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Phonon-plasmon coupling in electron surface accumulation layers in InN nanocolumns
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Raman measurements in high quality InN nanocolumns display a coupled LO phonon-plasmon mode together with uncoupled phonons. The coupled mode is attributed to the spontaneous accumulation of electrons
on the lateral surfaces of the nanocolumns. For increasing growth temperature, the electron density decreases
as the growth rate increases. The present results indicate that electron accumulation layers do not only form on
polar surfaces of InN but also occur on nonpolar ones. According to recent calculations, we attribute the
electron surface accumulation to the temperature dependent In-rich surface reconstruction on the nanocolumn
sidewalls.
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I. INTRODUCTION

Nanostructures based on group-III nitrides are being the
object of increasing attention for basic physics and novel
applications, such as strong light-matter coupling in
microcavities1,2 or high-temperature single photon emitters
in the ultraviolet range.3 Among group-III nitrides, InN is
interesting because it extends the range of applications to the
visible and infrared 共IR兲 spectral region. Also, the small electron effective mass of InN is promising for high speed device
applications. InN-based nanostructures are not abundant because of their specific growth difficulties4 共mainly due to the
InN low dissociation temperature兲 and the poorer knowledge
of InN fundamental parameters, as compared to other nitrides. Indeed, InN is being the object of controversy due to
the ubiquitous presence of high electron concentrations,
whose origin 共unintentional doping, interface effects, or surface accumulation兲 is still under discussion. Thus, the
Burstein-Moss shift produced by the high electron densities
has prevented until recently the determination of the band
gap edge5,6 of InN. Free electrons also affect the phonon
spectrum of InN, as the longitudinal optical 共LO兲 phonons
couple with electrons producing coupled phonon-plasmon
excitations.7 Coupled modes in InN films have been studied
by several groups8–14 using Raman scattering, IR reflectance,
and IR ellipsometry.11 Infrared and Raman scattering measurements in InN nanocolumns 共NCs兲 have also been reported recently.15 The apparent coexistence of uncoupled LO
modes and coupled 共L+ , L−兲 ones is still the object of debate.
An L− mode in the range of 400– 450 cm−1 depending on
electron density has been reported8,9 in InN films, coexisting
with the uncoupled A1共LO兲 phonon at 586 cm−1. To explain
this coexistence, surface or interface depletion layers have
been invoked, where the uncoupled A1共LO兲 phonon could
1098-0121/2007/76共20兲/205319共6兲

exist.10 However, IR ellipsometry measurements11 showed
that this hypothetical depletion layer would be too thin to be
responsible for the strong LO modes observed. Alternatively,
the mode observed at the A1共LO兲 frequency has been attributed to a coupled phonon-plasmon mode shifted to high energies by wave vector nonconservation during the scattering
process.11–14 The origin of the massive failure of wave vector
conservation required for this explanation implies significant
crystalline disorder,14 being difficult to understand in
samples with high crystalline quality and no intentional doping. This is especially true for samples where long uniform
nanocolumns4 or nanorods15,16 are formed, which are practically free of defects. Recent measurements of inelastic electron scattering,17 Hall resistance18 and angle-resolved photoemission spectroscopy19 indicate the presence of an intrinsic
electron accumulation layer on the surface of InN films.
Electrons accumulate because the conduction band minimum
of InN at the ⌫ point lies below the branch-point energy EB
共or the average midgap energy across the entire Brillouin
zone兲.17 This results in the ionization of surface donor states
and a downward band bending at the surface, where electrons accumulate. A recent theoretical work20 confirms that
electron accumulation occurs on the polar surfaces of InN. In
this context, the presence of a high surface electron concentration seems to be an intrinsic characteristic of InN rather
than a result of imperfect growth or accidental doping. With
this in mind, the effect of an inhomogeneous electron distribution on the phonon-plasmon coupled modes has to be revised.
In this paper, we report on inelastic light scattering measurements on both compact and nanocolumnar InN high
quality samples. The NC samples show a low-energy LO
phonon-plasmon coupled mode 共L−兲 in the 425– 450 cm−1
range, which is not observed in our compact samples, probably due to their comparatively low specific surface. The
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FIG. 1. Typical SEM 共left兲 and HRTEM 共right兲 images of nanocolumnar 共top兲 and compact 共bottom兲 InN samples.

