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We have studied the longitudinal-optical �LO�-phonon–plasmon coupled modes in high-mobility InN layers
with free-electron densities ranging from 2.3�1018 to 1.6�1019 cm−3 by means of Raman scattering. The
observed L− coupled-mode peak displays the usual behavior for the low energy branch of the long-wavelength
coupled modes, increasing in frequency and phononlike character as the electron density increases. The L−

mode behavior can be satisfactorily explained by the standard dielectric model developed by Hon and Faust
which takes into account wave-vector conserving scattering processes governed by the dipole-allowed defor-
mation potential and electro-optic mechanisms. The free-electron density obtained from line-shape fits to the
L− peak agrees well with Hall-effect measurements. The E2

high mode shifts to lower frequencies as the electron
density increases, suggesting that strain relaxation has a bearing on the residual electron density in the InN
layers. The L− frequency exhibits also a dependence on the excitation wave vector, which further indicates that
wave-vector conserving scattering by LO-phonon–plasmon coupled modes takes place in these high-mobility
samples. The presence of a relatively strong LO signal is attributed to surface-field-induced scattering in the
accumulation region.
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I. INTRODUCTION

Owing to its narrow band gap and superior transport prop-
erties �small effective mass, high electron mobility, and high
drift velocity�, InN is currently attracting much attention as a
promising candidate to develop novel optical and high-
frequency device applications. InN is also remarkable among
III-V semiconductors because it exhibits surface electron
accumulation,1–3 which, besides affecting the optical and
transport properties of InN, could be exploited to realize hy-
brid superconductor/semiconductor devices.4

Over the last few years, efforts have been concentrated in
producing high-quality InN films. The availability of InN
epilayers with improved crystalline quality is decisive in or-
der to achieve high performance devices and also to investi-
gate the fundamental properties of this compound. Raman
spectroscopy is a well-suited technique to characterize the
crystal quality and the strain state of semiconductor com-
pounds and structures. The study of longitudinal-optical
�LO�-phonon–plasmon coupled modes �LOPCMs� by Raman
scattering allows the free-carrier density to be determined in
a contactless way in polar semiconductors.5–7 When suitable
models are utilized to analyze the Raman spectra, a good
agreement is generally found between Raman scattering de-
terminations of the free-charge density and the results of Hall
effect6 and magnetotransport measurements.8

Despite much work dealing with Raman scattering in
n-type InN layers,9–17 there is an ongoing controversy over
the nature of the LOPCMs in this compound. Several authors
reported the observation in bulk, heavily doped n-type InN
epilayers of a single A1�LO�-like structure that was ascribed
to LOPCMs and invoked wave-vector nonconserving scatter-
ing processes to explain their results.13,14,16,17 Following this

analysis, some of the authors concluded that the dominant
scattering mechanism in their samples was the forbidden
impurity-induced Fröhlich mechanism13,16 whereas others
discarded the impurity-induced Fröhlich mechanism in favor
of the charge-density fluctuation mechanism.14 On the other
hand, several authors observed Raman features close to the
A1�TO� mode of bulk InN that they assigned either to
A1�TO� modes10,13,17 or to L− coupled modes.9,11,12,15 Re-
cently, the observation of L− coupled modes has been re-
ported in InN nanocolumns.18 In general, little evidence is
provided to conclusively demonstrate the presence of L−

peaks in the Raman spectra of n-type InN, and a number of
authors attribute the features reported below the A1�TO� pho-
non mode to disorder-activated modes �see, for instance, the
discussion in Ref. 14�. Most of the assignments of Raman
peaks to the L− LOPCMs in InN have been performed based
on the isolated observation of an additional peak in a given
sample. A systematic study and analysis of the L− mode be-
havior in InN samples with different carrier concentrations is
still lacking. More work is thus required to clarify the issue
of LO-phonon–plasmon coupling in the Raman spectrum of
n-type InN.

In the present work we use Raman scattering to study a
series of unintentionally doped, n-type InN epilayers with
free-electron densities spanning a 1 order of magnitude
range, from Ne�2�1018 to Ne�2�1019 cm−3. The Raman
spectra of all the samples are dominated by the E2

high and
A1�LO� modes of InN. We discuss the frequency dependence
of the E2

high mode in our InN epilayers as a function of Ne.
Our experiments reveal the presence of a Raman peak at
frequencies below that of the forbidden A1�TO� mode that
exhibits a clear upward frequency shift with increasing Ne.
This peak can be unambiguously assigned to an L− LOPCM
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arising from coupling to the bulk-electron plasmons. Raman
measurements excited with visible and near-infrared �NIR�
radiation allow us to demonstrate the wave-vector dispersion
of the observed L− mode. We find that, as expected for the L−

branch of LOPCMs, the L− peak shifts to higher frequencies
when the excitation wavelength is reduced from 780.0 to
514.5 nm. We perform a line-shape analysis of the Raman
spectra based on the Lindhard-Mermin model to evaluate the
bulk-electron concentration in our samples. The values thus
obtained agree well with Hall-effect measurements, which
ultimately corroborates that the L− peaks arise from coupling
to the bulk-electron plasmons. The origin of the observed LO
modes is also discussed.

