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In this report, we investigated the rod size dependence of photoluminescence (PL) from vertically aligned indium nitride (InN) nanorod arrays

grown on Si(111) substrates. Abnormal temperature dependence of the PL peak energy and the PL bandwidth was observed for InN nanorods

with a critical diameter, which is of the same order of the surface electron accumulation layer (�20 nm). Exceptionally large activation energy of

the nanorods with the critical diameter implies that holes within these narrow nanorods need to surpass the band bending energy near the surface

in order to recombine with electrons accumulated in the surface layer. # 2013 The Japan Society of Applied Physics

I
ndium nitride (InN) with a narrow direct band gap has
superior electronic transport properties compared with
other group-III nitrides so that InN has become attractive

for various applications such as high-frequency electronic
devices, near-infrared optoelectronics, and high-efficiency
solar cells. In order to meet the request of the rapid down-
sizing of electronic and photonic device dimensions, one-
dimensional (1D) InN nanomaterials in the forms of nano-
wires (NWs), nanorods (NRs), and nanotubes (NTs) have
been developed.1–6) The high surface-to-volume ratio of 1D
InN nanomaterials has also been proved to be beneficial
for the enhancement of terahertz (THz) wave emission.7)

Several studies reported the results of photoluminescence
(PL) from InN films and InN nanostructures.8–12) Despite
superior structural advantages, the observed PL from 1D InN
is typically much weaker and its bandwidth is broader than
that from the InN epilayer, and its PL mechanism critically
depends on the size of nanomaterials.

In this work, we report on the size dependence of the
thermal evolution of PL properties for vertically self-aligned
InN NRs grown along the wurtzite c-axis on Si(111). The
temperature dependences of the PL peak energy and PL
bandwidth of InN NRs are different from that of the epilayer.
In particular, for NRs with the average rod diameter (d)
similar to the depth of the surface electron accumulation
layer (2ts � 20 nm),13) the radiative recombination of elec-
trons and holes was not sensitive to the increase of tem-
perature up to 60–70K, and with the further increase of
temperature, the PL quenches drastically due to the non-
radiative recombination. The estimated activation energy for
NRs with the critical diameter (d � 2ts) is much larger than
that for NRs with d > 2ts, and this large activation energy is
of the same order of the downward surface band bending
barrier (VB) for c-InN.

For this study, we prepared four InN NR samples with
different average rod diameters: sample A (d ¼ 143=75 nm),
sample B (d ¼ 33 nm), sample C (d ¼ 24 nm), and
sample D (d ¼ 27 nm). In sample A, most of the surface
area of the film is covered by large-size NRs with
d � 143 nm and a smaller number of NRs with d � 75 nm
fill the gap between large NRs.14) Samples C and D were
chosen to show the characteristic PL response of NRs
with d � 2ts. Vertically aligned InN NR arrays were grown
on Si(111) substrates by plasma-assisted molecular-beam
epitaxy (PAMBE) at a sample temperature of 520 �C, and
the rod density and diameter were controlled by means of
the N/In ratio and the growth time. To obtain the desired

columnar morphology, the epitaxial growth proceeded under
N-rich conditions, for example, N/In ratios of samples B and
C are 4.9 and 4.4, respectively. A 1.2-�m-thick InN epilayer
was also prepared for comparison. The details of the growth
method and conditions are described elsewhere.9)

A Ti:sapphire femtosecond laser that delivers �120 fs
optical pulses at 82MHz repetition rate was employed to
excite the samples in the variable-temperature PL spectros-
copy. The samples were cooled in a temperature-controlled
liquid-He-flow cryostat. The collected luminescence signal
was dispersed using a 0.19m monochromator with a 600
groove/mm grating and detected with a liquid-N2-cooled
extended InGaAs detector (cutoff wavelength �2:4 �m). All
the PL spectra were corrected with the system response
curve.

The morphology and size distribution of InN NRs were
analyzed by using field-emission scanning electron mi-
croscopy (FE-SEM). The FE-SEM image in Figs. 1(a) and
1(b) indicates that most of the surface area is covered by
NRs. The low temperature (T ¼ 5K) PL spectra of the
samples B and C as well as the InN epilayer are presented in
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Fig. 1. (a) FE-SEM image of samples B and C with the rod size

distribution of each NR film. (b) Semi-logarithmic-scale photoluminescence

spectra of an InN epitaxial film and two nanorod samples B and C.
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Fig. 1(c). For each measurement, the laser power was kept at
50mW. The semi-logarithmic PL spectra indicates that the
PL efficiencies of the NRs in samples B and C are about two
and three orders of magnitude lower than that of the InN
epilayer, respectively, which may be due to the smaller
effective emission area in the central bulk region of NRs.
The full widths at half maximum (FWHM) of the PL spectra
of NR samples are much broader than that of the InN
epilayer. In contrast to GaN NRs, InN NRs are known to
have poorer crystalline quality than the InN epilayer, and
the PL spectra from them exhibit a much larger PL band
broadening.9) The PL peak energies for samples B and C
locate at 0.72 and 0.73 eV, respectively, while that for the
epilayer is �0:68 eV. The Fermi level shift into the con-
duction band is known to lead to the increase of the peak
energy of PL for n-type semiconductors with the increase
of electron concentration. A higher peak energy for InN
NRs than that for the InN epilayer then indicates that NRs
may contain a higher density of free electrons, which are
generated during the fabrication of the NRs and occupy
states near the bottom of the conduction band. The carrier
densities in NRs were separately estimated from the time-
domain THz spectroscopy experiment and were found to be
about one order of magnitude higher than that of the InN
epilayer.15)

