FUNCTIONAL

Growth of Single-Crystalline Wurtzite Aluminum Nitride Nanotips
with a Self-Selective Apex Angle**

By Shih-Chen Shi, Chia-Fu Chen, Surojit Chattopadhyay, Zon-Huang Lan, Kuei-Hsien Chen,

and Li-Chyong Chen*

Single-crystalline, hexagonal aluminum nitride nanotips are fabricated using a vapor-transport and condensation process
(VTCP) on silicon substrates with or without a catalyst layer. The resultant tips have very sharp nanoscale apexes (~1 nm),
while their bases and lengths are up to hundreds of nanometers wide and several micrometers long, respectively. It has been
demonstrated that the thickness of the gold-catalyst layer plays a critical role in controlling the size of the tip; in addition, a cat-
alyst-free growth mode has been observed, which results in lesser control over the nanotip morphology. Nevertheless, a remark-
ably narrow distribution of the apex angle of the nanotips, regardless of whether or not a catalyst was used in the VTCP, has
been obtained. Compared with the commonly observed ridge and pyramid structures, the nanotips produced by VICP have
higher angles (~81°) between the tilted (221) and the basal (001) planes that encase it. A mechanism for this self-selective apex

angle in aluminum nitride nanotip growth is proposed.

1. Introduction

The numerous important applications of the group-III ni-
trides, including InN, GaN, AIN, and their alloys, have attracted
significant research interest over the last decade.'! Among
them, AIN has the highest bandgap of 6.2 eV, and a large exci-
ton binding energy.’! Potential applications in surface acoustic
wave devices*”! and ultraviolet sensors'® have already been
demonstrated. Application in field-emission devices has also
been suggested, because reported values of the electron affinity
of AIN are rather small (~0.6 eV) or even negative.”! The
nanoscale group-III nitrides automatically qualify as ideal test-
ing systems to study the reported changes in optoelectronic
and electrical properties in low dimensions. Various strategies
have been successfully developed for the fabrication of one-di-
mensional (1D) group-III nitride nanostructures, especially
nanowires and nanorods. A comprehensive compilation of
these results has been published recently.!'”’ GaN, as the center
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of attraction, saw the most rapid development!"!—in contrast
to AIN, whose growth was relatively subdued and the routes
for its synthesis were limited. Nevertheless, AIN nanowires,
whiskers, and nanotubes have been obtained by chloride-as-
sisted growth,mm arc processes,“‘q carbothermal reduc-
tion,'>1 and gas-reduction—nitridation.'"”? However, very re-
cently, there has been an increased activity in this field with
quite a few reports on nanowires, nanotubes, and nanobelts
decorating the 1D AIN domain. Vapor-liquid-solid (VLS)
growth of hexagonal AIN nanowires and nanotubes with [001]
growth direction have been reported at temperatures above
1100 °C.118:19] Hexagonal AIN nanobelts with a rectangular
cross-section and a [001] growth direction also made their ap-
pearance.”” A cubic-AIN nanotube with a boron nitride (BN)
wrapping (AIN-BN composite nanotube) has been prepared at
a temperature of 1200 °C, using a two-stage growth mecha-
nism.”!) However, AIN nanotips with high aspect ratios, unlike
the pyramids,?? also form a special class in the 1D family, and
have not been reported before.

Nanotips in Si-based and other more conventional semicon-
ductor systems have been demonstrated and explored for var-
ious potential applications such as field emitters, 2! solar
cells, ! biological and chemical sensing devices,” ! as well as
optical nanodevices.”**!! Until now, optical lithography has
played the major role in fabricating sharp tips, but these are
limited to 50 nm in radius.®>* A novel electron cyclotron res-
onance plasma-assisted dry-etching technique has recently
been developed for producing ultrafine tips (~1 nm) of a wide
range of material systems, excluding AIN.®*! These tips (Si,
poly-Si, GaN, GaP, and Al) can have apex diameters from 2 to
20 nm, and growth directions dependent on the orientation of
the starting wafers. The approaches described above can be
classified as top—down techniques and are most suitable for
plate or wafer processes. In this study, we report on the first
synthesis of single-crystalline AIN nanotips (AINNTSs) with a
monodisperse angle distribution via simple VTCP, in both cata-
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lytic and catalyst-free modes, at 950 °C. This temperature is
significantly lower than that of the conventional carbothermal
reduction and nitridation process for AIN. Gold-coated silicon
substrates have been used to produce the AINNTSs, where the
gold nanoparticulates formed at the high temperature acted as
the nucleation sites for the AINNTs growth. The morphology
and crystal structure of AINNTs were examined using high-res-
olution field-emission scanning electron microscopy (HRFE-
SEM), transmission electron microscopy (TEM), X-ray diffrac-
tometry (XRD), and micro-Raman analysis. The structural
evolution was monitored and a growth mechanism is proposed.