II. EXPERIMENT

Six nominally undoped InN epilayers were grown at
�500 °C by plasma-assisted molecular-beam epitaxy
�MBE�. The samples were grown in two different MBE sys-
tems and are labeled accordingly as A �samples A1–A4� and
B �samples B1 and B2�. All of the samples were deposited
on nitridated �0001� sapphire substrates except sample A1,
which was grown on a GaN/sapphire template. The thickness
d of the InN films is in the 250–1000 nm range �see Table I�.
Electrical characterization of the samples was performed by
standard Hall measurements, which showed that all of the
samples display n-type conductivity with free-electron den-
sities ranging from 2.3�1018 to 1.6�1019 cm−3 and Hall
mobilities �Hall from 684 to 1440 cm2 V−1 s−1. Free-electron
densities and Hall mobilities are summarized in Table I. Ra-
man scattering experiments were carried out at 80 K in a
z�x , ·�z̄ backscattering configuration, where z is parallel to the
c axis. For these measurements, excitation wavelengths
�exc=514.5 nm �Ar+ laser� and 780.0 nm �Ti-sapphire laser�
were used. The Raman spectra were recorded using a Jobin
Yvon T64000 spectrometer equipped with a charge coupled
device �CCD� detector cooled with liquid nitrogen. For the
visible measurements, the subtractive configuration of the
spectrometer was employed, with 100 �m slits. For the NIR
experiments, we used the single stage of the spectrometer
together with a razor-edge filter and 200 �m slits.

According to the absorption coefficient of InN measured
by Kasic et al.19 in the 0.5–2.0 eV spectral region, the Raman
probing depth for the 780.0 nm excitation is 1 /2�=72 nm.
By extrapolation of the data of Ref. 19 to 2.41 eV, we esti-
mate a Raman probing depth of �36 nm for the 514.5 nm
excitation. Therefore, although InN is strongly absorbing to
incident radiation in both cases, in our Raman measurements
the penetration depth of the NIR excitation is nearly twice as
large as that of the visible excitation.

III. THEORY

A. General considerations

In doped polar semiconductors, free-charge excitations
couple with polar optical modes via their respective macro-
scopic electric fields giving rise to LOPCMs. In heavily
doped samples with high mobility, the L+ branch of the
LOPCMs usually exhibits a plasmonlike character whereas
the L− branch is phononlike and its frequency approaches
that of the TO mode.5 Several mechanisms may contribute to
light scattering by LOPCMs. On the one hand, the deforma-
tion potential �i.e., modulation of the crystal potential by the
atomic displacements� and the electro-optic interaction �i.e.,
the interband matrix elements of the Fröhlich interaction in-
volving the macroscopic electric fields associated with the
LOPCMs� provide the dipole-allowed scattering mechanisms
for scattering by LOPCMs which are dominant away from
electronic resonances. On the other hand, the intraband ma-
trix elements of the Fröhlich interaction yield a q-dependent
contribution to the Raman polarizability which is strongly
enhanced near electronic resonances. In the usual back-
scattering geometry on a �0001� face of the wurtzite struc-
ture, the E1�LO� mode is symmetry forbidden whereas the
A1�LO� mode is allowed in the z�xx�z̄ configuration. Then,
both the dipole-allowed and the Fröhlich mechanisms con-
tribute with the same symmetry to the Raman scattering by
longitudinal modes polarized along z, and therefore, unlike
the case of the zinc-blende structure, these two mechanisms
cannot be separated by selecting a suitable polarization con-
figuration. A further channel for “forbidden” LO scattering is
the surface-field-induced scattering, which is related to the

TABLE I. Details of the n-InN epilayers studied in this work: film thickness d, full width at half
maximum �FWHM� of the �002� x-ray diffraction peak, electron density Ne

Hall and mobility �Hall as deter-
mined from Hall measurements, and electron density Ne

Raman and phenomenologic electronic damping �e as
obtained from the analysis of the Raman spectra. All of the InN films were grown on sapphire substrates,
except for sample A1 which was grown on a GaN template on sapphire. Samples B1 and B2 were grown in
a different MBE system.