corresponding plasma frequency gives electron concentrations in the range from 2.5⫻ 1018 to 6.0⫻ 1018 cm−3. These
values agree reasonably with the plasma resonance observed
in the IR-reflectance spectra of the NC. Our results suggest
that the electron concentration at the NC sidewalls gives rise
to coupled modes, while the uncoupled 共or weakly coupled
to the background electrons兲 LO phonon originates from the
underlying regions inside the NC.
II. EXPERIMENT

InN films were grown on Si共111兲 共Ref. 21兲 and Si共001兲
substrates by plasma-assisted molecular beam epitaxy. A
50 nm thick AlN buffer layer was used to optimize growth
conditions of samples grown on Si共111兲. Details about the
growth system can be found in Ref. 21. The III/V ratio was
varied from N-rich conditions 共NC samples兲 to quasistoichiometry 共compact samples兲. The growth temperature was varied between 450 and 480 ° C. Scanning electron microscopy
共SEM兲 and high resolution transmission electron microscopy
共HRTEM兲 cross-sectional images were obtained to determine
the morphology and structure of the samples. The SEM pictures displayed in Fig. 1 correspond to samples grown on
Si共111兲. They reveal the NC morphology typical for N-rich
growth conditions4 共top left兲 and the compact film obtained
in quasistoichiometric conditions 共bottom left兲. The HRTEM
pictures in the right panels show the excellent crystalline
quality of the nanocolumns 共top right兲 together with the
abruptness of the AlN-InN interface 共marked by an arrow兲 of
the compact sample 共bottom right兲. The NCs are hexagonal
prisms with their axis oriented parallel to the growth
direction.4 NCs grown on Si共001兲 substrates show a slight
orientation disorder compared to those grown on Si共111兲. No
significant differences in the Raman spectra were found between NC grown along both substrate directions. Raman
scattering experiments were carried out at room temperature,
both in macro- and microconfigurations using a He-Ne and
Ar+-ion laser for excitation. The scattered light was dispersed
by both single- 共SPEX 750M兲 and double-grating spectrometers 共SPEX Model 1404兲 with a charge coupled device de-

FIG. 2. Room-temperature macro-Raman spectra of a compact
layer 共lower trace兲 and two NC samples grown on Si共111兲 at
460 ° C 共middle trace兲 and 475 ° C 共upper trace兲 for z共x , -兲z̄ nominal
scattering configuration. The inset shows the scattering directions
relative to the crystal structure. Ne plasma lines 共marked with asterisks兲 are used for wave number calibration.

tector. The spectra were taken in nominal backscattering configurations, both along the growth direction 共c axis兲 and
perpendicular to it 共from the lateral sample surface兲. The
experiments have been carried out with a spectral resolution
of typically 2 cm−1. A 100⫻ microscope objective was used
to focus the laser beam to spot size of typically ⬍2 m
diameter. The photoluminescence 共PL兲 measurements were
performed at low temperature 共15 K兲 using the 488 nm line
of an Ar+-ion laser as an excitation source. The PL signal
was focused into a 85 cm focal length monochromator, detected by a liquid nitrogen cooled Ge photodetector and processed using standard lock-in techniques. The PL spectra
were corrected by the system-detector response curve. The
IR spectra were recorded at room temperature with a Bruker
IFS66v spectrometer, covering a frequency range of
560– 7000 cm−1. Each spectrum contains 200 scans with an
instrumental resolution of 2 cm−1.
III. RESULTS AND DISCUSSION

