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GaN nanorods coated with pure BN
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We report a method to efficiently synthesize gallium nitrfi@aN) nanorods coated with insulating
boron nitride(BN) layers. The GaN core is crystallifeith either a cubic zincblende or hexagonal
wurtzite structurgand has diameters ranging from 10 to 85 nm and lengths up fm&0rhe outer
encapsulating BN shells with typical thicknesses less than 5 nm extend fully over, and adhere well
to, the entire nanorod surface. @002 American Institute of Physic§DOI: 10.1063/1.1531836

Gallium nitride is a scientifically intriguing and techno- 25 to 800 °C, whereupon a gas flow of pure Nt¢placed
logically important material:> Of particular interest are low- the N,. At 1100 °C the oven temperature was held constant
dimensional GaN-based structures including nanowit®s. for 1 h, still with flowing NH;. Thereafter the Nkiflow was
Because of their low dimensionality and high surface-areareplaced by N and the oven was switched off, allowing it to
to-volume ratio, nanowires often display unusual electricahaturally cool back to room temperature over a period of
characteristics and high chemical reactivity. Often the propseveralhours. The synthesis product was collected from the
erties can be dramatically influenced by the surface additioguartz boat, ultrasonically dispersed in methanol, and
of selected atomic or molecular speci@scluding ultrathin  dropped onto a holey carbon-coated grid for characterization
uniform coatings Such functionalization can lead to dra- by high-resolution transmission electron microscopy
matic property enhancements for technological application.(HRTEM) using a Philips CM200 FEG equipped with a par-

Hexagonal boron nitridéBN) is a covalently-bonded allel electron energy-loss spectroscdELS) detector(Ga-
system with exceptionally strorgp? planar bonds. The ma- tan PEELS 67Band an energy dispersive x-ray spectrometer
terial forms the basis of a growing number of nanostructuresiEDS).
including nanotubes’® and nanococoors.The desirable Figure Xa) is a typical low-magnification TEM image of
mechanical, electronic, thermal, and chemical properties aofhe product, and shows a 34-nm-diameter nanorod with a
these materials suggests that BN may form a useful compaoating. As we discuss later, the EELS and EDS analyses are
nent in other nanosystems, including as a coating materiatonsistent with the nanorod core being composed of pure
Indeed, it has been shown that surface addition of BN cai@aN and the coating composed of BN. The thickness of the
greatly enhance the electron field-emission characteristics @foating is approximately 3.5 nrtwith a modest variation
carbon nanotubes, Si tips, and GaN filths'® Several BN-  along the length of the nanorpd-rom a statistical analysis
and B.C,N,-coated nanowires have also been demonstratedf many similar HRTEM images, we find that the coated
including nanotubes filled with carbides, borides, andnanorods have diameters in the range of 10 to 85 nm and
oxides41° lengths of up to 6Qum. The thickness of the BN coating is

Here, we describe the synthesis and structural charactessually less than 5 nm.
ization of BN-coated GaN nanowires. A simple and highly Figure Xb) is an expanded HRTEM image of a smaller
efficient synthesis process is demonstrated which creates rart of the coated nanorod of Figial [the selected region is
one step the nanowires together with their coating. The Gahhdicated by an arrow in Fig.(&]. The lower two-thirds
nanowire core is crystalline with either a cubic zincblende orportion of Fig. 1b) shows the crystalline GaN nanorod,
hexagonal wurtzite structure, and can be formed with diamwhile the upper one-third portion shows the BN coating.
eters ranging from 10 to 85 nm and lengths up tq®@. The  Digital TEM images of the GaN region, such as those shown
outer coating is typically several BN-layers thick and morein Fig. 1(b), were analyzed by fast Fourier transfoffFT)
or less uniformly covers the entire GaN nanowire. The syntechniques to reveal details of the local GaN structure. The
thesis process is easily scalable and could produce largaset to Fig. 1b) is a corresponding diffraction pattern thus
amounts of relatively pure material. obtained for the GaN region of Fig(d). The nanorod struc-

To create the coated nanowire &g and Ga(mol ratio  ture can be indexed to hexagonal wurtzite GaN. The incident
1:4), amorphous boron powder, and an iron oxide catalyselectron beam direction is alo@01) and the long axis of
(supported on an alumina-nanoparticle templatere well-  the nanorod is parallel to the crystalliaedirection.
mixed and placed in a quartz boat. The boat was inserted into The HRTEM image of Fig. (b) shows that there are
the hot-zone of a conventional temperature-programmableoughly ten BN layers covering the surface of the nanorod in
furnace. We first flowed pure \gas at atmospheric pressure the selected area. These layers are well “graphitized,” but
over the boat and linearly ramped the oven temperature frorthere is also substantial structural disorder present and the
concentric shells are certainly not continuous along the

dauthor to whom correspondence should be addressed; electronic mail€Ngth O_f the nanoro@nor, most likely, even aroun_d the na-
azettl@physics.berkeley.edu norod circumferende Nevertheless, the BN coating layers
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FIG. 2. Low-magnification TEM image of two coated nanorods, whose
diameters are about 36 nm and 49 r(ly). HRTEM image of a part of the
coated single crystalline nanorod indicated by an arroajnThe inset is

the corresponding diffraction pattern taken by FFT, which are indexed to
cubic zincblende GaN. The incident direction of the electron beam is along
(012. The long axis of the nanorod is parallel to the crystalinéirection.