Sample
d

�nm�
FWHM
�arcmin�

Ne
Hall

�1018 cm−3�
�Hall

�cm2 V−1 s−1�
Ne

Raman

�1018 cm−3�
�e

�cm−1�

A1 550 9.6 2.3 1440

A2 1000 2.4 4.3 1090 4.2 116

A3 750 2.5 5.8 930 5.2 113

A4 250 2.1 6.9 900 5.6 97

B1 400 0.8 6.5 954 6.6 76

B2 400 1.0 16 684 20 57
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separation of electron and holes in the intermediate states
induced by the built-in electric field of the space-charge
region.20 It should be stressed that this effect can be impor-
tant in InN since this semiconductor exhibits the largest na-
tive electron accumulation observed at a III-V surface, giv-
ing rise to surface electric fields of �4.6�103 kV cm−1.2

Additionally, another scattering process by plasmons which
is associated with the charge-density fluctuations of the elec-
tron gas exists near the E0 and E0+�0 gaps.5

Kuball et al.21 observed an enhancement of the A1�LO�
intensity as the excitation wavelength was increased up to
830 nm and suggested the existence of a critical point at
around 1.2–1.3 eV. The 514.5 nm excitation used in our Ra-
man experiments is well away from that possible critical
point so that we may consider the measurements to be off
resonance, although the relatively strong LO signal indicates
some residual resonant enhancement. On the other hand, we
observe a noticeable increase in the LO signal relative to the
E2

high mode for the 780 nm excitation, which indicates a sig-
nificant contribution of the Fröhlich mechanism in this case.
In contrast, the charge-density fluctuation mechanism ap-
pears to be negligible for the analysis of our spectra. A rough
estimation of the line shape to be expected from charge-
density fluctuations using the expressions of Ref. 22 indi-
cates that the intensity of the plasmonlike L+ mode should be
significantly higher than that of the phononlike L− mode,
contrary to our experimental results where only the L− mode
can be unambiguously detected.

B. Line-shape model

In this work we are mainly concerned with the modeling
of the charge-density dependence of the L− mode observed in
our samples. For simplicity, we neglect absorption effects
and consider only the deformation potential and electro-optic
scattering mechanisms. As discussed in Sec. II, this is a rea-
sonably good assumption for the 514.5 nm excitation. How-
ever, for the 780 nm excitation, the Fröhlich mechanism
yields a significant contribution to the Raman signal and,
since the Raman polarizabilities are complex in the intrinsic
absorption region, interference between the different scatter-
ing mechanisms may take place.23,24 Although we expect
these effects to have only a minor influence on the L− line
shape, we rely on the Raman spectra excited with the 514.5
nm line to determine the electron density from the L− line-
shape fit. To model the L− peak we apply the standard dielec-
tric theory in the formalism of Hon and Faust.25 This model
has been highly successful in describing LOPCMs in other
narrow band gap III-V semiconductors.6,26

In the fluctuation-dissipation formalism developed by
Hon and Faust,25 the differential Raman cross section for the
dipole-allowed scattering by LOPCMs can be expressed as

�2�
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where ��q ,��=��+4��I+�e� is the total dielectric function
of the coupled plasma–ionic-lattice system,
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is the ionic-lattice susceptibility, and �e is the wave-vector-
and frequency-dependent electronic susceptibility.5,6 In Eq.
�1�, n��� is the Bose-Einstein distribution function and A
=�TO

2 C / ��LO
2 −�TO

2 �, where C is the Faust-Henry coefficient
and �TO and �LO are the zone-center transverse and
longitudinal-optical-mode frequencies, respectively. We as-
sume wave-vector conservation in the backscattering process
so that q=4n /�exc, where n is the refractive index.

We evaluate the free-carrier susceptibility �e using the
Lindhard-Mermin model

�e�q,�� =
�1 + i�e/���e

L�q,� + i�e�
1 + i�e�e

L�q,� + i�e�/���e
L�q,0��

, �3�

where �e is a phenomenological collision damping constant
and the Linhard susceptibility �e

L�q ,�� is given by

�e
L�q,�� =

e2

23q2 f�EF,T,k�
E�q + k� − E�k�

�E�q + k� − E�k��2 − ����2d3k .

�4�

In Eq. �4�, f�EF ,T ,k� is the Fermi-Dirac distribution function
and E�k� is the conduction band dispersion. Owing to its
narrow band gap, the conduction band of InN shows a strong
nonparabolicity.28 This is taken into account through a sim-
plified two-band Kane’s model.30 In the small effective-mass
limit and neglecting spin-orbit interaction the conduction
band dispersion is given by

E�k� =
EG

2
��1 +

4

EG

�2k2

2m� − 1� , �5�

where EG is the band-gap energy and m� is the band-edge
electron effective mass. The values of the model parameters
used in the calculations are listed in Table II.

