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Abstract: We report intense green photoluminescence (PL) from vertically
aligned indium gallium nitride (In,Ga,_,N) nanorod arrays. The formation of
In,Ga,..N/GaN-heterostructure nanorods increases the localization depth of
the radially confined carriers (> 100 meV). Temperature dependent PL peak
energy of InGaN nanorods shows the characteristic S-shaped behavior,
indicating the prominent carrier trapping in band-tail states associated with
the nonuniformity of In content. Time-resolved PL (TRPL) response decays
biexponentially and the dominant slow decay component of TRPL for
In,Ga;_N nanorods is due to the transfer of excitons to the localized states
before the radiative decay.
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1. Introduction

InGaN-based semiconductors have attracted much attention for their applications as bright
light emitting sources, such as light emitting devices (LEDs) and laser diodes (LDs) in the
visible and UV spectral regions [1-3]. The bright III-nitride LEDs and LDs are typically
realized on IlI-nitride compounds consisting of single quantum well (SQW) or multiple QW
(MQW) structures since QW-active layers can reduce the carrier capturing in nonradiative
defects and improve the light emission efficiency. For these planar type structures, it has been
well-known that the quantum confined Stark effect (QCSE) induced by the piezoelectric field
and high density of defects, resulting from a large lattice mismatch between InGaN and GaN,
limit the performance of InGaN QW devices. Especially the external quantum efficiency of
currently available InGaN-QW devices drastically drops beyond the green spectral range.
Recently it has been reported that dislocation- and strain-free group-III nitrides can be
obtained by forming one-dimensional structures, such as nanocolumns or nanorods [4-6].
Moreover, InGaN-QW nanorod heterostructures have also been fabricated and light emission
enhancement due to the carrier confinement and strain-relaxation effects has been observed
[7-11]. Therefore, the absence of QCSE effects is highly anticipated in InGaN/GaN nanorod
heterostructures.

In this work, to fully suppress the QW structure-induced piezoelectric field, we fabricated
the InGaN/GaN nanorods without embedded QW-active layers by plasma-assisted molecular-
beam epitaxy (PA-MBE) and investigated their emission processes. From the
photoluminescence (PL) measurement from InGaN nanorods and film, we found that
vertically-aligned Ing;GaggoN/GaN-heterostructure nanorods can emit about one order of
magnitude stronger green light than that of an Ing;3Gagg;N film counterpart. Temperature
dependent PL spectra of InGaN/GaN nanorods show the pronounced S-shaped behavior,
which indicates a high density localized states within the band-tails. The localization depth of
nanorods estimated from the time-resolved PL (TRPL) responses is much larger than that of
the film counterpart and the carrier localization of InGaN nanorods is mainly associated with
the increase of In composition nonuniformity in nanorods. In addition to the increased effect
of carrier localization, the large surface area of nanorods increases the light extraction
efficiency and the low effective refractive index [12] reported for the group-III nitride
nanorods could also contribute to the enhancement of PL emission.

2. Experimental methods

The vertically aligned InGaN/GaN nanorod arrays were grown on B-Si;N4/Si(111) by PA-
MBE [13] under nitrogen-rich conditions with respect to the nitrogen flux used for film
growth. First the GaN nanorod arrays (~380 nm) were grown at sample temperature of 760°C
on B-SizNy/Si(111). Then, the InGaN nanorods (~300 nm) were continuously grown on top of
GaN nanorods to form the InGaN/GaN heterostructure at sample temperature of 700°C. The
N/Ga and N/Ga/In flux ratios were 11:5 and 36:6:1 for GaN and InGaN nanorods,
respectively. And the crystal polarities of GaN and InGaN nanorods were determined to be
N-polar. X-ray diffraction (XRD) analysis shows that both InGaN film and nanorod arrays
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have the wurtzite lattice structure and the X-ray peak of InGaN nanorods has the full-width-
half-maximum (FWHM) close to that of the InGaN film. From the X-ray peak positions, the
c-axis lattice constants of the sample were estimated. Using the Vegard’s law [14], the In
composition of InGaN nanorods was determined to be around 11%, whereas that of InGaN
film is about 13%. The morphology and size distribution of InGaN/GaN nanorods were
analyzed using field-emission scanning electron microscopy (FE-SEM). The FE-SEM images
of the top- and side-view of hexagonal-shaped InGaN/GaN nanorod arrays in Fig. 1(a) and (b)
show that the nanorods with an average radius of 30 + 4 nm are vertically well aligned and
have homogeneous length and diameter distributions. Meanwhile, Fig. 1(a) exhibits that the
nanorod arrays are in fact composed of coalesced nanorod bundles instead of individually
separated single nanorod, which has also been observed for the case of GaN nanorods [12].
The total length of nanorods consisted of InGaN (~300 nm) and GaN heterostructure is ~680
nm.