The temperature-dependent PL peak energy of the
InN epilayer in Fig. 2 exhibits an S-shape dependence
and gradually redshifts with a further increase of tempera-
ture, following the temperature dependence described by
Varshni’s equation.16) The S-shape PL response for the InN
film is attributed to the presence of localized states within the
tail density of states,17) and the calculated localization energy
for the epilayer sample is �5:2meV. The PL spectra of NRs
in samples A and B also follow Varshni-like temperature
dependence with smaller localization energies than that of
the epilayer. In contrast, the PL peak energies of samples C
and D are nearly independent of the change in temperature
and the dominant influence of the surface accumulation layer
was suggested to cause this anomalous PL response.10)

The most significant size-dependent property of NRs can
be found in the temperature-dependent quenching of PL
intensity. Figure 3 shows the temperature dependence of the
normalized PL intensity (Arrhenius plot) for NR samples,

compared with that for the InN epilayer. In the case of the
InN epilayer, the PL begins to decrease at as low as 10K and
it drops by at least 2 orders of magnitude at room tem-
perature. PL quenching due to the activation of nonradiative
recombination processes can be described by18)

IðT Þ ¼ I0
1þ C1e�Ea=kBT þ C2e�Eb=kBT

; ð1Þ

where Ea and Eb are the activation energies at low and high
temperatures, respectively, related with the thermal quench-
ing and kB is the Boltzmann’s constant, and C1 and C2 are
fitting constants. The PL quenching of the InN epilayer is
governed by the thermally activated process with Ea ¼ 4:5
meV and Eb ¼ 23meV, consistent with the previously
reported results.19)

The thermal quenching process of NRs in Fig. 3 is
different from that of the epilayer. The low-temperature/
room-temperature PL ratio is significantly smaller in NRs,
and the onset temperature of the PL quenching locates
at a much higher temperature than that of the epilayer.
Particularly for samples C and D, the PL quenching does
not occur until �100K and the corresponding activation
energies listed in Table I are much higher than those of
samples A and B.

Larger activation energy implies larger impurity bind-
ing energies or carrier/exciton localization energies.19) As
mentioned above, the characteristic S-shape evolution of
PL peak energy for the epilayer is attributed to the evolution
from localized states to extended band-tail states. Then,
the activation energy Ea is related to the delocalization
of carriers/excitons and Eb to the quenching from extended
states. Meanwhile, larger activation energy of NRs with the
shrinkage of NR size implies that the PL processes in
NRs may be associated with the carrier redistribution on
electronic states within the narrow NRs.1) Due to Fermi-
level pinning at the surface, InN has the downward band
bending near the surface and electrons tend to move to the
surface, while holes are left in the inner core of NRs. For
NRs with d > 2ts, recombination of carriers would occur
within the narrow core area, and the PL intensity from these
NRs depends on the effective volume of this core area.
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Fig. 2. Temperature-dependent PL peak energy of the InN epitaxial film

and the nanorod samples. The temperature dependence of PL peak energy of

the epilayer shows a characteristic blueshift at the low temperature range.

The solid lines were obtained using Varshni’s equation.
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Fig. 3. Intensity variation of the PL intensity as a function of reciprocal

temperature for the InN epilayer and the nanorod samples. The activation

energies obtained by using Eq. (1) are listed in Table I. Schematics in the

figure illustrate the downward surface band bending in samples B and C in

an exaggerated scale.
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Further shrinkage of rod diameter up to d � 2ts leads to the
complete depletion of charge within the rod. As the tem-
perature increases, recombination of nonequilibrium carriers
in these NRs is reduced or is maybe even impossible if non-
radiative recombination via surface traps is the prevailing
recombination mechanism. Then, holes in the inner core of
NRs can recombine with electrons in the surface accumula-
tion layer only when carriers surpass the band bending
energy barrier, VB, near the surface. Remarkably, the activa-
tion energies Eb ¼ 52 and 63meV estimated for samples C
and D, respectively, are in excellent agreement with VB ¼
60meV known for InN.20) The delayed fast quenching ob-
served for samples C and D in Fig. 3 then clearly shows the
limited carrier recombination in NRs at high temperature.

In Fig. 4, where the temperature dependence of the
FWHMs is plotted, the PL spectra of NRs with large
diameters (samples A and B) and epilayer become broader
linearly with the increase of temperature, whereas the
broadening of the PL band is much slower for NRs with the
critical diameter (samples C and D). In NRs, holes tend to
populate in different sample regions at different values of T ,
leading to the broadening of the PL bands.10) Since carrier
transportation is limited within the narrow core bulk region
of NRs in samples C and D, the PL band broadening may be
insignificant at low temperature. Thermalization of carriers

at higher temperature then causes the slow broadening of the
PL band through the interaction with impurity or defects in
the surface layer.

In summary, we have measured temperature-dependent
near-infrared PL from InN nanorods. As the nanorod size
reduces to a critical value (the thickness of the surface elec-
tron accumulation layer), the nonradiative carrier recombi-
nation needs a higher activation energy. For InN nanorods
with the critical diameter, the activation energy was meas-
ured to be consistent with the band bending energy near the
surface. We also found that the PL band broadening with
the increase of temperature is mainly determined by the
core bulk region where the carriers can travel before being
captured by surface-associated defects.
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Table I. Optical and physical parameters of InN nanorods.

Sample
Rod height

(nm)

Rod diameter

(nm)

PL peak energy

(eV)

Ea

(meV)

Eb

(meV)

Film NA NA 0.678 4.5 23

A 618 143/75 0.706 2.9 26

B 240 33 0.720 5.1 30

C 161 24 0.730 10.0 52

D 146 27 0.731 11.9 63
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Fig. 4. Temperature-dependent PL bandwidths of the epilayer and the

nanorod samples. The temperature dependent broadening is not significant

for samples C and D.
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