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Optical studies of MBE-grown InN nanocolumns: Evidence of surface electron accumulation
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Vertically self-aligned InN nanocolumns have been investigated by means of scanning electron microscopy,
Raman scattering, and photoluminescence spectroscopy. Different nanocolumn morphologies corresponding to
different molecular beam epitaxy growth conditions have been studied. Raman spectra revealed strain-free
nanocolumns with high crystalline quality for the full set of samples studied. Longitudinal optical modes both
uncoupled and coupled to an electron plasma coexist in the Raman spectra pointing to the existence of two
distinctive regions in the nanocolumn: a surface layer of degenerated electrons and a nondegenerated inner
core. The characteristics of the low-temperature photoluminescence and its dependence on temperature and
excitation power can be explained by a model considering localized holes recombining with degenerated
electrons close to the nonpolar surface. The differences observed in the optical response of different samples
showing similar crystalline quality have been attributed to the variation in the electron accumulation layer with

the growth conditions.
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I. INTRODUCTION

Nanotechnology based on semiconductor nanocolumns
(NCs) points out a new generation of devices benefiting from
quantum confinement effects, large surface to volume ratios,
and a wide design space for band-gap engineering.! Colum-
nar morphology favors lateral elastic relaxation, and thus NC
heterostructures and alloys admit greater lattice mismatch
than thin films without the formation of defects. Group-III
nitrides provide a good example of the improved crystal
quality of NCs.? Indeed, vertically self-aligned GaN NCs
grow spontaneously—no seeds or catalyst are required—
with no dislocations and present intense and narrow exci-
tonic emission peaks in the UV range.>*

Recently, InN NCs have also been successfully grown by
plasma-assisted molecular beam epitaxy (PAMBE) under
N-rich conditions.’~!° The interest in InN NCs relies on some
of the intrinsic properties of this material, such as the 0.67
eV band-gap energy or the 0.07 m, electron effective mass
at the I' point.'" The latter leads not only to high electron
mobilities and high saturation velocities but also to a pro-
nounced band-filling effect in samples with electron concen-
trations on the order of 10'8-10'" c¢cm™.!"' Such figures are
common in unintentional n-doped InN epilayers, for which
an electron concentration (n,) of 3 X 10'7 c¢m™ is the lowest
value reported to date.'> The first published studies revealed
that there are strong differences between InN and GaN NCs.
Electron-transport investigations show that the conductivity
of InN NCs is several orders of magnitude higher than that of
GaN NCs and proportional to the inverse of the column
diameter.'>!4 On the other hand, the photoluminescence (PL)
emission of InN NCs is weaker than that of thin films and
presents broad and featureless peaks which are blueshifted
with respect to the InN band-gap energy.>1>16

Most of the above phenomenology has been attributed to
the effects of the surface electron accumulation layer re-
ported for InN.!'” Thermodynamic equilibrium is associated
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with a transfer of electrons from the surface to the bulk and
with the formation of an electron accumulation layer close to
the surface, as is also known for InAs.!® This causes a down-
ward conduction-band bending well below the Fermi level at
the surface. While there is general consensus on the exis-
tence of an accumulation layer on polar (0001) surfaces, its
nature at nonpolar surfaces is still under debate. On the one
hand, valence-band photoemission measurements on polar
and nonpolar surfaces of InN conclude that the electron ac-
cumulation layer is a universal feature of all InN surfaces.'’
However a recent theoretical study shows that nonpolar
planes can behave in different manners and the presence of
an electron accumulation layer depends on the surface
stoichiometry.?’ Since InN NCs grow along the [0001] polar
direction, their sidewalls are nonpolar planes. Thus the char-
acteristics of the surface electron accumulation layer in these
nanostructures and its dependence on the growth conditions
can be analyzed.