IV. RESULTS AND DISCUSSION

A. The Raman spectra of n-InN epilayers

A typical spectrum of the InN epilayers �sample A2� is
displayed in Fig. 1. A weak background signal which may be
related to surface roughness and some residual luminescence
is present in all of the samples. The spectrum is dominated
by the E2

high peak at �495 cm−1, and a relatively strong
A1�LO� peak is also observed at �593 cm−1. A weak peak is
detected at �402 cm−1 which, as our analysis below will
demonstrate, can be unambiguously assigned to the L−

branch of the LOPCMs. The Raman spectra of these samples
display two unexpected characteristics for LOPCM spectra,
namely, the absence of the L+ mode and the presence of a
strong unscreened A1�LO� mode. The absence of the L+ peak
can be explained by the inhomogeneous broadening induced
by fluctuations of the electron density across the crystal.
These affect predominantly the L+ since for the electron den-
sities of our samples the L+ has a plasmonlike character and
therefore its frequency is more sensitive to charge-density
variations as compared to the phononlike L− mode. This
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effect, which was also observed in samples with an inhomo-
geneous doping profile produced by ion implantation,31 is
illustrated in Fig. 1, where we have plotted with a dotted line
the LOPCM line shape calculated for Ne=4.3�1018 cm−3

using the theoretical model described in Sec. III B and with a
dashed line the LOPCM line shape averaged over a Gaussian
distribution ��=1.5�1018 cm−3� of electron densities cen-
tered at Ne. Whereas for such an electron density one would
expect a well-defined L+ peak at �885 cm−1 �dotted line�,
the L+ turns out to be a weak broad band when inhomoge-
neous broadening is taken into account �dashed line�. In con-
trast, the L− peak is much less affected and it still retains its
characteristic features. Considering the typical LOPCM and
background signal levels of the spectra, it is not surprising
that the unambiguous detection of the L+ mode was not pos-
sible. It should be mentioned that we have not included the
inhomogeneous broadening in the fits to the Raman spectra
to avoid its time-consuming computational complexity.

Since, as can be seen in Fig. 1, the average over a Gaussian
distribution of Ne gives rise to a slight upward frequency
shift of the L− peak, neglecting the inhomogeneous broaden-
ing implies an overestimation of the electron density from
the fits. However, the effect is small and fortuitously com-
pensates in part the expected discrepancy between Raman
and Hall determinations of Ne which, as we discuss below,
arises from the presence of interface charge beyond the finite
probing depth of the Raman experiments. The reason for the
observation of a strong unscreened LO signal in degenerate
samples will be discussed in Sec. IV C.

For the comparison between the Hall-derived electron
densities and the Raman scattering results, two issues are to
be considered. First, whereas Raman scattering by the
LOPCMs probes the three-dimensional �3D� electron density
in the InN films, the standard Hall-effect determination of the
free-charge density contains a contribution from the two-
dimensional sheet carrier density ns in the native surface ac-
cumulation layer.32 However, the mobility of the surface ac-
cumulation electrons �s is typically 1 order of magnitude
lower than that of the bulk electrons �3D.16 Their contribu-
tion to the measured Hall sheet density is therefore greatly
reduced, and we neglect it in our analysis. Second, a signifi-
cant role in producing n-type conductivity has been attrib-
uted to positively charged nitrogen vacancies formed in
threading dislocations.32 This gives rise to a substantial car-
rier density at the InN/substrate interface. While Hall-effect
determinations yield an average sheet carrier density for the
whole layer, Raman scattering experiments primordially
probe a region within the optical skin depth. Since disloca-
tion density decreases away from the InN/substrate interface,
the electron density probed by the Raman experiments is
expected to be somewhat lower than the values derived from
Hall measurements.

The role of threading dislocations in producing n-type
InN layers becomes apparent in the Raman spectra of our
samples. In Fig. 2 we plot the E2

high frequency vs electron
density for our set of samples. Representative E2

high spectra
are shown in the inset. A trend of decreasing E2

high frequency
with increasing electron concentration is clearly seen, which
indicates the progressive relaxation of in-plane biaxial strain
due to threading dislocations27 and corroborates the contri-

TABLE II. Input parameters for the LOPCM line-shape model.

Symbol Description Value Ref.

�LO A1�LO� frequency 591.8 cm−1 9 and 27a

�TO A1�TO� frequency 451.3 cm−1 9 and 27a

�I Ionic damping constant 5 cm−1 Estimated from our Raman spectra
�see Sec. IV C�.

m� Electron effective mass 0.07me 28

C Faust-Henry coefficient −2.0 14

EG Band-gap energy 650 meV 19

�� High-frequency dielectric constant 6.7 19

n Refractive index 2.5 29

a80 K strain-free values estimated from data in Refs. 9 and 27 and the temperature shift observed in our
samples. For the line-shape fits, these values were corrected for strain according to the E2

high frequency
measured in each layer using data Ref. 27 �for details, see Sec. IV B 1�.

