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Abstract

Aluminum nitride (AIN) nanostructures were prepared using thermal chemical vapour deposition process. At growth temperatures of
950 °C, AIN nanotips with apex diameters of 10 nm, base diameters of ~100 nm, and length of ~2000 nm were obtained. Whereas when
the growth temperature was 1200 °C, we obtained shorter and thicker AIN nanorods. Compelling microscopic evidences were obtained
to show that stacked AIN platelets of diminishing size formed the building blocks for the nanotips. A reducing Ehrlich-Schwoebel barrier
introduced into a diffusion mediated growth model explains the formation of AIN nanorods at increasing growth temperatures.

© 2005 Elsevier B.V. All rights reserved.

1. Introduction

Synthesis of nanoscaled materials with defined electrical
and mechanical properties will enable the realization of
practical applications. But of fundamental importance is
the knowledge of their growth mechanism. For example,
the vapour-liquid—solid (VLS) growth mechanism pro-
posed by Wagner and Ellis [1] to explain whisker growth
has remained a landmark. Group Ill-nitrides is arguably
the most sought-after class of materials owing to the range
of properties they encompass. Aluminium nitride (AIN) is a
hard ceramic material with a wide band gap and can be
subjected to high stress, high temperature, and a corrosive
environment. Various chemical and physical deposition
techniques have reportedly created oriented structures of
AIN nanotubes, nanobelts and nanowires with average
diameters typically ranging from 20 to 100 nm, and lengths
up to 100 um [2-4]. AIN nanotips (AINNTSs) were also
reported recently by two groups [5,6]. Conical nanotubules
of graphite [7], boron nitride [8] and indium nitride [9] sys-
tems has been reported and few reports also attempted to
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give a growth model for the conical morphologies [6,10-
12]. However, the formation of a solid tip structure, unlike
the conical tubule, is intriguing and a comprehensive
growth model is lacking. The growth model proposed in
[6] is inadequate from the atomistic point of view as will
be discussed later also. In one report for the vapour—
liquid-solid (VLS) growth of GaAs [13], a conical structure
was really observed at low growth temperatures (74) but
was attributed to a non-uniform diffusion mediated growth
along the side walls. Here we report on the synthesis of
crystalline AIN nano-structures by the thermal chemical
vapour deposition (CVD) route. This work investigates
the effect of Ty on the shape evolution of the resultant
AIN nano-structures. We propose a growth model that
takes into account an effective diffusion length of adatoms,
the Ehrlich-Schwoebel barrier [14,15] for adatoms hopping
down a step, and strain induced in the growing lattice for
the shape evolution.

2. Experimental
AIN nano-structures were fabricated by vaporizing Al

powders under ammonia (NHj3) environment in a tubular
furnace by atmospheric pressure thermal CVD technique
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[16,17]. The growth proceeds via vapor transport and con-
densation process (VTCP) [5,18]. The reaction chamber
was heated up to 950-1200 °C and kept there for a period
of 30 min during the process. Nanostructures, produced on
the silicon substrates at different temperatures set-points
controlled between 950 and 1200 °C, were studied. The
morphology, structure and composition of the samples
were studied using scanning electron microscopy (SEM,
JEOL 6700 FESEM), transmission electron microscopy
(TEM, JEOL JEM 40000 EX), Raman spectroscopy (Ren-
ishaw 2000, UK), and X-ray diffraction (XRD) analysis.

3. Results and discussion

A series of experiments were carried out to study the
effect of T4 variation on the shape evolution of the AIN
products. Fig. la—d shows SEM images of AIN nano-
products grown for 30 min on the Au coated Si substrates
at different T4 of 950, 1000, 1100, and 1200 °C, respec-
tively. At T4=950°C, the AIN nanotips evolved
(Fig. 1a). As Ty increased, a (001) facet (c-facet) appeared
on the top of the nanotips, forming a flat section at the
top instead of the tip shape. The area of this (001) facet
increased with increasing T4 as shown in Fig. 1b—d. As
shown clearly in Fig. 1d, T4 = 1200 °C produced AIN
nanorod which has a simple six-sided faceted structure.
The cross-section of the nanotips and nanorods were both
hexagonal.