In the present work we investigate the effects of a surface
electron accumulation layer on the optical properties of InN
NCs obtained under different growth conditions. In particu-
lar, we search for signatures of high electron densities in the
Raman scattering spectra of the InN NC samples. This non-
destructive spectroscopy is a powerful tool that provides
quantitative values of not only the crystalline quality and
strain fields but also free carrier concentrations of semicon-
ductor nanostructures.>! An electron or a hole plasma
couples with the longitudinal optical phonons leading to dis-
tinctive peaks in the Raman spectra. The existence of degen-
erate electrons also modifies the PL. mechanisms. In heavily
n-doped semiconductors (electron concentration higher than
10" cm™ in the case of InN) the screening of the Coulomb
interaction is responsible for the lack of excitonic and shal-
low donor or acceptor emission. Furthermore, the interband
absorption is blueshifted with respect to the band gap of the
material due to the filling of the conduction-band states, the
so-called Burstein-Moss shift.??
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TABLE I. Substrate temperature (7), In-BEP, N, flux, and rf power of the plasma source employed in the
growth process of the samples studied in this work. The average height (%) and diameter (d) of the NCs and
the different morphologies observed are also summarized.

T In-BEP N, flux rf power h d
Sample (°C) (10~8 mbar) (sccm) (W) (nm) (nm) Morphology

G053 400 3.0 2.0 500 layerlike

G071 475 3.0 2.0 500 500-1500 80-30 unfaceted
G047 500 3.0 2.0 500 500 180 hexagonal
G041 500 1.5 1.5 400 300 100 hexagonal
G044 500 3.0 1.5 450 360 100 hexagonal
G136 475 3.0 1.5 450 470-1500 90-40 unfaceted

This paper is organized as follows. In Sec. II, the growth
of InN NCs under different conditions leading to different
morphologies is briefly discussed. The optical properties of a
set of samples corresponding to different growth conditions
are experimentally investigated in Sec. III. First of all, the
main features of the Raman scattering spectra of different
InN NC morphologies are described. Then, the photolumi-
nescence of the full set of samples studied in this work is
presented. The influence of the growth parameters on the
low-temperature PL is reported. Temperature and power de-
pendences of the emission are also studied. The main experi-
mental results of Sec. III are discussed in Sec. IV with the
aid of a model that takes into account the effects of an elec-
tron accumulation layer at the NC lateral surfaces. Finally,
Sec. V summarizes the main conclusions of this work.

II. DESCRIPTION OF THE NANOCOLUMN ENSEMBLE

InN NCs were grown on p-Si(111) substrates in a Veeco
Gen-II MBE system. The active nitrogen was provided by an
rf-plasma source (Unibulb), and N,-rich conditions were
kept in order to obtain nanocolumnar morphologies. A stan-
dard effusion cell was used as an In source. The p-Si(111)
substrates were cleaned with acetone and isopropanol in an
ultrasonic bath for 2 min before mounting. Afterwards the
substrate was outgassed in situ at 600 °C for 10 h and at
1000 °C for 40 min. The resulting 7 X7 reconstruction of
the surface was monitored by reflection high-energy electron
diffraction (RHEED) and was used as an indication of an
oxygen-free Si surface. In order to limit the nitridation of the
substrate, the plasma was turned on no longer than 5 min
before the growth. The growth started when both In and N
shutters were opened simultaneously and lasted 300 min for
all samples. The substrate temperature, indium beam equiva-
lent pressure (In-BEP), and N, flux used during the growth
of each studied sample are summarized in Table I. Although
N, rich conditions were kept in order to obtain columnar
morphologies, the values used for all samples are consider-
ably lower than those reported by other authors.>”’

The morphology of the grown NCs has been characterized
by scanning electron microscopy (SEM). Figure 1 shows
SEM images of four different samples grown using different
parameters. Remarkable differences are observed in the mor-
phology of samples G053, G071, and G047, evidencing the

decisive role of Ty. At the upper left corner of Fig. 1, sample
G053 exhibits a high density of coalescent NCs of uniform
height (~250 nm). Samples grown at an intermediate tem-
perature, such as GO71, show well-separated unfaceted NCs
with a bimodal aspect ratio (i/d) distribution: longer and
thinner NCs have diameters and heights of ~30 nm and
~1.5 um, respectively. Shorter NCs taper at the top. Sample
G047 (lower right corner) grown at T,=500 °C contains a
lower density of NCs with a diameter almost twice as large
as those previously described. These NCs exhibit clear hex-
agonal facets and their diameter widens toward the top end,
presenting the so-called baseball bat shape.®!> By lowering
the In-BEP, regular diameters from the bottom to the top are
obtained, as observed for sample G0O41.

