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The optical properties of catalyst-free AlN nanowires grown on Si substrates by molecular beam

epitaxy were investigated. Such nanowires are nearly free of strain, with strong free exciton

emission measured at room temperature. The photoluminescence intensity is significantly

enhanced, compared to previously reported AlN epilayer. Moreover, the presence of phonon

replicas with an energy separation of �100 meV was identified to be associated with the

surface-optical phonon rather than the commonly reported longitudinal-optical phonon, which is

further supported by the micro-Raman scattering experiments. VC 2014 AIP Publishing LLC.

[http://dx.doi.org/10.1063/1.4881558]

AlN and Al-rich AlGaN alloy have been considered as

the materials of choice for deep ultraviolet (DUV) optoelec-

tronic devices, including light emitting diodes (LEDs), laser

diodes, and photodetectors, due to their wide direct band-

gap.1,2 These materials also exhibit many unique properties,

such as extreme thermal and chemical stability, high me-

chanical strength, hardness, and corrosion resistance, which

make them suitable for applications in harsh environments.

Similar to other III-nitride semiconductors, AlN epilayers

have been commonly grown on highly lattice-mismatched

substrates such as sapphire or SiC, and the resulting large

densities of dislocations (�107–1010 cm�2) and other struc-

tural defects severely limit the device performance.3

Moreover, the extraction efficiency of DUV emitters is

extremely low due to the strong polarization of emitted light

with Ekc.4 To enhance the external quantum efficiency, vari-

ous strategies, including micro-LEDs and photonic crystals,

have been employed to extract the light that propagates

transversely (Ekc) in DUV emitters.5

These critical issues may be potentially addressed by

utilizing low-dimensional structures such as nanowires for

the following reasons. First, the dislocation/defect density

can be drastically reduced in nanowires due to the com-

pletely removed epitaxial relationship between the nano-

wires and the underlying substrate,6 as well as the highly

effective lateral strain relaxation.7 Second, the intrinsically

larger light extraction efficiency of nanowires may further

enhance the external quantum efficiency, especially for DUV

emitters.8 In addition, another major bottleneck for DUV

optoelectronic devices, i.e., the extreme difficulty in impurity

doping, can be potentially addressed by the reduced forma-

tion energy for substitutional doping in the near surface

region of nanowires, rendering enhanced surface doping

and conductivity in nanowire devices.9 In this regard, tre-

mendous efforts have been devoted to synthesizing/growing

AlN nanowires via different techniques, including chemical

vapour deposition, direct current arc discharge method, and

molecular beam epitaxy (MBE).10–14 To date, however, such

AlN nanowires generally exhibit extremely poor structural

and optical properties, with no reports on the band-edge opti-
cal emission at room temperature. In addition, a detailed

understanding of many other important properties of AlN

nanowires, including the strain distribution and the influence

of surface on the optical emission, has remained elusive.

In this Letter, we have investigated the MBE growth

and characterization of nearly strain-free AlN nanowires on

GaN nanowire templates on Si (111) substrates. Such nano-

wires exhibit strong free exciton (FX) emission at 6.03 eV at

low temperature. The photoluminescence (PL) spectral line-

width is �21 meV, which is significantly smaller than that

(�33 meV) measured in high quality AlN epilayers, suggest-

ing drastically improved crystalline quality. A strong and

pure PL spectrum was also measured at room temperature.

Moreover, the presence of phonon replicas in the AlN nano-

wires shows an energy separation of �100 meV, which is

identified to be associated with the surface-optical (SO) pho-

nons rather than the commonly measured longitudinal-

optical (LO) phonons. This observation is further supported

by the micro-Raman scattering experiments.

