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Abstract: The preparation of high-purity and -quality gallium nitride nanowires is accomplished by a catalytic
growth using gallium and ammonium. A series of catalysts and different reaction parameters were applied to
systematically optimize and control the vaptiguid—solid (VLS) growth of the nanowires. The resulting
nanowires show predominantly wurtzite phase; they were up to several micrometers in length, typically with
diameters of 1650 nm. A minimum nanowire diameter of 6 nm has been achieved. Temperature dependence
of photoluminescence spectra of the nanowires revealed that the emission mainly comes from wurtzite GaN
with little contribution from the cubic phase. Moreover, the thermal quenching of photoluminescence was
much reduced in the GaN nanowires. The Raman spectra showed five first-order phonon modes. The frequencies
of these peaks were close to those of the bulk GaN, but the modes were significantly broadened, which is
indicative of the phonon confinement effects associated with the nanoscale dimensions of the system. Additional
Raman modes, not observed in the bulk GaN, were found in the nanowires. The field emission study showing
notable emission current with low turn-on field suggests potential of the GaN nanowires in field emission
applications. This work opens a wide route toward detailed studies of the fundamental properties and potential
applications of semiconductor nanowires.

Introduction reactio?, and catalytic reactiofIn particular, a large number

of crystalline GaN nanowires have been obtained by a catalytic
synthesis based on a vapdiquid—solid (VLS) growth mech-
hanismf‘v6 however, a systematic study of the growth and
characterization of such high-quality GaN nanowires that
allowed reliable testing of their optoelectronic properties was
still lacking.

One-dimensional (1-D) semiconductor nanostructures (na-
norods and nanowires) have recently brought significant researc
activities in material chemistriy Nanorods and nanowires are
intriguing 1-D structural and electronic-confined systems ideally
suited for fundamental studies of their physical properties and
for the fabrication of optoelectronic nanodeviédsotably, one .
of the 1-D IlI-V semiconductor nanostructures, GaN nanowires, . Recently, we repqrted a [arge-scalfe synthesis of GgN nanow-
has attracted much attention because of their great potential for''es from the catalytic reaction of g.al.h.um and ammonium using
the new visible and UV optoelectronic application®f late, '”d'““? powder as a cataly‘ém our initial synthess, the purity
the synthesis of GaN nanowires has been achieved by variousand diameters of the nanowires were still not well-controlleq.
techniques such as laser-ablatfooarbon-nanotube-confined Subsequently, b_reakthroughs have been. made to achieve h.'gh'

purity and -quality GaN nanowires. In this work, new experi-
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tronic applications. Indeed, it has already been established that ~ Quartz Tube
the effects of quantum confinement in InN clusters of the InGaN
active layer were responsible for the high brightness of the light-
emitting dioded. It was based on the argument that once @ﬁ
captured by quantum clusters, carriers occupy strongly localized

states, and their migration toward nonradiative recombination 1 le)ft‘r”oner
centers were hindered. Therefore, it would be quite interesting N

to know whether efficient luminescent properties can be Figure 1. Schematic experimental setup for the growth of GaN
achieved in GaN quantum wires. Furthermore, the growth of nanowires. Gallium and catalyst were placed on substrates A and B,
GaN nanowires for optical luminescence applications on silicon respectively. Typical experimental condition: iron powder used as
substrate were highly desirable due to the mature developmentcatalyst on silicon substrate; heating rate ’8@min; reaction temper-
and large-scale production of Si substrates at low cost andatures, 910C; and total reaction time, 12 h under an ammonium flow
considerable size. of 18 sccm.

To provide additional information on the optical properties
of GaN nanowires, we used the Raman-scattering technique to
investigate the vibrational properties of the material. Raman-  Materials and ReagentsSubstrates of silicon (100) wafer or quartz
scattering has been proved to be a valuable tool for probing plates were cleaned by a standard treatment in piranha solution (30%
phonon excitations in semiconduct8iRecently, it has also been ~ H202/70% HSQy) and rinsed in deionized water before use. Molten
applied to the characterization of nano-structured semiconduc-9allium (99.9999%) and catalysts including the metal powderl(
tors? Of principal interest is Raman-scattering evidence for the #™ " particle size) of indium (99.9999%), iron (99.5%), nickel

(99.8%), and cobalt (99.99%), and the metal complexes of ferrocene
changes of both the phonon structure and the eleetpbionon (CigHioFe, 98%), iron phthalocyanine {Ei.NsFe, 96%), cobalt

COUF’"”Q of th_e_ systems due t_o_ qu_antum Confl_nement O phthalocyanine (H:eNsCo, 96%), and nickel phthalocyanines@;Ng-
synthesis-specific structural modification. Indeed, it has been Nj, 9596) were used as received. The metal alloys were obtained from
shown in this study that a strong correlation between the Ramanthe mixtures of metal nitrate solutions. Toluene was purified by
phononic excitation spectra and the finite-size effects in GaN distillation before use. Ammonium gas was purged through a gas
nanowires exists. purifier to remove water and oxygen before the reaction.