The results just described reveal that the size, shape, and
density of InN NCs are mainly determined by the In adatoms
diffusion. Some authors point out that at the initial stages of
the growth process, In droplets should form>!* to enhance
nucleation at specific points, giving origin to columnar
growth. Since the diffusion of In increases with temperature,
the density of NCs decreases for higher 7,. The bimodal
growth observed at 7,=475 °C is caused by the coalescence
of several small NC nuclei.® Other NCs however keep the
original diameter and grow vertically faster than the first
ones. Diffusion of the In adatoms along the sidewalls of the
NC feeds the vertical growth. At T,=475 °C, In diffusion

G053 G041

FIG. 1. SEM images of samples G053, G071, G047, and G041
illustrating the different morphologies obtained at a constant growth
time of 300 min.
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FIG. 2. Micro-Raman spectra of a representative sample of InN
NCs (upper spectrum) and a high quality InN epilayer (lower spec-
trum) recorded at room temperature in backscattering configuration.
Peaks have been labeled with their corresponding phonon modes
according to the reported frequency positions for this material.

length is shorter and the NCs present tapering of their diam-
eter toward the top. Increasing 7T slightly, 7,=500 °C, the
diffusion of In atoms increases and the growth at the NC
upper part is favored. Then an enlargement of the diameter
toward the top is observed, showing a baseball bat shape.
The variation in other growth parameters, such as the In-BEP
and the N, flux, also affects the growth dynamics. A reduc-
tion in the In-BEP at a fixed 7, of 500 °C, for instance,
causes compensation between the In adatoms’ diffusion and
the consumption of them at the NC top. At this quasiequilib-
rium condition, well-spaced, longer NCs with constant diam-
eter could be obtained by an increase in growth time.

III. OPTICAL PROPERTIES
A. Raman scattering

Micro-Raman scattering measurements have been carried
out at room temperature in backscattering configuration. The
514.5 nm line from an Ar" laser acted as excitation and was
focused onto the sample with a 100X microscope objective
with a numerical aperture of 0.90. The scattered light was
dispersed by a Jobin Yvon T64000 triple spectrometer and
detected with a liquid-nitrogen-cooled charge coupled de-
vice.

A representative Raman spectrum of one of the NC
samples studied in this work is shown in Fig. 2 (upper spec-
trum). Five peaks can be observed in the studied frequency
range. They have been associated with different Raman ac-
tive phonons according to the reported frequency positions
for InN.?* The peaks at 489 and 588 cm™! identified as the
Eg and A;(LO) modes, respectively, are allowed for the cur-
rent scattering geometry, whereas the peaks at 447, 476, and
593 cm™! coincide with the central frequencies of the
A,(TO), E,(TO) and E,(LO) phonons, which should be for-
bidden. An additional and much broader feature is also ob-
served around 435 cm™!, which does not match the fre-
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TABLE II. Frequency and FWHM of the nonpolar Eg mode for
the full set of samples studied.

Frequency FWHM
Sample (em™") (cm™)
G053 489.3+0.1 42+0.2
G071 489.2+0.1 35+0.3
G047 489.2+0.1 35+0.3
G041 489.4+0.1 3.6+0.2
G044 488.9+0.2 45+04
G136 489.8+0.1 3.0+0.2

quency of any of the InN normal modes. The lower spectrum
in Fig. 2 belongs to a high crystalline quality epilayer of InN.
In this, only the allowed Eg and A{(LO) modes are observed.

In the first place, it should be pointed out that the fre-
quency of the nonpolar EZ phonons remains almost constant
for all the NC samples (see Table II) and coincides with the
value reported by Davydov et al.?} Thus, the InN NCs are
free of strain (according to the phonon deformation poten-
tials of InN,?* strain components are smaller than 0.1%). The
second noticeable characteristic of the EA peaks is their small
full width at half maximum (FWHM), which evidences the
high crystalline quality of the InN NCs. As a matter of fact,
the FWHMSs measured and summarized in Table II are
among the smallest reported for InN.