Catalyst-free AlN nanowires were grown on Si (111)

substrates using a Veeco Gen II MBE system under

nitrogen-rich conditions. Prior to the growth of AlN nano-

wires, GaN nanowire arrays were first grown, which serve as

a template to promote the formation of AlN nanowires. This

is schematically shown in Fig. 1(a). Compared with the

direct nucleation of AlN on Si or dielectric layer SiOx,13 the

utilization of the GaN nanowire template can provide a bet-

ter control of the AlN nanowire size, density, and quality and

is fully compatible with processes for achieving DUV devi-

ces on a Si-platform.15 The growth conditions included a

plasma power of 350 W, a nitrogen flow rate of 1 sccm, an

Al flux of 6� 10�8 Torr, and a growth temperature of 858 �C
for the AlN nanowires. Structural properties of the AlN
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nanowires were examined using a high-resolution scanning

electron microscope (SEM) with an acceleration voltage of

5 kV. A representative SEM image of the AlN nanowires is

presented in Fig. 1(b). It can be seen that the AlN nanowires

are vertically aligned on Si substrate. The diameter and the

density of the AlN nanowires are estimated to be �100 nm

and 1� 1010 cm�2, respectively. Transmission electron

microscope (TEM) studies further indicate that such nano-

wires are nearly defect-free.

Detailed PL emission characteristics were studied subse-

quently. For PL measurements, a frequency-quadrupled

Ti-sapphire laser (with lasing wavelength of 197 nm,

76 MHz repetition rate, 100 fs pulse width, and average opti-

cal power of about 1 mW) was used as an excitation source.

The laser beam was focused onto the nanowire sample by

a lens. The PL signal was collected and dispersed by a

monochromator (1.3 m), and then detected by a

microchannel-plate photo-multiplier tube together with

a single photon-counting system.4

Figure 2(a) shows the PL spectrum of the AlN nano-

wires measured at low temperature (10 K). For comparison,

the PL spectrum of high quality AlN epilayers grown on a

sapphire substrate is also shown in Fig. 2(b) measured side-

by-side under identical conditions. The thickness of the AlN

epilayer is �1 lm, which is comparable to the height of AlN

nanowires. Since the quantum confinement effect in nano-

wires with diameters �100 nm is negligible, the excitonic

transitions in nanowires and epilayers can be compared

directly. Shown in Fig. 2(b), the FX emission (n¼ 0 line) in

AlN epilayers was observed at �6.06 eV with its phonon

replicas at 5.95 eV (n¼ 1 line) and 5.84 eV (n¼ 2 line),

which is similar to our previous reports.16 For the presented

AlN nanowires, however, the FX emission was measured at

�6.03 eV (n¼ 0 line) with its phonon replicas at 5.93 eV

(n¼ 1 line) and 5.83 eV (n¼ 2 line). The difference in the

phonon replica energy (�10 meV) will be discussed later on.

It is of interest to note that the FX peak energy (�6.03 eV) in

AlN nanowires is almost identical to that of AlN bulk crystal

and AlN epilayers,16–18 This finding indicates that the AlN

nanowires are virtually free of strain, which is in direct con-

trast to the FX emission peak energy (�6.06 eV) measured

in compressively strained AlN epilayers grown on a sapphire

substrate. Such a strain reduction in AlN nanowires is further

confirmed by micro-Raman scattering experiments, as

will be discussed later on. In addition, a much narrower

full-width-at-half-maximum (FWHM) of the FX emission

peak (21 meV) was measured in AlN nanowires compared to

that measured from AlN epilayer (33 meV). This suggests

much improved crystalline quality for the AlN nanowires.

The dramatically improved crystalline quality of AlN

nanowires is further evidenced from Fig. 3, where an FX

emission peak at �5.96 eV was measured at room tempera-

ture. In this case, the peak intensity is more than two times

stronger than that measured from the AlN epilayer. The

enhanced optical emission cannot be attributed only to the

improved crystalline quality in the AlN nanowire bulk

region, but also suggests that surface defects/states of AlN

nanowires have a relatively minor impact on the excitonic

FIG. 1. (a) Schematic diagram showing AlN nanowires grown on GaN

nanowire template on Si substrate. (b) Typical bird’s-eye-view SEM image

of AlN nanowires taken with a 45-deg angle.