The cross-sectional SEM images of the nanotips and
nanorods shown in Fig. 2a,b, respectively, indicates their
relative dimensions. The inset of Fig. 2a,b depict the early

stages of growth of the nanotips and nanorods, respec-
tively. It indicates that the shapes of the AIN nano-struc-
tures were probably decided at the very early stages of
the growth. Fig. 2c represents the X-ray diffraction analysis
of the AIN nanostructures. It shows the strongest reflection
of the (002) plane compared to (100) and (101) of the h-
AIN (JCPDS 25-1133), indicating a preferential growth
perpendicular to the basal plane along [001]. The Raman
spectra of the nanotips and nanorods, as shown in
Fig. 2d, were collected using Ar" laser as the excitation
source. Three clear Raman-active phonon modes can be
observed. These are in agreement with those of the h-
AIN crystal [19].

The shape evolution of the AIN nanostructures as a
function of Ty is interesting as the result (Fig. 1) shows.
The digestion of the results presented in this letter as well
as our earlier work on nanotips [5,20] yields certain obser-
vations as listed below:

Observation 1: No metallic gold was found at the apex of
the AIN nanotip, and some remnant non-
nitrided Al was present at the very base
of the structure [5].

Observation 2: The body of the nanostructure is purely
hexagonal AIN growing along [001] and
no metallic Al phase is present [5,20].

Observation 3: A high aspect ratio (>10) nanotip struc-
ture, having apex angles of ~18°, produced
at Ty =950 °C modifies into a low aspect
ratio (~5) flat top ((001) facet) nanorods
at T4 = 1200 °C.

Fig. 1. Typical SEM images of the AIN nanostructures on silicon substrates (coated with 15 nm of gold) grown under (a) 950 °C, (b) 1000 °C, (c) 1100 °C,

and (d) 1200 °C, respectively.
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Fig. 2. Typical cross-section SEM image of AIN nanostructures grown on 15 nm Au coated Si substrate under (a) 950 and (b) 1200 °C, respectively. Inset
(a) and (b) show the SEM image of AIN nano-product grown for 25 min, respectively. (c) Typical XRD and (d) Raman spectra taken from the AIN
nanostructures in figure (a) and (b), respectively. The two vertical dashed lines in figure (c) represent bulk AIN positions for (100) and (002) reflections

(JCPDS Card No. 25-1133).

Any proposed growth model should explain these listed
observations of which the last one is of most importance.

We begin with a discussion on a diffusion mediated
growth mechanism which is the most obvious as we are
dealing with a temperature activated process. The growth
of AIN nanostructures proceeds by the transport of Al
vapours to the growth region as the temperature inside
the quartz tube is ramped up. Note, although a thin Au
layer was used on the Si substrate, it was not detected at
the tip of the nanostructures or in its body. Again the
nanotips could be obtained even without any Au catalyst
on the substrate [5]. This allowed us to exclude a VLS
mechanism and pursue the vapour-solid (VS) route
instead. We introduce a diffusion mediated growth mecha-
nism here. Al vapours landing on the growth surface will
migrate with a large diffusion length, L,;, and can be
adsorbed as Al droplets or wetting layer on the gold parti-
cles when Ty is low (but above 660 °C, the melting point of
Al powders). As the T4 of 950 °C is reached, NHj3 dissoci-
ates and the N-flux increases on the Al droplet nitriding it.
When T4 =950 °C, the Al vapours will react with NH3 or
its dissociation products producing AIN following Eq. (1)
initiating the VS process:

Al 4+ 2NH; = 2AIN + 3H,,
AG = —9.7 kJ/mol at 950°C,
AG = —14.6 kJ/mol at 1200°C. (1)

Then AIN will migrate with a diffusion length, L. Con-
sequently, an effective diffusion length L.g is defined as

Lo = Lai + La, (2)

where La; and Ly are temperature activated according to
the following [21]:

E
L~ e (- 520, ®)
E
LA ~ L exp <— 21;1 NT> (4)

where ¢ and E are the diffusion times and activation ener-
gies for surface diffusion, respectively, and kg is the Boltz-
mann constant. The AIN can be deposited at a low energy
site and contribute to the growth. This happens in a condi-
tion close to fa; ~ tamn, and Laj ~ L. The nitridation of
the Al may be partial leaving some remnant metallic Al in
this seed. Also at the high Ty, evaporation and subsequent
removal of both metallic Au and Al is possible. The Au is
thus not taking part in either a tip- or root-mediated VLS
process and is not observed in the nanotip body explaining
observation 1. Above the dissociation temperature of NHj
the thermodynamics of the system (negative Gibb’s free en-
ergy for Eq. (1)) promotes the formation of AIN crystalliz-
ing in the wurtzite structure. This explains observation 2.
To address observation 3 we discuss the anisotropy as
well as strains that might be present during the growth.
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The initial AIN islands may have edges beveled at an angle
0, with respect to the substrate, determined by the surface
energetics [22]. Let us discuss first the diameters of the
AIN nanostructures grown at different 74. From our
TEM and XRD results we have already established that
we have a [001] growth direction for all kinds of nano-
structures grown at different 74, Number of dangling
bonds available per oncoming growth precursors on the
Al(001) and N(001) faces are 3 and 1, respectively
(Fig. 3a). The lateral facets have two kinds of surfaces,
namely A and B, which have 2 and 1 dangling bonds,
respectively, per oncoming growth species (Fig. 3b). Hence
on the average each growth precursor has 1.5 dangling
bonds available for bonding on the lateral faces. Evidently,
based on the availability of dangling bonds, diffusion
lengths on the lateral faces of the hexagonal islands will
be less than that on the N-terminated (00 1) face [23]. This
will lead to an anisotropy in the growth rates resulting in
large platelets/islands of AIN following Eq. (1). Since the
diffusion length is temperature activated, a larger Ty will
produce larger but thin platelets. This exactly explains
why the nanotips produced at 950 °C (Fig. 1a) had smaller
base diameters than the nanorods (Fig. 1d) prepared at
1200 °C. However, this also means that the nanorods are
closer to equilibrium than the nanotips which is under-
standable because of a larger diffusion length of the AIN
precursors at higher Ty. Following the model proposed
by Tersoff and Tromp [22], the island size (ag) is related
to the surface energy (I') and a stress factor (c¢) by the
following:

ag = efheﬁ, (5)

where / is the height of the initial island and ¢ = e~ '* cot 0.

This model predicts that if ch > I', then the island sizes a

a
' [001]  Al-Face

l [001] N-Face

N N N [100]

OO

Fig. 3. (a) The cross-sectional view of hexagonal close packed wurtzite
crystal structure of AIN. (b) The plan-view of a bi-layer of hcp AIN. There
are two types of lateral growth directions marked as A and B.

will be smaller. So the nanotips having a smaller base diam-
eter are the stressed ones. However, the model presumed a
slant edge (0 # 90°) island and cannot directly predict a
perfect (0 =90°) wide base rod-like crystal, since then
£=0 and ayp — 0. There are indications that such perfect
(0 =90°) islands [24] can be the seeds for nanorod growth
via the VS mechanism.

Now consider the vertical growth of the AIN nanostruc-
tures along the [001] direction which is an Al-terminated
face (Fig. 3a). For T4 = 950 °C, the dissociation rate of
NHj; was very fast and the Al vapor pressure was high, sug-
gesting 7141 — 0 and 0 «— La; < LamN; 80 Leg = Lan. Each
incident N atom at the growth face has three available
bonds connecting with three Al atoms. This means,
EA]N (001) > EAlN (OOI) and also EAIN(OO 1) > EAIN(O 1 O),
resulting in growth rates R[001] > R[010] > R[001]. A
higher growth rate along the Al-terminated [00 1] direction
is observed than that along the normal to the lateral faces.
When this condition is satisfied, we expect an aspect ratio
>1.