The high crystalline quality of all the studied samples
assures that the wave vector is conserved in the scattering
process. Therefore, the appearance of forbidden peaks in the
spectra cannot be associated with disorder-induced scatter-
ing. It is also unlikely that they arise from the slight lean
observed in the NCs. Instead, the strength of the forbidden
peaks and, in particular, the well-observed E;(LO) mode has
been explained as a consequence of the NC morphology
which allows that most of the lasers light enters through and
scatters from the lateral side of the NC.? The fact that the
E,(LO) peak, which is only allowed for right angle scattering
geometry, is much more intense than the A;(LO) should be
due to the low rate top/sidewall surfaces. The absence of the
forbidden modes in the spectrum of the film reinforces this
assumption.

Finally, the assignment of the wide feature centered at
435 cm™! is still under debate. Some authors attributed it to
the low branch of the coupled plasmon-LO-phonon
mode?3?>26 (PLP"), whereas a recent study points out that
the PLP~ could be closer to the frequency of the A;(LO) at
586 cm™! if the wave vector is not conserved.?’ Since non-
conserving scattering events are disregarded in the present
samples and the accumulation of free electrons at InN sur-
faces is a well-established fact, the PLP~ seems the most
suitable origin of this peak. However, the existence of
coupled modes should be accompanied by the damping of
the LO modes, which is not observed in the current samples.
On the contrary, PLP~ coexist with the LO modes in all the
investigated samples, as shown in Fig. 3. This apparent con-
tradiction is yet another signature of the presence of a high
density of free electrons only at the surface while the inner
part of the NC, also contributing to the Raman signal, re-
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FIG. 3. Raman spectra of four representative samples showing
the A{(LO), the E{(LO), and the PLP~ modes. All spectra are nor-
malized to the intensity of Eg which is proportional to the total
volume of excited InN.

mains almost intrinsic. Furthermore, the fact that the PLP~
arises from regions closer to the NC surface, where within
the first 5 nm of depth the electron density varies more than
1 order of magnitude,'”?® also explains the large spectral
broadening of this peak.

The closer analysis of the relative intensities of the PLP~
and the LO modes of the different samples displayed in Fig.
3 reveals a proportionality between the intensities of the
E;(LO) and the PLP~ Raman peaks. At the same time,
samples with weaker E|(LO) and PLP~ peaks exhibit a more
visible A;(LO) mode. As explained earlier, the A,(LO) to
E|(LO) intensity ratio should be proportional to the ratio
top/sidewall of the NCs. This is verified from the comparison
of Figs. 1 and 3, where those samples with NC morphologies
benefiting the scattering through the lateral walls present an
enhanced E,(LO) intensity and an almost absent A,(LO).
Thus, the Raman spectra of NCs presenting tapering effect
(sample GO71) or constant diameter (GO41) exhibit more
intense E;(LO) peaks than those with baseball bat shape
(G047) or coalescent NCs (G053). The same behavior is ob-
served for the PLP™ mode, indicating that most of the PLP~
signal arises from the sidewalls of NCs. This result is experi-
mental evidence of free electron accumulation at the nonpo-
lar surfaces of InN.

B. Photoluminescence

Photoluminescence measurements were performed in a
close-cycle He cryostat kept at a controlled temperature. The
excitation source was the 647 nm line from an Ar*/Kr* laser
and the PL signal was dispersed in a 0.19 m monochromator
with a 600 groove/mm grating and detected with a liquid-
nitrogen-cooled InGaAs photodiode.

Figure 4 shows the PL spectra of a high quality InN ep-
ilayer and the InN NCs of sample G041, taken under identi-
cal experimental conditions. The energy and spectral line-
width of the NCs emission are slightly blueshifted
(~30 meV) and broadened when compared to that of the
thin film. However, contrary to previous investigations,® both
spectra show comparable intensities which denote that the
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FIG. 4. (Color online) Photoluminescence spectra taken at 7 K
under the same excitation conditions for NCs of sample G041
(squares) and a high quality InN epilayer (triangles).