Si

Fig. 1. FE-SEM images of top- (a) and side-view (b) of InGaN/GaN nanorods. The coalesced
nanorod bundles composed of three to four nanorods can be observed. (c) A photograph of
room-temperature PL from InGaN/GaN nanorods taken with a green color filter. (d) Layer
structure of InGaN/GaN-heterostructure nanorods grown on top of a Si(111) substrate.

For both time-integrated and time-resolved PL analyses, the samples were photoexcited by
the normally incident femtosecond laser pulses. A Ti:sapphire femtosecond laser system
delivers ~150 fs laser pulses at the repetition rate of 82 MHz with the center wavelength of
800 nm. The pump laser pulses with the wavelength of 400 nm were obtained by a second
harmonic generation crystal and the power of pump pulses were kept at 5 mW for whole PL
measurements. The temperature dependence of PL spectra was measured at the sample
temperature ranging from 4 to 300 K by a 1/4-m spectrometer equipped with a 600 g/mm
grating and a liquid-nitrogen-cooled charge-coupled-device detector. All of the PL spectra
have been corrected by the system response curve. The temporal evolution of the PL signals at
different sample temperatures and PL peak positions were measured by a time-correlated
single photon counting (TCSPC) system and the typical time resolution of our TCSPC system
is approximately 180 ps.

3. Results and discussion

Figure 2 shows the normalized PL spectra of the InGaN film and nanorod arrays measured at
10 K. The PL peak energies of the film and nanorods are located at 2.42 and 2.32 eV and the
bandwidths are 0.24 and 0.17 eV, respectively. The significant shift of PL peak energy (~100
meV) to longer wavelength for the nanorods is very different from the spectral shift of InGaN-
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QW nanostructures which typically shows the blueshift and would reduce the merit of the
formation of nanostructure for the generation of intense green emission. The bandwidth of
0.17 eV for InGaN nanorods is comparable [11] or narrower than those of nanocolumns of the
InGaN/GaN-QW structure [9]. The observed narrow bandwidth of PL for our nanorods may
be attributed to the reduction of lattice mismatch during the epitaxial growth of InGaN/GaN-
heterostructure nanorods since most of the structural defects might only occur at the GaN-
nanorods/substrate interface. More importantly, Fig. 2 exhibits that the PL intensity of
InGaN/GaN nanorods is about 15 times stronger than that of the InGaN film. The emitted
green light from nanorods was so bright that even the room-temperature emission could be
clearly seen with the naked eyes under the room light. [see Fig. 1(c)].
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Fig. 2. Normalized PL spectra of the InGaN film and nanorods. The PL intensity of the InGaN
film is about 15 times smaller than that of the InGaN nanorods.