tion features start respectively at 188 and 401 eV, are re-
vealed in Fig. {c). Figure 1d) shows anL-edge absorption
i, A for the Ga peak that starts at 1.115 keV. The calculated B/N
K i ™ ] atomic ratio is approximately 0.43, well below the expected
'“'-a,,k 1:1 ratio for isolated hexagonal BN nanostructures. The sto-
[1'-.,_“" "y ] ichiometry of the BN coating is almost certainly close to 1:1
A" and the excess nitrogen in the analysis derives from the N of
the overlapping GaN core. A small amount of oxygen is also
detected in some coated nanorod specimens.
- . : The synthesis method described above yields predomi-
T TR gt e T nantly GaN nanorods in the hexagonal wurtzite structure,
which is the usual GaN nanorod structure irrespective of syn-

FIG. 1. (@ Low-magnification TEM image of a BN-coated GaN nanorod thesis routé~® However, we have. on occasion. also found
whose diameter is about 34 nit)) HRTEM image of a part of the coated ' ' '

crystalline nanorod indicated by an arrow(a. The inset is the correspond- m_ Ou_r prOdUCt BN-coated (_-;aN nanorOdS dlsplay!ng the Cu-
ing diffraction pattern obtained by FFT, indexed to hexagonal wurtzite GaNbiC zincblende structure. Figurda® is a low-magnification
The incident direction of the electron beam is ald0g1). The long axis of ~ TEM image of two coated nanorods, whose diameters are

the nanorod is parallel to the crystallinedirection.(c) and(d) show EELS . .
spectra taken from the part of the nanorod indicated by an arrq@).iric) about 36 and 49 nm. The thickness of the BN coating for

indicates prominent B and N peaks, whit indicates a Ga peak. both nanorods is about 3 nm. Figureopis a HRTEM image
of a part of the coated single crystalline nanorod indicated by
] ) arrow in Fig. Za), and the inset of Fig. (®) is again the
are locally crystalline and very much “nanotube-like,” as ¢qorresponding diffraction patterns obtained by FFT. The pat-
opposed to being “herring-bone-like” or lacking layered (e can be indexed @911) zone axis of cubic zincblende
hexagonal BN structure altogether. The interlayer distance iggaN structure. Two diffraction spots labeled in the inset cor-
the BN coating shells is approximately 0.34 nm, in accordrespond to plane$200) and (11). The long axis of the
with the (002 spacing of bulk hexagonal BN and the inter- nanorod is parallel to the crystallimedirection. We note that
wall separation in multiwall BN nanotubés!® HRTEM  the cubic zincblende phase of Gaffattice parameter of
shows that the BN layers extend all along the nanorod angbhout 0.45 nris metastable and not easily realized in prac-
appear to be intimately bonded to the GaN. The BN coatingice. For GaN films, it is observed only for heteroepitaxial
is robust and not easily dislodged from the GaN nanorodayers on highly mismatched cubic substrai@®l)-oriented,
core. for example GaAs, Si, MgO, and cubic Si€At present it is
EELS spectra taken from the same region of the nanorodnclear what local synthesis conditions are responsible for
indicated by an arrow in Fig.(&) are shown in Figs.(&) and  generation of the metastable-phase cubic zincblende GaN na-

1(d). K-edge absorption for B and N, whose distinct absorp-norods. We have been unable to tune the synthesis param-
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ture of 1100 °C. As a comparison, control experiments were
performed with identical experimental conditions reported
above, except with nitrogen gas replacing NHNo GaN
nanorods, with or without coating, were formed. Further-
more, no BN nanotube-like structures, with or without fill-
ing, were formed. This agrees with the previous work that
ammonia is critical to the synthesis of GaN nanorods or films
at relatively low temperaturéabout 1000 °C)~® Because
N, is much less reactive than ammonig, i only effective
for high temperature reactions, such as arc-dischaiijés
FIG. 3. Low-magnification TEM ofa) GaN nanorods with a well-uniform 1S because ammonia is much more chemically active than N
BN coating(labeled A, (b) an amorphous BN nanotube with rough edges The synthesis process just described provides a simple,
(labeled B, and (c) an amorphous BN nanotube with rough edges andefficient, and unique method to generate GaN nanorods with
noncontinuous fillinglabeled G. continuous(though defectedBN coatings. Likely, more so
o ) _than carbon-layer coatindsye expect BN-layer coatings to
eters to obtain this metastable phase as a dominant fractiofyt effectively as chemically and electrically inert protecting
of nanorods in the product. layers, and to enhance the stability of GaN nanorods in harsh
Slight variations in synthesis conditions can lead to dif-chemical, thermal, and electrical/optical environments. For
ferent types of coated nanorod structures, including thos@xample, these coated nanorods might be more immune to
with very rough edges and discontinuous nanorod filling.photobleaching when used as solid-state nanolasers. Various
Figure 3 shows some examples. This low magnification im-iner physical properties of the BN-coated GaN nanorods,
age shows a well-coated nanordebeled as A an amor-  g,ch as electrical conduction and electron field emission

phous nanotube with very rough edgézbeled as B and @  characteristics, are obviously of great interest and are the
nearly amorphous BN nanotube with noncontinuous GaNsypject of current experiments.

filling (labeled as € The well-coated nanorod indicated as A

is similar to the coated nanorods shown in Figs. 1 and 2. This research was supported in part by the Director, Of-
EELS analysis again showed that the coatings in all threéice of Energy Research, Office of Basic Energy Sciences,
cases was BN and that the filling was GaN. In the virtuallyMaterials Sciences Division of the U.S. Department of En-
“empty” portions of the amorphous BN nanotube housing ergy, under Contract No. DE-AC03-76SF00098, adminis-
(as in region @, small amounts of Ga and O were detected.tered through thsp? and Interfacing Nanostructures initia-
We note that nanorod-like structures with rough surfacegives.
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