2. Results and Discussion

Pure aluminum powder and metal-coated (Au, Pt, Al) silicon
substrates were placed in a ceramic boat inside a quartz tube,
which was degassed, purged, and then heated to 950 °C in the
presence of ammonia. After the reaction (~30 min), the system
was cooled down to room temperature and the whitish product
on the silicon substrate was collected. Figures 1a—c show typi-
cal SEM images of the morphologies of the as-grown AINNTs
on silicon substrates coated with an Au layer of various thick-
nesses. AINNTs grown on a Au-coated (7 nm thick) Si sub-
strate exhibited a mean diameter of 10 nm at the apex, 80 nm
at the base, and 250 nm in length (Fig. 1a). AINNTSs grown
with progressively thicker Au layers produced longer nanotips
(300-3000 nm), with wider apex (20-100 nm) and base
(100-700 nm) diameters (Figs. 1b,c). A typical cross-sectional
SEM image of AINNTSs is shown in Figure 1d. This image
displays a high density of quasi-aligned AINNTs uniformly dis-
tributed over the entire substrate. The tip-like morphology sug-
gests that the growth rate of the AINNTS in the axial direction

Figure 1. Typical SEM images of the AIN nanotips grown with an Au layer of a) 7 nm,
b) 15 nm, and c) 50 nm thickness on Si. d) Typical cross-sectional SEM image of AIN
nanotips grown with a Au-coated (15 nm) Si substrate.

http://www.afm-journal.de

far outpaces the growth rate in the radial direction. Along with
the AINNTS, some non-nitrided metallic Al residue could be
found at the base of the nanotips. The beauty of this VICP
technique lies in the size-control of the nanotips, which can be
achieved simply by adjusting the thickness of the gold layer
and keeping the other growth parameters, such as temperature
and gas-flow rates, fixed. However, a number of other metals,
such as aluminum (Fig. 2a) or platinum (Fig. 2b), can be used
to produce the AINNTsS, since the eutectic temperatures of
these metals with silicon lie below the reaction temperature of
950 °C. Furthermore, AINNTSs can even be grown on bare Si
(without metal coating, Fig. 2c), but they exhibit relatively
poor morphology, indicating that a metal coating is not indis-
pensable for the growth, but it does help in controlling the mor-
phology of the AINNTS, and, perhaps, it increases the yield
somewhat. But before coming to any such conclusion, a closer
look at the initial stages of growth was deemed necessary.

The SEM images in Figures 3a—c demonstrate the initial
growth of AINNTSs. The Al nanocrystals form within the first
15 min of growth and can be easily seen at the base of the
AINNTSs (Fig. 3a). Figures 3b,c represent the morphology dur-
ing the first 20 and 25 min of growth, respectively, with nanotip
formation typically completed in 25 to 30 min. The correspond-
ing elemental analysis by energy-dispersive X-ray spectroscopy
(EDS) of the nanotip body and nanoparticles lying at the base
of the nanotip is shown in Figure 3d. It is quite clear that the
nanotip body showed a pronounced nitrogen component,
whereas no Au signal could be obtained from the apex of such
tips, marked A in Figure 3c; this fact excludes the possibility of
a VLS growth mechanism. The crystallites lying at the base of
the nanotips, marked B in Figure 3c, from which the nanotips
evolved, yielded signals predominantly from Al, Au, and Si
with no or little nitrogen component (Fig. 3d). The carbon and
copper signals in Figure 3d come from the amor-
phous carbon-coated copper grids used for the TEM
measurements. Two interesting inferences can be
drawn from Figure 3d. First, the nanocrystal at the
base is predominantly Al, and second, the Al at the
tip is compounded with nitrogen. Both of these facts
will be corroborated from the XRD results to be dis-
cussed later in the paper. However, the existence of
the AIN phase in the nanotips is established conclu-
sively from the TEM and XRD results. The presence
of Au along with Al in the nucleating crystallites only
indicates that either pure gold or a gold silicide phase
may be controlling the nucleation and the smooth
and finer morphology of the AINNTSs. In fact, the
thickness of the Au layer is the key to the resul-
tant morphology of the AINNTs (Fig. 1). Au redun-
dancy during growth resulted in larger crystallites
with a corrugated morphology of the edges (Fig. 2¢).
The fact that AINNTs can be grown on bare sili-
con (Fig. 2c) as well as on silicon covered with Al
(Fig. 2a) indicates that a self-catalytic role of pure Al
nanocrystals cannot be ruled out. Al vapor condenses
as crystalline Al on the catalytic gold or the gold sili-
cide sites, and we believe that these crystallized Al
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nanoparticles, present at the bases of the AINNTs, served as
the nucleation sites for AINNT growth following deposition of
reacted Al and N vapors.