Figure 3 shows the temperature-dependent PL response for InGaN nanorods. The figure
exhibits that the PL peak energy of the InGaN nanorods shows an apparent S-shaped
dependence on temperature. With increasing temperature up to 160 K, the PL peak energy
initially blueshifts and at higher temperatures it gradually redshifts, following the temperature
dependence described by Varshni’s equation. It is well known that the S-shaped temperature-
induced blueshift of emission peak of InGaN is due to the presence of deeply confined
localized states within the tail density of states. Then the emission peak energies have the
temperature dependence as given by [15]
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Fig. 3. Temperature-dependent PL spectra (a) and the PL peak energy (b) of InGaN/GaN
nanorods. The temperature dependence of PL peak position shows a characteristic blueshift at

low temperature range. The dashed line was obtained by Eq. (1) in the text.

where kg is Boltzmann’s constant, o is the characteristic parameters describing the shape of
the energy band-tail. The initial blueshift followed by the redshift of InGaN nanorods are well
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described by Eq. (1) with the corresponding fit parameters of ¢ = 22.1 meV, Ey, = 2.3 eV.
Similar S-shape behavior has been reported previously for III-nitride ternary or QW system
[6,16] and InGaN film with high In concentration (> 30%) [17]. The estimated tail parameter
o =22 meV is in a good agreement with those observed for InGaN/GaN quantum well
nanostructures (~30 meV) [16]. Meanwhile, for our InGaN film a weak blueshift immediately
followed by a redshift was observed. (see the inset in Fig. 3) This result shows that the one-
dimensional structure of nanorods affects the PL behavior and it may be due to the
confinement of carriers in small volume of nanorods.

TRPL spectroscopy has been performed at various temperatures and the results are shown
in Fig. 4. At low temperature, the initial PL transient of InGaN nanorods reaches the
maximum value at a delayed time ~500 ps whereas that of film reaches its maximum
instantaneously after excitation pulse arrives (not shown). The delayed maximum emission of
nanorods indicates that mobile excitons in deeper localized states within the local potential
minima takes a certain delayed time to reach the states with maximum localization depth [18].
At each temperature, the PL responses of InGaN nanorods are expressed by a double

exponential curve, [/ (t) = Ile”/ i +Ize”/ ”  where I} and I, and 7, and 7, represent the PL

intensities and decay time constants of the fast and slow components, respectively. The decay
times of InGaN nanorods decrease from 1.5 (5.5) to 0.6 (3.3) ps for the fast and slow decay
components, respectively, when the temperature increases from 10 to 300 K, implying the
increase of non-radiative recombination at elevated temperatures. The decay times of
InGaN/GaN nanorods are slower than those of InGaN films and it may be because the
excitons in the nanorods are deeply localized and they can hardly reach impurity and defect
centers before radiative recombination even at high temperature. The PL spectrum and
spectral lifetimes of InGaN/GaN nanorods are summarized in Fig. 4(b). The wavelength
dependence of the decay times indicates that the PL decay time decreases as the emission
energy increases. According to the recombination dynamics of localized excitons, the lifetime
of PL spectrum for above-bandgap excitation can be fitted by