200 400 600 800 1000 1200

In
te

ns
ity

(a
rb

.u
ni

ts
)

Raman shift (cm−1)

E2

A1(LO)L− (÷10)

(÷10)

FIG. 1. Raman spectrum of sample A2 taken under 514.5-nm-
wavelength excitation at 80 K. Dotted line: theoretical LOPCM line
shape calculated for Ne=4.3�1018 cm−3; dashed line: averaged
line shape for a Gaussian distribution ��=1.5�1018 cm−3� of the
electron density centered at Ne.
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bution of positively charged dislocations to the free-electron
density in InN epilayers.32

B. The L− coupled modes

1. Free-electron density determination

Figure 3 shows the L− spectral region of the Raman spec-
tra obtained at 80 K from the InN samples with different
free-electron densities studied in this work. The spectrum of
sample A1 is not included because no unambiguous L− signal
could be detected in that particular sample. As can be seen in
Fig. 3, in the free-electron density range studied the fre-
quency of the L− Raman peak exhibits a substantial upward
shift ��40 cm−1� as Ne increases. The high sensitivity of the

L− mode to changes in Ne makes it suitable to be used as a
probe of the free-electron density in InN. Here we employ
the theoretical model described in Sec. IV B to fit the L−

Raman spectra excited with the 514.5 nm line and thus ob-
tain the electron-density determination from the Raman mea-
surements. The parameters used in the model are listed in
Table II. Since in the samples with higher electron densities
the L− mode displays a substantial phononlike character and
its frequency approaches that of the A1�TO� mode, it is im-
portant to use accurate values of the A1�TO� frequency in the
line-shape fit calculations. As discussed in Sec. III, the E2

high

frequency shifts observed in our Raman spectra reveal that
different levels of residual biaxial strain exist in the set of
InN epilayers studied, and therefore a correction for strain
has to be introduced in their respective A1�TO� frequencies.
This is carried out in the following manner. In Ref. 27,
strain-free values of the E2

high and A1�LO� frequencies were
determined at room temperature. Taking into account the de-
formation potentials determined for the A1�LO� and E2

high

modes in Ref. 27, and assuming a similar strain dependence
for the A1�TO� mode, the strain-free A1�TO� frequency is
estimated to be �449 cm−1 from the x�zz�x̄ spectra reported
in Ref. 9. Then, from the shift of the phononlike L− peak
observed in sample B2 when cooling from room temperature
to 80 K, we estimate a strain-free A1�TO� frequency of
�451.3 cm−1 at 80 K. For the A1�LO� frequency we take the
strain-free value reported in Ref. 27 and correct it for the
temperature shift that we observe in our Raman spectra. This
yields a strain-free value of �591.8 cm−1 for the A1�LO�
mode at 80 K. Finally, using the dependence on biaxial strain
of the A1�LO� mode frequency,27 the A1�LO� and A1�TO�
frequencies were corrected for strain according to the strain
state of each layer as deduced from the measured E2

high fre-
quency shifts. The resulting phonon frequency values spe-
cific to each layer were used to perform the line-shape fits.

Figure 3 shows the L− line-shape fits of the LOPCM
model �solid line� to the Raman spectra of the InN epilayers
�dots�. The corresponding free-electron density and elec-
tronic damping values are listed in columns 6 and 7 of Table
I. The optical determination of the free-electron density in
the sample with the lowest electron density �sample A1� was
not possible because no reliable L− signal could be detected.
As can be seen in Fig. 3, the intensity of the L− mode de-
creases as it gains in plasmonlike character with decreasing
electron density. According to Hall measurements �see Table
I�, sample A1 has a free-electron density which is about half
of that measured in sample A2. Then, taking into account the
intensity trend observed in Fig. 3 and the low Raman signal
level of the L− mode, it is not surprising that no L− Raman
peak could be detected in sample A1.