In order to investigate the structural evolution of the
AINNTs, XRD analyses were performed at various stages of
growth. As shown in Figure 4a, the XRD data for the initial
stage shows the presence of Al only, whereas the correspond-
ing data for the later stage shows a number of relatively sharp
diffraction peaks that can be indexed to a hexagonal structure
with lattice constants a of 0.311 nm and ¢ of 0.498 nm, which is
consistent with the standard value for bulk hexagonal AIN
(Joint Committee for Powder Diffraction Standards, JCPDS,
Card No. 25-1133). While the signals from Au are negligible,
the Al signals remain detectable in the XRD spectra. Presum-
ably the signals are due to the unreacted aluminum, which can
crystallize on the Au particles at the base of the AINNTs dur-
ing the initial high-temperature processing of the reactants. It
should be noted that all samples showed similar XRD patterns,
indicating that the structure of the nanotips is reproducible un-
der all deposition conditions used. This reproducibility is a pre-
requisite for any synthetic technique to become accepted.

Raman spectra of the AINNTSs were obtained at room tem-
perature (Fig. 4b) to further the knowledge of its structure. In
the spectrum shown, distinct first-order modes of the peaks
corresponding to the A; (TO), E, (high), E; (TO), and A,
(LO) modes at around 609.4, 653, 668, and 894 cm, respec-
tively, were observed. These Raman peaks are signatures for
wurtzite AIN as reported previously for bulk, thin-film, nano-
wire, and nanobelt structures.'®?*3%3 However, these peak
Figure 2. SEM images of AIN nanotips grown with a) Al, 15 nm, b) Pt, pOSltl?s;l]S were given alternative assignments .1n an earlier
15 nm, and c) no metal coating on the Si substrate. work.”” These Raman peaks were not detected in the samples

containing predominantly nanocrystals (such as those grown
for 15 min or less as shown in Fig. 3a), suggesting
that the AIN signals indeed originate from the well-
crystallized tips.

High-resolution TEM (HRTEM), along with se-
lected-area electron diffraction (SAED), was em-
ployed to further analyze the structure and crystallo-
graphic orientations of these AINNTSs. All nanotips
appear to be homogeneous without any grain bound-
aries, indicating the single-crystalline nature of each
individual AINNT. As shown in Figure 5b, the
HRTEM image of the apex reveals lattice spacings of
0.497 and 0.269 nm (in parallel and normal to the
axial direction), which are in good agreement with
the doy and d;7p spacings of A-AlN, respectively. In
agreement with the SAED pattern, the direction of

Cu Ay the AINNTs was found to be [001] along the long
jll marked (B) in Fig.3¢ I } axis (inset, Fig. 5b). AIN whiskers growing along
=" {1070} and {1210} close-packed planes have already
been reported,”” and a [001] growth direction of
some 1D nanostructures was also observed.!'*?")
0 2 4 6 8 10 HRTEM examination and SAED performed over

Energy (keV) several nanotips made from gold films of different

Figure 3. SEM images of AIN nanotips grown with Au (15 nm on Si) for a) 15 min, thICkn_esse.S’ and 2_1159 at (':hffere.nt locations on each
b) 20 min, and ¢) 25 min. d) The corresponding TEM-EDS spectra of the AIN nano- ~ nanotip, yielded similar diffraction patterns. Elemen-
tip and nanoparticle marked A and B, respectively, in (c). tal analysis of a single AINNT body (shown in
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marked (A) in Fig.3c »
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Figure 4. a) Typical XRD spectra taken at three different stages of growth.
The initial stage shows only Al signals and the corresponding one with
fully grown nanotips shows two crystalline phases of Al and hexagonal
AIN. b) Raman spectrum, with a discontinuous abscissa, of the AIN nano-
tips on silicon substrate. Inset shows a continuous Raman spectrum of
the AIN nanotips with the silicon signal included. All the XRD and Raman
spectra were measured from samples prepared on 15 nm Au coated Si
substrate.