The beauty of crystal growth is depicted in Fig. 4. The
nanotips produced at 950 °C (Fig. 4a) clearly shows a
stacking of differently sized platelets along the growth
direction generating the tip shape. The platelets/islands
behave similar to a building block and a repetitive stacking
of these, layer by layer, gives rise to the nanostructures. A
similar stacking of double bi-layer steps has been observed
along the sidewalls of InN pyramids also [24]. However the
existence of these distinct platelets started to disappear
from T4 = 1000 °C (Fig. 4b) signifying deposition along
the lateral facets of the platelets. A significant portion of
this deposition may be due to adatom hopping down a
step. Fig. 4a-d demonstrates the growth along the radial
direction of the nanostructures due to adatom hopping as
a result of a reducing Ehrlich-Schwoebel barrier, and
increased diffusion length as Ty is increased. When
T4 = 1100 °C, the top (001) facet clearly appears and the
lateral growth becomes more pronounced giving it a
smoother appearance than that observed during 1000 °C.
However the conical nature of the structure is still main-
tained. As Ty creeps up to 1200 °C, the diffusion length
was sufficient to push the system towards equilibrium
resulting in larger hexagonal platelets and growth along
the lateral facets generating the pillar like structure of the
nanorods with a near perfect uniformity in diameter. Note
that the existence of the Ehrlich—Schwoebel barrier at low
T4 will also give rise to a large driving force along the
[001] growth direction [25,26]. In addition, the stress along
the basal plane of the platelets, as indicated from the smal-
ler base diameters of the nanotips, is also known to drive
the growth along a direction perpendicular to it. This
explains why the nanotips have a higher aspect ratio than
the nanorods.

Lastly, the origin of the tip shape has to be addressed for
the growth at 950 °C. Since the growth units were clearly
identified as islands/platelets stacked on each other, it is
only obvious that a certain arrangement of these produced
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Fig. 4. (a—d) High resolution SEM images of the AIN nanostructures produced at different growth temperatures; (¢) HRTEM image of the edge of the
nanotips showing the step edges, including the step height () and step spacing (4); a schematic aiding in the estimation of the semi apex angle (¢/2) is also
shown; (f) HRTEM image of the edge of the nanorods showing uniform diameter without tapering via step edges.

the tip shape. Careful TEM observations proved what we
conjectured in our earlier work [5]. This is a pyramidal
growth of 3D islands growing on top of each other
(Fig. 4e). The tilted surface of the nanotips consist of a
train of parallel steps of polyatomic step heights (%), with
a small step spacing (1) (Fig. 4e) and a high step density
(p = h/2) [27]. A high value of p will imply a smaller apex
angle (¢). Clearly, h = ny X dyo1, and A = n, x d,1,, where
doo1 and d, 1, are the lattice spacings along and perpendic-
ular to the growth direction, respectively, as determined
from TEM studies [5] and n; and n, are integers. The apex
angle of the nanotips, as determined microscopically, is dic-
tated by the large /4// ratio and hence small magnitudes of
the ratio, though present, are neglected. Calculating i/
from the TEM micrograph shown in Fig. 4e we can

roughly estimate a set of ¢ values for our nanotips which
falls within 8§-22° in agreement with that measured from
the SEM/TEM images. For a particular material system
the lattice spacings are constant and hence A// is a function
of only ni/n,. Hence following this model, a set of apex
angles for solid nanotips or pyramids of any material sys-
tem (for example, GaN, InN, AIN) can be predicted based
only on the n;/n, ratio. The nanorods does not exhibit
these step structures (Fig. 4f). The nanotip growth model
proposed in [6] is inadequate in a sense that reducing pre-
cursor concentration is a general reaction feature and if
the model is true should always necessarily produce nano-
tips, which is not the case. Our results indicate rather a
stress related phenomenon for the step spacing (1) and a
high Ehrlich-Schwoebel barrier to preserve the steps that
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build up the nanotips. The positions for the (002) (axial)
and (100) (equivalent to [110]) reflections from the nano-
structures are shifted towards lower and higher 20 values,
respectively, from their bulk counterparts as marked in
Fig. 2c¢ demonstrating tensile and compressive stress,
respectively. The nanorods produced at 1200 °C manages
to counter the stress deformation while nanotips produced
at a lower temperature yields to it by getting tapered as
growth progresses.

4. Conclusion

To summarize, the growth of high purity and dense hex-
agonal AIN nanotips and nanorods via a thermal chemical
vapor deposition system has been demonstrated. A single
growth parameter, namely the growth temperature, is able
to dictate the formation of nanotips or nanorods in this
vapour transport and condensation process. The AIN
nanotips and nanorods grow by vapor solid mechanism
and their preferred growth direction (long axis) is [001].
A diffusion mediated growth model incorporating stacking
of hexagonal platelets as growth units and an Ehrlich—
Schwoebel barrier at the step edge has been proposed to
explain the formation of high aspect ratio nanotips with
substantial microscopic and structural evidence.
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