For all the studied InN layers, the calculated line shapes
closely match the experimental Raman spectra. As expected
from long-wavelength LOPCMs, the L− peak shifts to higher
frequencies and becomes narrower and more intense with
increasing free-electron density as the L− branch gains in
phononlike character. The good accord between the line-
shape model and the experiment is evidence that wave-
vector conserving Raman scattering by long-wavelength
LOPCMs does takes place in the InN layers investigated.
This is in contrast with several studies of LO-phonon–
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high frequency at 80 K vs electron density for our three

groups of InN epilayers. Empty square: sample A1; filled squares:
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Raman spectra of the E2
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FIG. 3. Raman spectra �dots� of the L− coupled modes of the
n-type InN epilayers taken under 514.5-nm-wavelength excitation
at 80 K. Solid lines are fits of the line-shape model described in
Sec. IV B to the Raman spectra.
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plasmon coupling in n-InN layers, where wave-vector non-
conservation and the participation of large wave-vector
modes in the scattering process had to be invoked to account
for features in the Raman spectra that were assigned to
LOPCMs.13,14,16,17 Our results also indicate that the observed
LOPCMs can be satisfactorily modeled by using the dipole-
allowed deformation potential and electro-optic mechanisms,
contrary to previous studies where charge-density
fluctuation14 and impurity-induced Fröhlich13,16 mechanisms
were proposed as the dominant scattering mechanisms in
n-type layers.

As can be seen in Table I, the electron-density values
obtained from the fits to the L− mode agree well with those
derived from Hall measurements, considering the large un-
certainty values in the electron-density determination. As
discussed in Sec. IV A, Raman scattering measurements are
expected to yield free-electron density values lower than
those determined by Hall-effect measurements. This is in-
deed the case for samples A2–A4. The largest deviation in
this group occurs for sample A4. In this particular sample,
the InN film thickness is only d�250 nm, and therefore the
relative contribution to the Hall-measured total sheet density
from the positively charged nitrogen vacancies along dislo-
cations in the region near to the interface32 is more impor-
tant. In contrast, for the group B samples, the free-electron
density determined by Raman measurements is higher than
the one derived from Hall measurements, and the difference
is significantly larger for the layer with the highest electron
density �sample B2�. We attribute this discrepancy to the
failure of the simplified two-band Kane’s model30 to accu-
rately describe the conduction band nonparabolicity at large
electron wave vectors, which is probably due to the fact that
the spin-orbit interaction and interactions with higher con-
duction bands were ignored in the model. Our results suggest
that, for very high electron densities, band nonparabolicity is
less pronounced than predicted by the simple k ·p theory
used in the line-shape model.

In contrast to the Hall mobility, which decreases as the
electron density increases, the phenomenological electronic
damping parameter �e shows a reversed trend, i.e., �e

−1 in-
creases with increasing electron density. This is a conse-
quence of the inhomogeneous broadening of the L− peaks
associated with fluctuations of the free-electron density in
the InN layers. The inhomogeneous broadening effect is
more important in the samples with lower free-electron den-
sity �group A�, where the L− modes acquire a substantial
plasmonlike character and their frequency is more sensitive
to changes in the electron density. Then, although electron
mobility is higher in those samples, the width of the L− peak
is enlarged by inhomogeneous broadening and does not re-
flect the true collision damping of the electron gas. A more
representative value of �e is obtained from the sample with
the highest electron density �sample B2�, where the L− mode
has a strong phononlike character and its width is nearly
unaffected by inhomogeneous broadening. The low values of
electronic damping parameter found �see Table I� suggest
that in high-quality InN layers impurity-induced wave-vector
nonconserving scattering are relatively unimportant for
LOPCM scattering.

In Fig. 4 we compare the L− frequencies as determined
from the Raman spectra of the n-InN epilayers with the the-

oretical frequencies calculated using the model described in
Sec. IV B. In the inset we plot the dispersion of both L+ and
L− branches with free-electron density. The curves were gen-
erated for generic values of electronic and ionic damping
constants, �e=50 cm−1 and �i=5 cm−1, respectively, which
are representative of the samples studied. Because of the low
electron effective mass and the high A1 mode frequencies of
InN, for the electron-density range studied the L− mode is
still in the strong plasmon-phonon mixing regime. Over this
range, the theoretical model predicts a significant shift
��40 cm−1� for the L− mode, which is in good agreement
with the observed L− Raman peak and the electron-density
values derived from Hall measurements.

2. Wave-vector dependence

The line-shape models based on wave-vector nonconserv-
ing scattering that were applied in previous studies of
LOPCMs in InN �Refs. 13, 14, 16, and 17� entail a weighted
average over wave vectors ranging from zero to several
times the Thomas-Fermi wave vector. The resulting line
shape is thus independent of the excitation wave vector. In
the present work, we have investigated the wave-vector de-
pendence of the L− modes in our InN layers by using 780-
nm-wavelength excitation. The corresponding Raman spectra
at 80 K are shown with dots in Fig. 5, where the solid lines
are line-shape fits that are intended to serve as guides to the
eyes. This excitation energy lies closer to a critical point �see
discussion in Sec. III A�, which gives rise to a resonant en-
hancement of the polar modes. This can be seen in Fig. 5,
where we have also plotted with dotted lines the L− line
shapes corresponding to the fits to the spectra excited with
the 514.5 nm line. To demonstrate the resonant enhancement
of the polar modes, the intensities of all the Raman spectra
were scaled to give the same E2