NCs have similar radiative emission efficiency. The NCs
spectrum exhibits a structure with at least two different con-
tributions, similar to that previously observed in high quality
InN films and ascribed to the radiative recombination of
holes trapped at different acceptor states.”>3* Such features
were only observed in the emission of NCs of sample G041,
whereas other NCs presented a single peak.

There is a strong influence of the growth conditions on the
PL spectra of InN NCs, as can be seen in Fig. 5. As a matter
of fact, all the PL characteristics—peak energy, broadening,
and intensity—differ substantially among the studied set.
The spectra of Fig. 5 correspond to three samples grown at
the same T, presenting similar NC morphology and showing
similar crystalline quality as studied by Raman scattering.
Differences on the order of 50 meV are observed in the emis-
sion energy, while the emission intensity varies almost by 1
order of magnitude. It should be also noticed that the NC
emission peak is asymmetric, showing a longer tail at the
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FIG. 5. (Color online) PL spectra of three samples—GO041 (tri-
angles), G044 (squares), and G047 (circles)—grown at T,
=500 °C using different In-BEP and N, flux conditions (see Table
I). Spectra of samples G044 and G047 are scaled by a factor of 2
and 8, respectively. Inset: PL integrated intensity as a function of 7§
for samples grown with an In-BEP of 3 X 10~ mbar and two dif-
ferent N, fluxes: 2 sccm (full circles) and 1.5 sccm (full squares).
The sample grown with the lowest N, flux and a lower In-BEP of
1.5% 1078 mbar is also shown (full triangles).
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FIG. 6. (Color online) Integrated intensity (full circles) and
FWHM (circles) of the PL spectra taken at 7 K for the full set of
samples studied, plotted as a function of the peak energy.

low energy side. The reported asymmetry increases with the
energy of the PL peak.

The integrated intensity of the PL peak plotted as a func-
tion of T is shown in the inset of Fig. 5 for the full set of
samples studied. NCs grown with identical In-BEP and N,
flux are represented by the same symbol. Two main conclu-
sions can be extracted from this figure: in the first place, for
identical In and N, fluxes, the optimal T is 475 °C; second,
lower growth rates, achieved by lowering the In and N,
fluxes, improve the PL intensity. The former conclusion dis-
agrees with previous results, where the PL intensity is con-
tinuously increased with T, from 440 up to 525 °C.}

We have observed a correlation between integrated inten-
sity, line width, and energy position of the PL peak. Figure 6
shows the integrated intensity and FWHM of the PL peaks as
a function of their central energy. It is observed that narrower
peaks with higher intensities are also centered at lower en-
ergy. The presence of an electron accumulation layer at the
NC surfaces could explain such dependence, as will be dis-
cussed in Sec. IV.

In order to shed more light on the nature of the PL in InN
NCs, temperature-dependent PL experiments have been car-
ried out from 7 to 300 K. Figure 7(a) shows the PL peak
energy as a function of temperature for two representative
samples. Neither of them exhibits a clear redshift with in-
creasing temperature as compared to the 50-60 meV shift
measured for bulk InN band gap from 4 to 300 K.3%3! The
PL spectra broaden with temperature for all samples. This
behavior is however stronger for peaks with smaller FWHM
at low temperatures, as can be observed in Fig. 7(b).

The PL integrated intensity decreases rapidly with in-
creasing temperature, as shown for a representative sample
in the Arrhenius plot of Fig. 8. The intensity decay can be
well fitted, considering two different quenching mechanisms
for the PL with activation energies E, and E,;*?