The macro-Raman spectra recorded in backscattering configuration along the c axis are shown in Fig. 2 for a compact
film grown at 共a兲 475 ° C and two NC samples grown at 共b兲
460 ° C and 共c兲 475 ° C on Si共111兲. Spectra 共a兲–共c兲 correspond to 632.8 nm excitation. Spectrum 共d兲 of the same
sample as in 共c兲 is excited at 514.5 nm. The scattering directions relative to the crystalline structure are shown in the
inset. The z direction is parallel to the hexagonal axis and the
x and y directions are mutually orthogonal and have arbitrary
orientations in the plane normal to z. The phonon frequencies
have been carefully determined using Ne spectral lines for
calibration.
For 632.8 nm excitation, the compact sample shows the
allowed E2 共491 cm−1兲 and A1共LO兲 共588 cm−1兲 modes.
These values differ from the ones reported by Davydov
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et al.8,9 but coincide with other reported in several publications 共see Ref. 9 and references therein兲. The discrepancy in
InN phonon frequencies reported in the literature can be due
to different amounts of deformation 共residual and thermal
strain兲 and the presence of structural defects in InN layers.
The small width 共4.0 cm−1兲 of the nonpolar E2 mode confirms the high crystalline quality observed by HRTEM. The
NC samples show an equally narrow E2 peak at essentially
the same frequency. However, the LO mode appears at the
E1共LO兲 frequency 共600 cm−1 for 632.8 nm and 596 cm−1 for
514.5 nm excitations兲, which is forbidden in this scattering
geometry. The changes in the LO phonon frequency for different excitation wavelengths are observable in Fig. 2. They
are attributed to changes in the penetration depth of the incoming light. The same behavior was reported in Ref. 22 and
speaks against the dispersion of the phonon-plasmon coupled
mode which would result in a decrease of the mode frequency with increasing excitation wavelength.23 This indicates that the mode observed at the E1共LO兲 frequency cannot
be attributed to a coupled phonon-plasmon mode shifted to
higher wave numbers by wave vector nonconservation during the scattering process. The change in the LO frequency
with excitation wavelength could therefore reflect the
changes in the free carrier concentration through the NC
thickness due to the different probing depths.22 Besides, the
small E2 phonon width remains practically unchanged for
increasing energy of the incident photon. This excludes any
significant breakdown in the wave vector conservation due to
crystalline disorder.
Considering the sample morphology and the results presented below, we attribute the LO mode of the NC to the
true, essentially uncoupled E1共LO兲 phonon. Its appearance is
due to the light refraction and/or scattering at the lateral surfaces of the NC. As a result of the comparatively high specific surface of the NC samples and the finite aperture of the
collection optics, together with the high refraction index of
InN 共Ref. 24兲 around 2.9, most of the light enters through
共and scatters from兲 the lateral surfaces of the nanocolumns.
This results in a phonon propagation direction close to perpendicular to the c axis, i.e., of quasi-E1 symmetry. To confirm this assignment, we performed micro-Raman measurements in x共y , -兲x̄ scattering configuration from the lateral
surface of the samples. Figure 3 shows the spectra of the
compact layer and the NC grown at 475 ° C on Si共111兲. Besides the strong peak of the Si substrate at 521 cm−1, the
E1共LO兲 phonon appears at 600 cm−1 in both samples. This
demonstrates that the light propagates essentially perpendicular to the NC sidewalls, irrespective of the nominal scattering geometry. We have observed the same effect in GaN
NC when compared to GaN compact layers. The deviation of
the light propagation in NC depends on the degree of “surface roughness” due to the inhomogeneity of column height
or column density in different samples. Samples with higher
NC density and height homogeneity will show smaller deviations. Although not specifically reported by other authors,
the “anomalous” light propagation in NC might be a general
fact. Thus, the E1共LO兲 mode at 740 cm−1 systematically appears in nominal backscattering along the c axis in the spectra of GaN nanocolumns.25,26 Also, the Raman spectra re-
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FIG. 3. Room-temperature micro-Raman spectra of the compact
layer and the NC sample grown on Si共111兲 at 475 ° C taken in
backscattering at the lateral surface.

