frequency for large wave vectors. However,
while the spectral width of the simulated phonon-plasmon
line shape increases with decreasing electron mobility, con-
sistent with the Raman data, the changes observed for the
high and medium mobility carriers are not large enough to
account for the experimentally observed broadening of the
LO-like mode after annealing. We speculate that the surface
is modified by annealing the sample to 700 K, affecting sur-
face conduction carriers and resulting in the observed broad-
ening of the A1�LO�-like mode.
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