Iy
1 +A exp(= E,/kT) + B exp(— Eo/kT) "

I(T) = (1)

If the radiative lifetime is assumed to be temperature inde-
pendent, A and B are proportional to the scattering rate of
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FIG. 7. (a) Energy and (b) FWHM of the PL peak as a function
of the temperature for two representative samples: G041 (full
circles) and G071 (squares). The PL was excited with a high power
of 344 W/cm? in order to obtain measurable signals at room
temperature.

each mechanism. The inset of Fig. 8 shows the fitting param-
eters for the full set of samples. Values of the activation
energies are in good agreement with those reported for shal-
low and deep acceptor states in high quality InN layers.?*-%
This suggests that quenching could be due to the thermal
delocalization of holes from acceptor levels, followed by
nonradiative recombination. The values of parameters A and
B obtained from the fitting point out that the PL quenching in
our samples is mainly due to the delocalization of holes from
deep acceptors. A third quenching mechanism can be added
to Eq. (1) in order to improve the fitting at high temperature.
The activation energy obtained for this mechanism is
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FIG. 8. (Color online) Arrhenius plot of the integrated PL inten-
sity for sample G136 and the fitting using Eq. (1) (solid line). Inset:
values of the main parameters given in Eq. (1) obtained from the
best fitting of the PL integrated intensity of each sample.
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FIG. 9. PL spectra of two representative samples, G071 (left-
hand side) and G041 (right-hand side), taken at 7 K and using a
wide range of power excitations. I,=0.014 W/cm?.

160 =20 meV, and its physical meaning is still unclear.

Finally, PL spectra varying the excitation power density
over a wide range have been also recorded. The integrated
intensity of PL peak has a slightly sublinear dependence on
power excitation density, /o< @™, with m values ranging from
0.8 to 1. Such a sublinear dependence is attributed to the
cases of free-to-bound and donor-acceptor recombinations.
Due to the high n, evidenced in our samples, donor levels
should not be dominant in the recombination process. Thus,
the former result is another signature that acceptor levels are
involved in the radiative recombination giving origin to the
PL of our InN NCs. Spectra of two different samples, G041
and G071, taken under different excitation power densities
ranging from 0.014 to 140 W/cm? are shown in Fig. 9.
Sample GO71 exhibits a single peak, which broadens and
blueshifts with increasing excitation power but without
changes in its line shape. The same features are observed for
most of the samples studied in this work. This behavior has
been observed for the PL spectra of highly doped InN, with
electron concentrations above 10'® cm™.3% Sample G041
exhibits a different behavior than the other samples studied
here. At very low excitation power, a single peak centered
around 685 meV is observed. As the excitation is increased,
the PL peak blueshifts and broadens as in the other samples,
but also a weak peak emerges at a lower energy for power
excitations above 0.35 W/cm?. The capability to observe
this structure in the PL spectrum suggests a lower electron
concentration in this sample,>*3? in agreement with its lower
peak energy. The two contributions to the PL band are sepa-
rated around 72 meV, and no redistribution of the intensities
is observed between them in the wide range of power exci-
tation studied. This energy coincides with the LO-phonon
energy obtained from our Raman measurements. All these
features are in concordance with those observed for the two
peaks contributing to the PL spectra of InN layers, with elec-
tron concentrations around 10'® cm™.3% These peaks were
ascribed to the radiative recombination of holes trapped at
deep acceptor levels and its LO-phonon replica.

The high electron concentration evidenced in our samples
implies that the PL of the InN NCs comes from the recom-
bination of degenerated electrons with holes trapped at deep
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acceptor levels. Contributions from excitons and holes at
shallow acceptors should be disregarded due to the screening
of the Coulomb interaction.

IV. DISCUSSION

The Raman scattering and PL results described in Sec. III
show that the optical response of InN NCs deviates from that
of the bulk materials. Most of the effects just reported—such
as the coexistence of plasma coupled and uncoupled LO
modes in the Raman spectra; the blueshift of the PL peak
with respect to the bulk InN band gap, the correlation be-
tween energy, intensity, and FWHM of the PL peaks; and the
reduction in PL energy redshift with temperature—can be
interpreted as signatures of a region with high density of free
electrons close to the NC surfaces.