high intensity. As can be seen
in Fig. 5, the relative intensity of the L− modes is about three
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FIG. 4. Free-electron-density dependence of the L− coupled-
mode frequency as calculated from the model described in Sec.
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displays the LOPCM frequency dispersion with electron density for
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times higher for the NIR excitation. The frequency of the L−

modes is visibly lower in the spectra recorded under 780 nm
excitation than in those excited with the 514.5 nm line, and
the difference increases as the free-charge density decreases.
This is the expected behavior for the LOPCMs when the
wave-vector dispersion of the plasma oscillations is taken
into account. Although the model described in Sec. IV B
does predict a downward frequency shift of the L− modes as
q=4n /�exc is reduced by changing �exc=514.5 nm to
�exc=780.0 nm, the observed shift is somewhat larger. It
should be noted that the scattering cross section given by Eq.
�1� is strictly valid only under off-resonance conditions, and
this is not the case for the spectra taken under 780.0 nm
excitation, as indicated by the noticeable resonant enhance-
ment of the longitudinal polar modes. The line-shape fits
displayed in Fig. 5 �solid lines� were performed with the
off-resonance model �Sec. III B� and are therefore intended
to serve only as guides to the eyes. In fact, the free-electron
densities required to produce these fits are consistently lower
than those obtained from the visible excitation fits. As al-
ready discussed above, interference between scattering
mechanisms can take place near an electronic resonance, and
this may slightly modify the line shape. In n-GaAs near the
E0+�0 gap it was found that the LOPCM peaks occurred at
lower frequencies in polarization configurations where the
interference between scattering mechanisms is allowed.23

This effect could account for the additional downward shift
observed in the NIR spectra of the L− modes.

C. Raman signal from LO modes

The origin of the feature that is observed in the LO mode
spectral region in all Raman spectra of high-quality n-InN is
not clear. In previous works this Raman peak was assigned to
the unscreened A1�LO� mode.9,33 Other authors have recently
attributed this feature to large wave-vector L− coupled-mode
scattering where the wave-vector nonconservation is induced
by elastic scattering by impurities.13,14,16,17 It should be noted
that the prevalence of these processes requires very high im-
purity concentrations.34 In view of the L− mode behavior
observed in our samples, which displays both the usual free-
charge and wave-vector dependence for a long-wavelength
LOPCM, we believe that wave-vector nonconserving scatter-
ing by LOPCMs is unlikely to play a predominant role in the
high-quality samples used in this study.

It has been recently established that, unlike most III-V
semiconductors, wurtzite InN exhibits electron accumulation
at the surface.1–3 The only other case of III-V material re-
ported to display an accumulation layer is InAs.35 The sur-
face electron density is however much higher in the case of
InN.2,4 Interestingly, the Raman spectrum of n-type InAs also
exhibits a sharp peak at the frequency of the LO mode,
which was attributed to unscreened LO scattering at large
wave vectors within the accumulation layer.36 In the case of
InN, it has been estimated that the electron-density peaks at a
depth of �4 Å and then falls to the bulk density over
80 Å.2,4 This leads to confining electric fields in excess of
106 V cm−1 for depths down to �20 Å. Considering an ef-
fective depth of the accumulation layer of dS�20 Å, we
estimate a scattering wave-vector uncertainty �q�2 /dS
�107 cm−1. For wave vectors larger than the Thomas-Fermi
wave vector the free carriers cannot screen the electric field
of the LO phonons and these large-q modes are effectively
decoupled from the electron plasma. Then, scattering by LO
phonons at large wave vectors which are unscreened may
explain the relatively intense LO signal usually observed in
Raman scattering studies of n-InN layers.9,10,14,16–18

To investigate in more detail the LO spectral region we
have carried out Raman spectra using visible and NIR exci-
tation light. Figure 6 shows the Raman spectra in the LO
region for sample A4 taken under 514.5- and 780-nm-
wavelength excitations. Similar spectra are obtained for all
the InN layers. For comparison purposes, the overall inten-
sity of the respective spectra was normalized to the E2