ported in Fig. 3 of Ref. 15 show a small 共3 – 4 cm−1兲 shift to
higher frequency of the LO phonon of InN NC samples as
compared to a reference thick film. This shift amounts to
one-half of the E1共LO兲-A1共LO兲 splitting in InN, thus indicating a significant deviation of the phonon propagation direction from the c axis. In the low frequency region of Fig. 3,
the two TO modes are observed in both samples, as no polarization of the scattered light has been selected. The feature
appearing near 468 cm−1 in the NC samples excited at
632.8 nm 关Fig. 2共c兲兴 is absent for 514.5 nm excitation 关Fig.
2共d兲兴. As the InN band structure has no critical points in this
energy range, we attribute this feature to an extrinsic effect.
Considering that the lateral surfaces of the nanocolumns
provide the main contribution to the light scattering, we attribute the broad peak observed in the 425– 450 cm−1 range
in NC samples 共Fig. 2兲 to the low-energy branch L− of the
coupled LO phonon-plasmon mode arising from an electron
accumulation layer at the lateral surfaces of the NC. 关Incidentally, the L− peak cannot be confused with the A1共TO兲
phonon. As the dispersion of A1共TO兲 phonons away from the
Brillouin zone center is positive in wurtzite, scattering events
without wave vector conservation would result in a peak at
higher frequencies than the zone-center one8 共447 cm−1,
marked in Fig. 2兲.兴 Consequently, the uncoupled E1共LO兲
phonon must arise from the inner part of the NC, where the
electron density is expected to be much smaller.17–19 The
dependence of the intensity ratio of the L− to the E1共LO兲
peak on the excitation wavelength presented in Fig. 4 supports this assignment. The strong increase of this ratio
共circles兲 observed by changing the excitation wavelength
from 632.8 to 457.9 nm could be attributed, in principle, to a
change in the light penetration depth. However, the absorption coefficient of InN changes only moderately 共from 1.2
⫻ 105 to 8 ⫻ 104 cm−1兲 共Ref. 9兲 in this wavelength range. Assuming a thickness of the accumulation layer at the NC sidewalls similar to that reported for polar surfaces 关艋5 nm
共Refs. 17 and 19兲兴, and taking the average NC diameter as
100 nm 共see Fig. 1兲, the expected change of the L− to the
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E1共LO兲 intensity ratio due to the change in the absorption
coefficient 共␣兲 is very small, as shown by the squares in Fig.
4. However, considering that the typical roughness of the NC
sample is of the order of the wavelength 关see Fig. 1 共top
left兲兴, strong light scattering is expected to occur. Light scattering enhances the surface contribution of the total light
emission, and its intensity decays as the fourth power of the
exciting wavelength . The triangles in Fig. 4 represent −4
normalized to the lowest energy 共1.95 eV兲 point. Consequently, the observed increase of the L− to the E1共LO兲 intensity ratio for decreasing excitation wavelength is likely to be
due mainly to scattering at the NC surfaces. Electron accumulation at the sidewalls of InN NC has been reported recently by transport measurements on single NC27 and photoemission measurements of the valence band minimum to
surface Fermi level separation for a-plane InN.28
The presence of free electrons in the NC is confirmed by
infrared reflectance measurements, shown in Fig. 5, for the
compact and the NC sample grown on Si共111兲 at 475 ° C. A
detailed fit of the reflectance spectra is difficult considering
the sample geometry. However, the strong reflectance mini-
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FIG. 5. Infrared-reflectance spectra of the compact layer and the
NC sample grown at 475 ° C.
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samples grown on Si共001兲 substrates; open symbols for Si共111兲
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mum in the NC sample in the 700– 800 cm−1 region is indicative of absorption by free electrons. The plasma frequency  p corresponding to the observed L− frequency can
be estimated from the simplest model for the dielectric
function,29
1 2
2
2
L±2 = 兵LO
+ 2p ± 关共LO
+ 2p兲2 − 4TO
2p兴1/2其,
2

共1兲

where LO and TO are the longitudinal and transverse optical phonon frequencies. The corresponding L+ modes should
appear in the 950– 1300 cm−1 region. They are not observed,
probably due to damping. Taking LO = 600 cm−1 and TO
= 476 cm−1 共Ref. 8兲 and assuming an effective mass30 m*
= 0.05m0 and an optical dielectric constant11 ⬁ = 6.7, we can
estimate the electron concentration n from Eq. 共1兲 and the
plasma frequency 2p = ne2 / m*⬁ 共with m0 and e being the
free-electron mass and charge, respectively兲. Its values for all
samples studied are presented in Fig. 6共b兲 as a function of
the growth temperature, together with the corresponding
changes in the growth rate 关Fig. 6共a兲兴. One observes a
marked decrease of the electron concentration estimated
from the L− frequency for increasing growth temperature for
NC samples grown on both Si共111兲 substrates 共open symbols兲 and Si共001兲 ones 共full symbols兲. We tried to confirm
the change of the electron density observed in Fig. 6共b兲 by
photoluminescence and IR-reflectance measurements. Reflectance results were not conclusive, perhaps due to the variable morphology of the different samples and the longer
wavelengths involved, which result in a larger penetration
depth and reduced scattering. As for PL, the low-temperature
results for NC samples grown on Si共111兲 at 475 and 460 ° C
are displayed in Fig. 7. PL spectra show a pronounced
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FIG. 7. Low-temperature PL spectra of NC samples grown on
Si共111兲 at 475 and 460 ° C.

Burstein-Moss shift to higher energies with respect to the
band gap of InN.31 The PL band shape differs for the samples
grown at different temperatures. The blueshift of the highenergy tail of the PL band for the sample grown at 460 ° C
共with respect to the one grown at 475 ° C兲 indicates an increase in the electron concentration. For both samples, the
electron concentration estimated from the shift of the Fermi
level roughly coincides with the values derived from the position of the L− mode 关Fig. 6共b兲兴. The shoulder appearing on
the high-energy side for the NC sample grown at lower temperature 共Fig. 7兲 could indicate nonuniform spatial distribution of electrons.9
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