Fig. 5¢) by electron energy-loss spectroscopy (EELS) clearly
established a stoichiometric AIN composition with Al (Fig. 5d)
and N (Fig. 5e¢) mapped with a similar rate of occurrence.
Based on the above results, a complete growth mechanism of
AINNTS can be proposed, a schematic description of which is
given in Figure 6. As the reaction temperature was ramped up
from room temperature to 950 °C, droplets of catalyst metals
(Au, Pt) or their respective silicide phases will be formed in the
vicinity of their respective eutectic temperatures. In the case of
uncoated Si, the self-catalytic Al or Al-alloy droplets, possibly
Al-Si, are believed to be the nucleation sites. Al vapors, gener-
ated above 660°C, dissolve in these droplets, supersaturating

© 2005 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 5. a) TEM image of an AIN nanotip and b) HRTEM image of a sin-
gle AIN nanotip with clear lattice images. The inset shows a SAED pattern
of the nanotip, indicating the single-crystalline nature with [110] zone axis
and the growth direction along [001]. c) TEM image of a single AIN nano-
tip with corresponding Al (d), and N (e) mapping using EELS.
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Figure 6. Schematic diagram of the growth mechanism of AIN nanotips.
a) Au layer coated on the Si substrate. b) Gold or gold silicide nanoparti-
cles form as the nucleation sites for the subsequent aluminum deposition.
c) Al'and N are absorbed on the nucleation sites bringing about the initial
growth of AIN nanotips. d) AIN nanotips elongate with time when the re-
action temperature is kept at 950 °C.

them and finally resulting in the expulsion of elemental Al as
nanocrystals. Fully reacted vapors of Al and N deposit as stoi-
chiometric AIN on the Al base, where a rapid growth along the
axial direction [001] and an inhibited growth along an orthogo-
nal (radial) direction was observed, giving rise to the tip shape.
Physically speaking, we can visualize this as a pyramid of
growth consisting of two-dimensional (2D) islands growing on
top of each other. The tilted face of the nanotip can be consid-
ered as a vicinal face consisting of a train of parallel steps with
mono- or polyatomic step heights (%). The high slope (81° in
our case) of this vicinal face is determined by the high rate of
2D nucleation and step propagation, which results in a small
step spacing (1) and high step density (p = h/4).1*") A lower rate
of 2D nucleation and step propagation will result in a pyramid
with much smaller slope of the tilted face. During initial
growth, the diffusion length of the pure, non-nitrided Al atom,
expelled from the catalyst or arriving fresh from the gas phase,
was high, resulting in the formation of larger 2D Al nanocrys-

Adv. Funct. Mater. 2005, 15, No. 5, May
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tals at the base of the nanotips and a significant step
spacing. Additional Al atoms impinging on the
growth surface will nucleate 2D AIN islands more ef-
ficiently as it reacts with ammonia-dissociation prod-
ucts (NH,). Then it will diffuse as AIN molecules on
the growth surface, producing the closely spaced
mono- or polyatomic steps discussed earlier. This dif-
fusion is a function of the growth temperature and
the ratio of group-V to group-III atoms."*!! This argu-
ment is supported by our observation that an in-

ey

s

,--“----,--_--_--
"
~"—.'.*_ ;

creased growth temperature, and hence increased
diffusion length, resulted in the formation of AIN
nanorods instead of nanotips, which will be reported
separately. The rate of 2D AIN island nucleation and
the diffusion length of the precursors are a function
of growth temperature and vapor supersaturation and are be-
lieved to be key in controlling the morphology of the 1D nano-
materials. The growth inhibition along the radial direction is
possible via passivation of the dangling bonds on that surface
by, possibly, oxygen.