high

intensity. The spectrum taken under 514.5 nm excitation
shows a peak at 592 cm−1 with a shoulder on its high-
frequency side. In earlier studies a hypothetical surface
depletion layer was assumed,17 and it was concluded that the
presence of a surface depletion layer that could explain the
observation of the unscreened A1�LO� mode could be ruled
out. In view of more recent data which have established the
unique properties of the InN surface such as an extreme elec-
tron accumulation, we attribute the peak at 592 cm−1 to un-
screened A1�LO� scattering at large wave vectors in the sur-
face accumulation layer, which, as discussed above, is
decoupled from the electron plasma. Furthermore, the ex-
tremely high electric fields associated with the confining po-
tential in the accumulation layer favor the field-induced scat-
tering mechanisms, which results in a strong enhancement of
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FIG. 5. Raman spectra �dots� of the L− modes in InN epilayers
taken under 780-nm-wavelength excitation at 80 K. Solid lines are
line-shape fits intended to serve as a guide to the eyes. The dotted
lines are the corresponding L− line shapes fitted to the 514.5 nm
spectra. To demonstrate the resonant enhancement of the L− mode
under 780 nm excitation, the intensities of all the spectra were
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the A1�LO� peak from the accumulation layer.
In the inset of Fig. 6 we show the decomposition of the

LO Raman peak into three Lorentzian line-shape compo-
nents. In addition to a very weak, broad peak located at
603 cm−1 which is probably related to defects, the line-shape
fit yields two main peaks: a dominant peak at 592 cm−1

corresponding to the A1�LO� mode and a weaker peak at
597 cm−1. An estimation for the A1�LO� mode full width at
half maximum of �5 cm−1 was obtained from this fit. We
tentatively assign the peak at 597 cm−1 to the E1�LO� mode,
which may appear in the spectrum because of the relaxation
of selection rules induced by defects. An analogous situation
occurs in other III-V doped semiconductors such as GaAs,
where the observation of forbidden TO modes was ascribed
to impurity scattering.23 In wurtzite structure this effect can
excite E1�LO� modes, which display a strong intraband
Fröhlich interaction and may become visible in the Raman
spectra. In fact, as can be seen in Fig. 6, a strong enhance-
ment of the LO signal is obtained by using the 780 nm ex-
citation. Remarkably, the LO Raman peak in the NIR spec-
trum is observed at 597 cm−1, that is, at the E1�LO�
frequency. We speculate that this observation might be ac-
counted for by considering two aspects of the NIR Raman
measurements. First, the probing depth of the 780 nm exci-
tation is about two times that of the 514.5 nm excitation. As
a consequence, the NIR spectra contain a significantly larger
contribution from the “bulk” InN film where the A1�LO�
mode is coupled with the longitudinal plasma oscillations
and therefore does not yield unscreened A1�LO� scattering.
Second, the 780 nm excitation is closer to an electronic criti-

cal point and this gives rise to a strong enhancement of the
E1�LO� mode which, being transverse to the plasma oscilla-
tions, remains uncoupled also in the bulk region of the InN
film and dominates the spectrum. Owing to the increased
probing depth, the defect-related feature is clearly visible on
the high-frequency side, and its intensity is higher in samples
with higher free-electron density, reflecting the increased
density of defects in those samples.

V. CONCLUSION

The L− LOPCM Raman peak was observed in Raman
scattering measurements performed on a series of intention-
ally undoped n-type InN layers with free-electron densities
spanning a 1 order of magnitude range and displaying high
mobility and good crystalline quality. By studying the free-
electron-density dependence as well as the wave-vector de-
pendence of this peak, we show that it arises from wave-
vector conserving scattering by long-wavelength L− coupled
modes. The corresponding L+ mode is not detected, probably
due to inhomogeneous broadening and low signal levels. The
dependence of the L− Raman peak on free-electron density
has been successfully modeled using the standard dielectric
theory in the Hon-Faust formalism and the Lindhard-Mermin
model for the electronic susceptibility. The electron densities
derived from line-shape fits to the Raman spectra agree well
with the Hall-effect determinations.

These results show that Raman scattering by long-
wavelength LOPCMs takes place in InN layers with good
crystallinity. This is in contrast with previous studies of LO-
phonon–plasmon coupling in InN that invoked the domi-
nance of large wave-vector scattering processes to explain
the Raman spectra of n-InN layers. The wave-vector con-
serving character of the Raman scattering by LOPCMs ob-
served in our samples is corroborated by Raman scattering
measurements performed under 780 nm excitation. In these
experiments, a resonant enhancement of the polar modes is
observed. The reduction in excitation wave vector causes the
L− modes to shift to lower frequencies in NIR spectra as
compared to the visible spectra. The observed frequency
shifts are in reasonable agreement with those expected from
the well-known wave-vector dispersion of the LOPCMs,
which provides a further indication that wave-vector con-
serving scattering by LOPCMs takes place. The presence of
a relatively strong unscreened LO Raman signal in the spec-
tra is attributed to surface-field-induced Raman scattering in
the accumulation layer, where the wave-vector uncertainty
favors scattering by unscreened large wave-vector LO
modes.
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