There are plenty of experimental evidences of the exis-
tence of an electron accumulation layer on polar and nonpo-
lar surfaces of InN films.!*!7 Nevertheless, its physical ori-
gin is not yet clear, and while some studies suggest that it is
an intrinsic effect due to the surface states energies,20 others
predict thickness-dependent doping mechanisms such as ni-
trogen vacancies associated with threading dislocations.>*3
Keeping its nature aside, there is an excess of positive
charges at the polar and nonpolar surfaces of InN that in-
duces the bending of the conduction and the valence bands
and an inhomogeneous distribution of free electrons in the
crystal. Charge and band-bending profiles are usually calcu-
lated by solving Poisson’s equation numerically within the
modified Thomas-Fermi approximation.**3” In a recent ar-
ticle, Klochikhin et al.3® presented the analytical solution of
the classical Thomas-Fermi equation for a planar accumula-
tion layer in the parabolic band approximation. Their expres-
sion for the electrostatic Coulomb potential as a function of
the depth, z, is

ag \*
—ed(z) = R;ﬂ(m) ; 2)

where Ry and ap are the Rydberg and Bohr radius of the
hydrogen atom, respectively. The parameters « and /, defined

as
NS
2 m
and
2add \ 13
z=( “"B) : (@)
Ngg

depend on the material properties: the electron effective mass

m”, the dielectric constant &, and the surface density of posi-

tive charge Ngs. The electron distribution in the crystal is
then given by

1 (2m"

n,(z2)=—\ -7

/) 3#( h?

where E is the Fermi level energy. Although these expres-

sions are valid for a planar surface, they can be taken as a

3
) [Ep—ed(2)]?, (5)
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FIG. 10. (Color online) (a) Calculated depth profile of down-
ward bending of the conduction-band minimum (left axis) and the
corresponding electron distribution (right axis). Different surface
charge densities ranging from 10'3 to 10'* ¢cm™2 have been consid-
ered. (b) Depth profile of the frequency of the PLP~ mode.

good first approximation for the cylindrical and hexagonal
NCs investigated in this work, taking into account that most
of them have a large diameter compared with the Debye
length. The shape of the potential and the electron distribu-
tion are shown in Fig. 10(a) as a function of the radial coor-
dinate r (r=0 at the surface). An effective mass of m"
=0.25m was assumed to account for the nonparabolicity of
the conduction band.*® The Fermi level energy has been as-
sumed to be 10 meV below the conduction band minimum in
the bulk. This is a reasonable value for high quality samples.
Different surface charge densities are taken within the range
of values determined by other techniques.!”*° Furthermore,
recent first-principles calculations have shown that the den-
sity of positive charge at the nonpolar surfaces of InN de-
pends on the surface stoichiometry and could, therefore, vary
with the growth conditions.?”

The inhomogeneous electron distribution depicted in Fig.
10(a) confirms the existence of two distinct regions in an InN
NC: a thin layer close to the surface where 7, reaches values
of the order of 10* cm™ and decreases by more than 2
orders of magnitude over 6—10 nm; the inner core of the NC
where, in the absence of substantial unintentional doping as
expected for the high crystalline quality NCs studied here,
the semiconductor should have a very low n,. This is in good
agreement with the coexistence of coupled and uncoupled
phonon modes observed in the Raman spectra of InN NCs
(see Fig. 3). On the other hand, the rapid variation in n,
induces the depth profile of the frequency of the PLP~™ mode
shown in Fig. 10(b). The coupled mode frequencies depend
on the LO phonon (w;), the TO phonon (wy), and the plasma
(w,) frequencies as*

PHYSICAL REVIEW B 79, 115305 (2009)
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FIG. 11. (Color online) Calculated depth profile of downward
bending of the CBM and the VBM for two different NCs with Ngg
of 5X 10" ¢cm™ (left-hand side) and 10'* ecm™2 (right-hand side).
The three different regions with different probability for radiative
recombination are indicated.

2, 2 7. 2 2 2
W= W+, \/(wL+ w)) — 4w 07
‘= +

2 2

(6)

The dispersion of w_ shown in Fig. 10(b) is in agreement
with the large broadening and the low frequency tail ob-
served for the PLP~ feature of the NC Raman spectra. On the
other hand, the central frequency measured for the PLP~
mode (~435 cm™!) tells us that the electron concentration
reaches values on the order of 10! ¢m™ close to the NC
surfaces.