T
E — rad , 2
7.2 (E) l+exp[(E-E,,)/E,.] &

where 7,4 is the radiative lifetime, E,, is the energy of the mobility edge, and Ey,. represents
the localization depth. Solid lines in Fig. 4(b) are obtained from the best fitting to the
measured data using Eq. (2) with Ej,. of 102 and 139 meV, 7,4 of 1.5 and 5.6 ns for the fast
and slow decay components, respectively. The large values of Ej,. of nanorods compared to
that of film (30-40 meV) confirm the fact that excitons in the nanorods are strongly localized
in the band tail states.
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Fig. 4. (a) TRPL responses at different sample temperatures. (b) Fast and slow decay time
constants are shown with the PL spectra. The solid lines are obtained by using Eq. ).
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In general, exciton localization in InGa;,N system can be introduced by the
nonuniformity of alloy composition, such as the In content in the form of In-rich clusters. In
In,Ga,_ N system, the increase of InN molecular fraction x increases the effective localization
depth, which in return enhances the radiative recombination of localized excitons. However,
at the same time, relatively fast increase of the density of nonradiative defects with increasing
x hampers the net enhancement of emission from InGaN with large x. For our In,Ga, N
nanorod samples, the In composition of InGaN nanorods is lower than that of the film so that
the increase of localization depth would not increase the nonradiative defect centers, but
effectively enhance radiative recombination. Due to the variation of InGaN bandgap with the
In composition, higher In composition typically induces the redshift of PL peak for In,Ga, N
compounds. Our results, however, demonstrate that strong carrier localization due to the
increase of In composition nonuniformity in nanorods can be obtained through the self-
assembled growth of nanostructures without significantly increasing x. Therefore, the redshift
of PL peak occurs due to this strong carrier localization phenomenon even when the In
composition of InGaN nanorods is lower than the film counterpart, as shown in Fig. 2.
Meanwhile, since the strong localization in InGaN nanorods is limited to a small volume
within a nm-scale spatial range, carrier localization in nanorods corresponds to deeply
confined localization. A recent micro-PL study on high-In-content InGaN compound [17]
revealed that the deeply confined localization states induce the sharp spectral lines in the PL
spectra, while the extended shallow localized states form the background profile of PL
spectra. Therefore, the PL spectral width of InGaN nanorods may still depend on the In
composition and crystal quality of InGaN nanorods. As a result, the observed PL linewidth of
the nanorod sample is narrower than the film counterpart.
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Fig. 5. (a) Intensity variation of the PL intensity as a function of reciprocal temperature for
InGaN nanorods. The activation energy is about 30 meV and the deduced internal quantum
efficiency can reach 6.3%. (b) PL lifetime tp, of InGaN nanorods with T, and Tnonrad as a

function of 7.

The internal quantum efficiency n in the InGaN/GaN nanorods was obtained from the
Arrhenius plot of the normalized PL intensity as shown in Fig. 5(a). From the slope of the
straight line at high temperature range, the activation energy was determined to be 30 meV.
About 6.3% of the internal quantum efficiency at room temperature was estimated from the
relation of /(300 K)/I(20 K) of InGaN nanorods, indicating a high PL efficiency even at room
temperature. Radiative (t.,4) and nonradiative (T,o,rq) lifetime at 7 are related with the PL
decay time (tp.) and n by the following equations [19,20]:

T T
rad (T) = TPL—()’ z-nonfraa' (T) = TPL—() . (3)
n(T) 1=n(T)
Figure 5(b) shows temperature dependence of tp (7), Traq(T), and Tponraa(7) of InGaN
nanorods. The 1,4 values increase linearly for temperature up to ~100 K with the slope of 30
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psK™'. This linear dependence of 7., on T represents the low-dimensional feature of excitons,
corresponding to exciton localization at potential minima at low temperatures [21]. At higher
temperatures, most of the carriers recombine through nonradiative channels.

In addition to the increase carrier localization due to the formation of nanostructures, the
sidewalls of nanorods can increase the surface area for effective absorption of pump light and
green light emission. The low effective refractive index and reduced loss from total internal
reflection [12] can also contribute to the enhancement of luminescence from our InGaN/GaN
nanorod arrays. Although it is difficult to quantitatively estimate the contribution of
geometrical effect of nanorods, less than five times of enhancement in PL intensity has been
reported for InGaN nanostructures fabricated by bottom-up or top-down methods [7-9].

4. Summary

In summary, we have demonstrated that In,Ga, ,N/GaN-heterostructure nanorod arrays with
the rod radial size of ~30 nm can radiate intense green luminescence. Temperature-dependent
PL peak energy of In,Ga, ,N/GaN nanorods shows the distinctive S-shape dependence and it
is attributed to the formation of band-tail states associated with strong carrier localization
effects. It was confirmed by the large value of localization depth deduced from TRPL
measurement. The enhancement of the green light emission from epitaxially-grown InGaN
nanorods is due to the radiative recombination of deeply localized excitions associated with
the increased composition non-uniformity in the nanorods.
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