FIG. 2. (a) PL spectrum of AlN nanowires measured at 10 K with the main

peak at �6.03 eV and SO-phonon replicas with �100 meV energy separa-

tion. (b) PL spectrum of AlN epilayer grown on sapphire measured at 10 K

with the main peak at �6.06 eV and LO-phonon replicas with �110 meV

separation.

FIG. 3. (a) PL spectrum of AlN nanowires measured at 300 K with the main

peak at �5.96 eV. (b) AlN epilayer grown on sapphire measured at 300 K

with the main peak at �5.99 eV.

223107-2 Wang et al. Appl. Phys. Lett. 104, 223107 (2014)

 This article is copyrighted as indicated in the article. Reuse of AIP content is subject to the terms at: http://scitation.aip.org/termsconditions. Downloaded to IP:

129.118.249.59 On: Wed, 04 Jun 2014 17:25:01



recombination dynamics. We attribute this mainly to the

large exciton binding energy (�60 meV) and very small

Bohr radius of the exciton (�1.2 nm) in AlN resulting from

the large effective mass of carriers.19 Such ultra-stable exci-

tons dominate the recombination process even at room tem-

perature and hence prevent carriers from being captured by

surface defects/states in nanowires, thereby effectively sup-

pressing surface related non-radiative recombination.

Now let us focus on the phonon replicas in AlN nano-

wires. It is noticed that the energy separation between the

phonon replicas is only �100 meV (Fig. 2(a)), which is about

10 meV smaller than that of the typical LO-phonon replicas

in AlN epilayers, illustrated in Fig. 2(b). Such a large energy

difference suggests that the origin of phonon replicas in AlN

nanowires is probably associated with other types of phonon

modes rather than the typical LO-phonon.20 Generally speak-

ing, the unique configuration of polar semiconductor nano-

structures (e.g., nanowires), including the large aspect ratio

and/or small transversal dimension, could lead to the appear-

ance of vibrational phonon modes that are related to the

oscillation of surface atoms.21–23 Such SO-phonons are sen-

sitive to the morphology, size, and density of nanowires and

are also a function of the dielectric constant of the environ-

ment.23 Based on Loudon’s uniaxial crystal model and

within the framework of the dielectric continuum model, it

has been estimated that the SO-phonon energy in AlN nano-

wires can be varied from 84 meV to 110 meV.24 Therefore,

the phonon replicas in the presented AlN nanowires are

likely due to the interaction between SO-phonon and elec-

trons via the Fr€ohlich electron-phonon coupling.

In order to further support this conclusion, micro-Raman

experiments were performed at room temperature with a

488 nm Argon ion laser through a 100� objective. The

focused laser spot size was �1 lm. Figure 4 shows a typical

Raman spectrum of AlN nanowires taken with unpolarized

light in the backscattering geometry, i.e., zð::Þ�z configura-

tion. It is seen that a strong Si signal, which is peaked at

520 cm�1 (not shown) dominates, and an AlN E2
H mode is

observed at �656 cm�1. The peak position of the E2
H mode

has been widely used to evaluate the strain conditions in

III-nitride semiconductors, due to its high sensitivity to the

biaxial strain in the c-plane. In this study, a negligible shift is

observed in the E2
H mode (less than 1 cm�1), compared with

that measured in AlN bulk crystal, confirming that the AlN

nanowires are nearly free of strain as discussed above.25

Moreover, the typical A1(LO) phonons at �890 cm�1

cannot be clearly distinguished in the measured spectrum,

partly due to the presence of a strong asymmetric broad band

at its lower energy side. By using standard Gaussian curve

fitting (from 750 cm�1 to 915 cm�1) shown in Fig. 4, it has

been found that such a broad band is composed of a sharp

mode (pink dotted curve) from Si substrate and another

broad mode (blue solid curve), which is attributed to the

SO-phonon mode with the peak at �825 cm�1. Also in this

fitting, the green dashed curve is assigned to the A1(LO)