The nanosized wire-like structures grown on a large-scale Catalyst Preparation. The catalysts were placed on substrate B (see

surface are ideal for the field emission applications such as field €'oW) in different ways: (1) Indium, iron, nickel, and cobalt powders

L . . were suspended in toluene by sonication and then homogeneously
ﬁamrf)?&%ne(sjlisrﬁ)lgéé)'zﬁalj\aé T)ee(é?]n:gbé?te;g%em:lIi?jrea?lﬁoﬂ%?:rbon dissipated onto the substrate. (2) Ferrocene, iron phthalocyanine, cobalt

N phthalocyanine, nickel phthalocyanine, and metal nitrates were dissolved
extremely large enhancement factor due to their high aspectip toluene or water to form a solution. The solution was then dispersed
ratios is thought to be the key to the low turn-on field and high onto the substrate and dried by a flow of nitrogen. The substrates were
emission current; however, poor emission stability of carbon eventually dried in a tube furnace to remove all remaining solvent before
nanotubes, which may be due to the progressive destruction ofthe reaction. (3) For bimetallic alloy catalysts, any two of the metal
carbon nanotubes under such a high emission current, has alséNi, Co, Fe) nitrates with 1:1 molar ratio were dissolved in water to

been addresséd.In comparison to carbon nanotubes, semi- form a solution. The solution was dispersed onto the substrate and dried

conductor nanowires or nanorods possess similar geometricas described above. The metal alloys were formed while the substrate

features but more rigid structures. It has been reported that Siwaérr;(\j\iaeift%zllﬁzr;emiﬁﬁéztﬁ:irs{owires The experimental setu
and SiC nanowiréd as well as SiCN nanoroés exhibit ' b P

ising field T . B he di ffor GaN nanowire growth is described schematically in Figure 1.
promising field emission properties. Because the diameters of 1y icayly an excess amount of molten gallium was placed on substrate

GaN nanowires reported in this paper werd0 nm, good field  A'(1 x 1 cn?) that was inserted into the center of a 1-in.-diameter quartz
emission properties due to the high enhancement factor andiube placed inside a tube furnace. Substrate B (2 cn?) deposited
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/
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Experimental Section

stable structure were expected. with catalysts (+5 mg) was transferred into the quartz tube at a
distance +10 cm away from substrate A. The quartz tube was degassed
(7) (a) Naxamura, S.; Fasol, Ghe Blue Laser DiodeSpringer-Verlag: and then purged with ammonia. The temperature of the furnace was
Berlin, 1997. (b) Gerard, J. M.; Cabrol, O.; SermageABpl. Phys. Lett. increased at a rate of 3A.00 °C/min from room temperature to the

1996 68, 3123-3125. (c) Yang, H. C.; Kuo, P. F.;Lin, T. Y.; Chen, Y. F. reaction temperature of 8801050 °C and kept for 3-48 h under a

Appl. Phys. Lett200Q 76, 3712-3714. . .
DEJB) Ca)rldona, MLight Scattering in SoligSpringer-Verlag: Berlin, 1975. constant flow of ammonia (18 sccm). After the reaction, the furnace

(9) (a) Li, G. H.; Ding, K.; Chen, Y.; Han, H. X.; Wang, Z. B. Appl. was cooled to room temperature and the resulting nanowires were
Phys.200Q 88, 1439-1442 and references therein. (b) Teo, K. L.; Kwok, collected on the surface of substrate B.
S.H.;Yu, P. Y., Guha, $hys. Re. B200Q 62, 1584-1587 and references Size, Morphology, and Structure Characterization. The mor-
therein. (c) Nanda, K. K.; Sahu, S. N.; Soni, R. K.; TripathyP8ys. Re. phologies and crystal structures of the resulting material on substrate

B 1(?8)8@51? éssogl|:54%7ugﬂg rgfeé,e.n(;&s tJhe\rlslp.Wan 3. H.- Bush. p.: Bwere characterized using scanning electron microscopy (SEM, JEOL-