The conduction- and valence-band bending and the large
concentration of degenerated electrons just reported should
have a strong effect on the NCs emission. In order to clarify
the process leading to PL formation, the profiles of the
valence-band maximum (VBM) and the conduction-band
minimum (CBM) are plotted as a function of the NC radius
in Fig. 11 for two different values of Ngs. The same Fermi
level is assumed for both situations since its value depends
mostly on the electron concentration away from the surface
for nanocolumn diameters above 50 nm.*' In the PL process,
the photogenerated electrons and holes are driven in opposite
directions by the electric field induced by Ngg. Thus, while
electrons accumulate at the surfaces, holes should be located
in the inner core of the NCs. The probability of radiative
recombination is proportional to the spatial overlap of the
electron and hole wave functions. Therefore, according to the
probability of radiative recombination, three different re-
gions can be identified inside the NCs: (1) the NC core with
a marginal radiative recombination probability due to the ab-
sence of photogenerated electrons, which shall move fast to
the NC surfaces; (2) the most external region, close to the
NC surface where the lack of holes, drifted toward the center
by the electric field also reduces the radiative recombination
rate; and finally (3) an intermediate region populated by both
electrons and photogenerated holes, most probably trapped at
impurities thanks to the weakness of the electric field. The
last region is the most active from the optical point of view.

The scheme presented in Fig. 11 can help us understand
most of the properties reported for the InN NCs PL. First, the

115305-7



SEGURA-RUIZ et al.

blueshift of the NCs emission with respect to bulk InN band
gap is a manifestation of the Burstein-Moss shift that takes
place at the optically active regions of the NCs. The exis-
tence of bound holes at acceptor levels evidenced in Sec. III
allows for the breakdown of the momentum conservation
selection rule and all the electrons in the conduction band
can contribute to the emission. Then, the maximum of the PL
emission should appear at an energy between the conduction-
band minimum and the absorption edge, giving origin to the
observed blueshift. On the other hand, the relationship
among energy, FWHM, and intensity of the PL peaks dis-
played in Fig. 6 can be explained considering that different
NCs have different Ngg. As shown in Fig. 11, NCs with
higher Ng¢ should have smaller optically active volumes
which should lead to lower PL intensities. At the same time
the higher n, of these NCs results in higher emission energies
and larger broadenings. Finally, when increasing the sam-
ple’s temperature, photoholes can spread over a wider region
penetrating deeper into the electron accumulation layer. This
should induce a blueshift and an additional broadening of the
PL peak, which compensates the normal redshift due to the
temperature dependence of the band gap. InN NCs with
higher N at the surface shall therefore show a larger reduc-
tion in the thermal redshift and a faster increase in the
FWHM of their PL peaks. This is in very good agreement
with the experimental findings of Fig. 8.

Finally, we turn our attention to the asymmetric line shape
of the PL peak observed in Fig. 5. The same trend has been
reported in recent studies and attributed to the recombination
of degenerated electrons and localized holes.*? Hole localiza-
tion relaxes the wave-vector conservation in the radiative
recombination process. Thus the PL line shape reveals the
electron density of states: a low energy tail due from the

PHYSICAL REVIEW B 79, 115305 (2009)

bottom of the conduction band and a sharper high energy
edge due to the cutoff of the Fermi occupation function.

V. CONCLUSIONS

In this paper we have presented SEM, Raman, and PL
measurements of MBE-grown InN NCs. The variation in
growth conditions has led to different NC morphologies,
which exhibited no strain and high crystalline quality. The
coexistence of a coupled PLP and LO modes and the analysis
of their relative intensities for different NC morphologies
gave evidence of the electron accumulation at the nonpolar
lateral surfaces of the NCs while their inner cores remained
intrinsic. Clear differences were observed in the energy, peak
width, and intensity of the PL spectra of InN NCs grown
under different conditions, even among those with identical
morphologies. Temperature and power dependences of the
PL peak pointed out that localized holes are involved in the
radiative recombination. A model for the PL formation,
where localized holes recombine with degenerated electrons
in a NC region close to the surface, explained well the char-
acteristics of the PL at low temperature and its dependence
on temperature and power excitation. The differences ob-
served in the PL spectra of samples grown under different
conditions were explained by variations in the density of
positive charge at the nonpolar NC surfaces.
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