mode and black dash-dotted curve is due to the strong back-

ground signal from SiO2. The observed SO-phonon mode

was also reported in GaN nanowires, AlN nanotips and

GaN/AlN core-shell nanowires with frequency ranging

between the TO and LO phonon mode.23,26,27 Moreover, the

Raman spectrum of AlN nanowires was also recorded in di-

methyl sulfoxide (DMSO) (em¼ 45) as shown in the inset of

Fig. 4. It can be observed that immersing nanowires in mate-

rials with a high dielectric constant leads to an obvious shape

change and redshift of the asymmetric broad band. This

result provides further evidence for the presence of a strong

SO-phonon mode in the measured spectrum. Importantly,

the energy of the presented SO-phonon mode is estimated to

be �102 meV, nearly identical to the energy separation

between the phonon replicas in AlN nanowires shown in

Fig. 2(a). This result confirms that the origin of phonon repli-

cas measured in AlN nanowires is due to the interaction

between electron and SO-phonon rather than LO-phonon.

The presence of a strong SO-phonon mode could be related

to the oxidation of AlN nanowire surfaces.10 The formation

energy analysis suggests that oxygen could be easily incor-

porated in AlN by substituting for nitrogen atoms.28,29 In

addition, negatively charged vacancies VAl
3� in AlN were

found to be energetically favourable and thus could bind to

positively charged substitutional oxygen forming defect

complexes on the surfaces of nanowires.12,29,30

The coupling strength between phonon and exciton can

be evaluated by using the Huang–Rhys (H-R) factor, i.e.,

S-factor, based on the equation In¼ I0 (Sn/n!).31 Here, n¼ 0,

1, 2, 3,…, represent the number of LO-phonons involved, In

is the emission intensity of the nth phonon replica and I0 is

the intensity of the main emission line. Accordingly, based

on Figs. 2(a) and 2(b), the S-factors are determined to be

0.15 and 0.11 for AlN nanowires and epilayers, respectively.

Both S-factors are much larger than those for GaN epilayers

(0.007) due to the smaller Bohr radii of excitons in AlN and

other reasons.32 In this study, a larger S-factor, i.e., a stron-

ger phonon-exciton coupling in nanowires, could also origi-

nate from the significantly improved material quality, since

the emission intensity of phonon replicas can be significantly

reduced by the scattering of impurities and defects.31

Additionally, it is worth highlighting that the frequency of

the SO-phonon in nanowires can be tuned by changing the

morphology, wire density, and the dielectric constant of the

FIG. 4. Typical room temperature micro-Raman spectrum of AlN nanowires

(spectrum is scaled out focusing on AlN modes, and Si/SiO2 modes are

pointed out with “*”). Gaussian curve fitting (from 750 cm�1 to 915 cm�1)

showing the SO-phonon mode (blue solid curve), Si mode (pink dotted

curve), A1(LO) mode (green short dashed curve), background signal from

SiO2 (black dash-dotted curve). Inset: micro-Raman spectra measured in air

and DMSO, respectively.
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environment.23 Therefore, the SO-phonon assisted excitonic

transitions could also be engineered accordingly. This pro-

vides the possibility and a certain degree of freedom in

designing phonon-assisted optoelectronic devices, which has

not been previously possible for the conventional

LO-phonon assisted process.

In conclusion, we have demonstrated strain-free AlN

nanowires grown directly on Si substrate by the catalyst-free

MBE process, which can exhibit superior optical properties,

including strong PL emission and a narrower spectral line-

width, compared to previously reported AlN epilayers.

Moreover, the unique SO-phonon replica with an energy

separation �100 meV was observed in PL spectra of AlN

nanowires. These observations are also supported by micro-

Raman scattering measurements.
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