Siegal, M. P.; Provencio, P. Nsciencel998 282, 1105-1107. (b) Choi, JSM-6300) and X-ray powder diffraction (XRD, Toshiba, A-40-Cu).
W. B.; Chung, D. S.; Kang, J. H.; Kim, H. Y.; Jin, Y. W.; Han, I. T.; Lee,  Further structure and stoichiometry analyses of individual GaN nanow-
Y. H.; Jung, J. E,; Lee, N. S;; Park, G. S.; Kim, J. Kppl. Phys. Lett. ires were performed using transmission electron microscopy (TEM,
1999 75, 3129-3131. Zeiss-10C at 100 kV), high-resolution TEM (HRTEM, JEOL-4000 EX

L ,%ﬁg‘?&gﬁ:dﬁ\‘k%; S;A;ztafétglgza%tgcgli;ggo de Heer, W. A, FOITo, - o4 400 kv), selected-area electron diffraction, and energy-dispersive

(12) (a) Au, F. C. K.; Wong, K. W.: Tang, Y. H.: Zhang, Y. F.; Bello, X-ray spectroscopy (EDX). The TEM samples were prepared by

I.; Lee, S. T.Appl. Phys. Lett1999 75, 1700-1702. (b) Pan, Z.; Lai, H.- depositing an aliquot of GaN nanowires dispersed in toluene onto either
L.; Au, F. C. K;; Duan, X.; Zhou, W.; Shi, W.; Wang, N; Lee, C.-S.; Wong, ~ an amorphous carbon film or a porous carbon film on a Cu grid.
N.-B; Lee, S.-T.; Xie, SAdv. Mater. 2000 12, 1186-1190. Optical Spectroscopy. (1) Photoluminescence Spectr& chopped

(13) (a) Chen, K. H.; Wu, J. J.; Chen, L. C.; Wen, C. Y.; Kichambare, : :
P. D.. Tamtair, F. G.; Kuo, P. F.: Chang, S. W.: Chen, YEfamond He—Cd laser working at 325 nm with an output power-e£0 mwW

Relat. Mater.200Q 9, 1249-1256. (b) Tarntair, F. G.; Wen, C. Y. Chen was used as an excitation source. The sample was placed in a closed-
L. C.; Wu, J. J.; Chen, K. H.; Kuo, P. F.; Chang, S. W.; Chen, Y. F.; Hong, Cycle He cryostat, which provides a temperature range from 10 to 300
W. K.; Cheng, H. CAppl. Phys. Lett200Q 76, 2630-2632. K. The emission signal was collected by a SPEX 0.85-m double
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Figure 2. Schematic illustration of the field emission measurement
setup. Indium tin oxide (ITO) glass was used as the anode to monitor
the emission current.

spectrometer and detected by a lock-in amplifier coupled with a
photomultiplier tube.

(2) Raman Spectra: The room-temperature Raman spectra were
measured with 514.5 nm photons from an"Aaser (Spectra Physics
Model 2017). The linearly-polarized light was focused onto the sample
through a 10& optical microscope objective (0.95 N. A.) having a
spatial resolution of< 2 um in a backscattering geometry. Several
locations of each sample were probed to ensure reproducibility of the
data. The laser power used wasl.5 mW. The possible effect of local
heating was checked by varying the excitation power, and no ap-
preciable change in the Raman spectra was observed for pewgrs
mW. The scattered light without polarization analysis was collected
and dispersed by a Dilor XY 800 triple spectrometer having 1800
grooves/mm grating. A liquid-nitrogen-cooled 1024-pixel-wide charge-
coupled detector (Jobin Yvon model Spectrum One) was used to record .
the entire spectrum simultaneously, providing a multiplexing advantage. rigyre 3. Typical SEM images of GaN nanowires grown on a silicon

The spectral resolution of the system was typicailyl cmr™. To substrate. (a) Cross-sectional image showing a large number of
investigate further the resonance property, both-Ne (632.8 nm) nanowires grown on substrate B. (b) Top-view image of nanowires.

and Ar" lasers (457.9 nm) were used for the study. Detailed Raman The engths of the nanowires here are up to several micrometers, and

analysis using the two excitation lines will be published elsewkere.  heir iameters are-20-50 nm. The nanowires show a smooth surface
Field Emission MeasurementsField emission characteristics were  anq no ramification over their length.