As was mentioned in a review by Felice et al.,*”! the alumi-
num side of AIN can bond to the silicon side of SiC(001),
whereas the nitrogen face prefers the carbon side. In our case,
the basal (001) plane is the Al-terminated surface having the
higher growth rate. According to the Gibbs’ free energy (AG)
for the formation of Al-Al and Al-N at 950 °C, which is 120
and -94.5 kJ mol™, respectively, the Al-terminated surface of-
fered the preferred growth surface for the incident Al-N, bond-
ing to the nitrogen side. However, note that AG for Al-Al and
AI-N at 660 °C (melting point of Al) is nearly identical at 2.97
and —6.85 kJ mol™, respectively, and the formation of Al nano-
crystals cannot be inhibited. By the etching of AIN single crys-
tals,[*?! it was found that the angle between the basal plane and
tilted plane of the AIN pyramid was about 61.6°, which is close
to the angle between the (001) and (111) planes in AIN. The
(111) planes are energetically stable, because of a smaller num-
ber of bonds cutting through these planes. The energetically
stable surface was exposed after etching was complete. In the
case of an epitaxial AIN thin film on a SiC substrate, there ex-
ists a stable plane (namely (112)) with a 43° angle with respect
to the basal plane.m] However, in our case, the angle between
basal plane and tilted plane of the nanotip is much higher,
roughly 81.5°, corresponding to the angle between the basal
planes (001) and (221). It is thus suggested that these AIN na-
notips are bound by (221) planes, which are non-growth sur-
faces, having fewer dangling bonds and hence being non-reac-
tive, and the (001) basal plane provides the growth surface.
Figure 7a shows the atomic arrangements in an AIN crystal
with the non-growth planes (221) observed in the present work
as well as (1T1) and (112)"?! (Figs. 7b,c) reported previously.
The similar dangling-bond environments in each of these cases
can be used to rationalize the existence of the stable higher-in-
dex plane observed in the AIN nanotips. A similar basis for the
facet formation in a GaAs ridge morphology has recently been
reported.* The (221) planes can be H or N terminated, de-
pending on the bond enthalpies of AlI-H and AI-N, where the
former is smaller. The rapid etching rate on the N-terminated

Adv. Funct. Mater. 2005, 15, No. 5, May
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Figure 7. Atomic arrangement in an AIN crystal showing the stable non-growth sur-
faces of a) (221), b) (171), and ¢) (172) making angles of 81°, 61°, and 43°, respec-
tively, with the basal plane. The c-axis shown in the figure is the [001] direction.

surface may lead to dangling-bond passivation by H, which is
formed by decomposition of the ammonia gas at 950 °C. How-
ever, at such high reaction temperatures, the stability of Al-H
is questionable. In general, a high growth rate along the (001)
basal plane with the stable (221) tilted surface generates the
shape of the AINNTSs. Clearly the nanotips, with higher aspect
ratios and tilted high-index planes, are different morphological
species than the pyramids or the ridges observed earlier.

3. Conclusion

The growth of aluminum nitride nanotips on metal (Au, Al,
and Pt)-coated, or even uncoated silicon substrates via a vapor-
transport and condensation process has been demonstrated. A
pure metal or metal silicide phase acts as the nucleation site for
the precipitation of crystalline aluminum seeds for the alumi-
num nitride nanotip growth. For aluminum nitride nanotip
growth on bare silicon, a self-catalytic activity of aluminum it-
self or its silicide phase was visualized. The resultant AIN
nanotips exhibit a monodisperse distribution of apex angles.
Transmission electron microscopy and X-ray diffraction studies
suggest that these tips have hexagonal crystal symmetry with a
preferred growth direction of [001] along the long axis and a
stable (221) plane as the tilted surface.

4. Experimental

The AINNTs were grown by a vapor-transport and condensation
process using silicon substrates covered with gold, aluminum, or plati-
num which acted as catalysts. An aluminum oxide boat, carrying the
metal-coated silicon substrate and some pure aluminum powder
(SHOWA, Japan), was placed inside a quartz tube (25.4 mm in diame-
ter). The Al powder was kept upstream and the Au-coated Si substrate
was placed upside down (Au-coated side facing the Al powder) and
downstream with respect to the flow of the nitriding gas, in this case
NH;. The quartz tube was housed in a conventional tube furnace. The
quartz tube was degassed and then purged with ammonia NH;
(30 sccm, scem: standard cubic centimeters per minute), the atomic-ni-
trogen precursor. During the growth process, the furnace temperature
was ramped up to 950 °C and held at that temperature for 30 min with
an ammonia flow rate of 30 sccm. After cooling, the products collected
on the silicon substrate were characterized using HRSEM (JEOL
JSM6700F), and the structure of the nanotips was studied by HRTEM

© 2005 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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using a JEOL JEM-4000EX instrument and by XRD using a Rigaku
D/max system with CuKo radiation of 0.15418 nm. Micro-Raman
spectra were obtained with a Renishaw system 2000 spectrometer with
an Nd-YAG laser (excitation wavelength 532.2 nm).
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