carried out using a parallel-plate configuration efM measurement

under a base pressure of 2 107 Torr at room temperature. A . . . .
schematic diagram of the field emission measurement setup is showncovered entirely by the nanowires without any irregular-shaped

in Figure 2. A Keithely 237 electrometer was employed for supplying C'YStals. Figure 3 shows typical SEM images of GaN nanowires

the voltage and measuring the current. The measurement was performedeposited on substrate B. Further structure and stoichiometry
by collecting electrons emitted from the sample while applying a ana'yses below confirm that those wire-like materials in the
positive voltage on an indiurtin-oxide-coated (ITO) glass electrode, SEM images are indeed composed of GaN crystals.
which was placed 7@m above the sample. The area of the anode was |t was found that the diameter distribution of the nanowires
restricted to being smaller than that of the sample to avoid the field jiected on substrate B was strongly dependent on the distances
emission at the sample edges due to their structure enhancement, WhiCIE)etween the two substrates. When substrate B was placed closer
would lead to false analyses of field emission characteristics of the L . -

to substrate A, more nanowif€swith larger diameters were

GaN nanowires. Precaution is required to clean the sample before . ' . .
measurement in order to eliminate dust particles on the surface thatObta'nEd' For instance, the diameters of the nanowires were

placed at a distance of 1 cm from substrate A. In comparison,
Results and Discussion the diameters of the nanowires were significantly reduced to
20—-50 nm when the distance between the two substrates was

Systematic Optimization of GaN Nanowire Growth. (1)
Varying the Distance between Substrates A and BSome 10 cm. ) ] ] )
modifications from the previous setupere made to improve (2) Varying the Catalytic Materials. It was reported in our
the purity and diameter distribution of resulting GaN nanowires. Previous studythat indium metal can serve as a good catalyst
As described in Figure 1, substrates A and B were separatedn the reaction of gallium and ammonium for the growth of
by a dlstance Of _:Elo cm Carrying ga”lum and Cata'yst, GaN nanowires. In thIS WOfk, a series Of metal pOWdeI‘S, metal
respectively. After the reaction, it was found that residual alloys, and metal complexes were systematically tested in the

gallium and gallium nitride crystals were found only on substrate 58 0 difficulies in calcuiaina th rat

; - ecause there are some difficulties in calculating the quantitative
A, and_they were successfully separated from high purity GaN yield of the nanowires, relative coverage fractions in volume of the
nanowires formed on substrate B. The surface of substrate Bhanowires on substrate B (22 cn? ) were compared in different samples

exhibited a light yellow, otherwise transparent, color and was on the basis of their SEM images. Here, we defined the samples with high
yield as that substrate B surface was covered by nanowires without any
(14) Liu, H. L. et al.Appl. Phys. Letf.submitted. irregularly shaped crystals.
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Figure 5. SEM image of the sample heated for 3 h. A large number

Figure 4. TEM image of GaN nanowires prepared from the catalytic of short rodlike structures with diameters of several hundred nm are
reaction when metal complex of cobalt phthalocyanine was used as asqng.

catalyst. The diameters of the nanowires &0 nm, as indicated in

the image. This image shows some bright and dark contrast bands along
the growth direction. These bands may arise from some bending of
the nanowires.

g

catalytic reaction. We found that metal powders and alloys of
In, Co, Ni, Fe, Ni/Co, and Fe/Co can all be used as catalysts to
produce a large amount of GaN nanowires. The morphologies
of the nanowires were similar to those shown in Figure 3.

Typically, the diameters of GaN nanowires were in the range
of 20—50 nm, and their lengths were up to sevesal, as shown

in Figure 3. However, diameters and lengths of GaN nanowires
was found to be independent of the metal powders and alloys
that were used.

The metal complexes of ferrocene, iron phthalocyanine, cobalt
phthalocyanine and nickel phthalocyanine were also used as the
catalyst in the reaction of gallium and ammonium for the growth
of GaN nanowires. After the catalytic reaction, a large number -
of GaN nanowires were obtained, and their morphologies were Figure 6. TEM image of a single GaN nanowire. An irregular-shaped
similar to those shown in Figure 3. However, significant nanoparticle is terminated on the tip of the nanowire. The nanowire
reduction in the average diameters of GaN nanowires was was prepared using cobalt phthalocyanine as a catalyst. The diameter
observed, in particular, for the samples when cobalt phthalo- ©f the nanowire is~16 nm.
cyanine or nickel phthalocyanine was used as a catalyst. A ) ) )
minimum diameter of 6 nm has been achieved. Figure 4 showscomplexes of Fe, Co, and Ni were applied, a slow heating rate
the bright-field TEM image of several segments of crystalline Igd to a broad distribution of diameters of the nanowires and
GaN nanowires having diameters down to 12 nm (also see V'C€ Versa. ) ) )
Figure 9 below). These results indicate that using metal _(4) Varying the Total Reaction Time. The total reaction
complexes instead of metal powders may result in smaller time was a crlt!cal factor for Qetermlnmg the.d|amej[ers and
diameters of GaN nanowires, because these metal complexeée”gths of resulting GaN nanowires. The catalytic reactions were

may decompose at high temperatures into gaseous species a Erll:/clnr_med forfCt%H 6, 12t’ 1_8|' 24, ?r:'d 48; Fldgure 5 sh?wst_the
form very small metal clusters which can serve as a catalyst. Image of theé materials synthesized under a reaction ime

. - L of 3 h. The material in this image exhibited short rodlike
Under a typical reaction condition, the catalysts cobalt phtha- : . )
locyanine and nickel phthalocyanine resulted in GaN nanowire structures. It was found that, dur_lng the heatlng_perlod 3

. . ) h, these rodlike structures continuously grew in length along
samples having diameters mostly in the range of30 nm,

h th der-t talvsts i : ¢ the axial direction to form wire-like structures, whereas their
whereas other powder-type catalysls In our experiments pro- s yeters decreased. These results agreed with the VLS growth
duced nanowires having diameters generally in the range-of 20

mechanism of nanowires in that the growth was initiated from

100 nm. a saturated miscible liquid alloy of Ga&N—catalyst, and then

(3) Varying the Heating Rates.Various heating rates (25, GaN nanowires were precipitated out in one direction as
50, 75, and>100°C/ min) were tested in the catalytic reaction. described below (see Figure 7). However, when the reaction
When metal powders of Fe, Co, and Ni were applied in the time was more than 12 h, the diameters of nanowires were
reaction, GaN nanowires with a broad diameter distribution were dramatically increased. Unusual shapes of GaN bulk crystals
produced under fast heating rates100 °C/min), whereas  were observed when the total reaction time exceeded 48 h.
nanowires with a narrow diameter distribution were produced (5) Varying the Reaction Temperatures. The optimal
under slow heating rates (2&/min.). In contrast, when metal  reaction temperature for the formation of GaN nanowires was




Gallium Nitride Nanowires J. Am. Chem. Soc., Vol. 123, No. 12, 2&¥B5

(a) N Liquid Gronthof provides a clear evidence _thgt the growth of nanowires went
Feeding Alloys Nanowires through a VLS process. Similar phenomena have been com-

monly observed in the VLS growth of some ceramic whiskers
such as AIN, SiC, and Ta&.

Two possible pathways were proposed and described sche-
matically in Figure 7 to further illustrate the details of the VLS
growth of GaN nanowires. On the basis of the proposed
(b) o pathways and the experime_ntal _results,_ we summar_ized several

C’:::l‘ixes Meclusters Fggﬁl . ‘;ﬁ;‘x g;z:‘u(’efs important factors for preparing high-purity and -quality nanow-

’ ires using the catalytic reaction. (1) The formation of miscible
liquid alloys of Ga-N—catalyst at certain reaction temperatures
(~910°C in this experiment) is an essential step to induce the
VLS growth of the nanowires. Our experimental results have
demonstrated that several different metals can serve as good
Figure 7. Schematic illustration of two possible pathways of the VLS  catalysts, suggesting that those metal catalysts must be miscible
growth of GaN 'nan_owires. (a) At the beginning, the pataly;ts of metal \ith Ga and N to form liquid alloys as described in Figure 7.
powder €1 .m in diameter) gradually form catalysgallium-—nitrogen oy The diameters of resulting GaN nanowires are dependent
alloys after gallium vapor transport to the catalysts on substrate B. Eachon the sizes of the miscible liquid alloys of Ghl—catalyst,

alloy turns into a miscible liquid droplet and then spreads out, becomin . - o .

mar);y smaller droplets. Her?ce, afteFr) the concentrz;)tion of gallium nitridg prQVIded that the miscible liquid alloys were V\{ell-dlsperééd._
reaches saturation in the droplet, the droplet can act as a nucleationSing metal complexes as a catalyst can resultin GaN nanowires
site, and a GaN nanowire begins to grow in one direction. (b) At the With very small diameters, suggesting that gas-phase condensa-
initial heating stage, metal complexes are decomposed rapidly in the tion of the metal complexes produced very small miscible liquid
gas phase or on the substrate and sequentially generate many smatlloys. Meanwhile, the initial heating rates may also affect the
metal clusters. These clusters form small-®&-catalyst liquid droplets sizes of the miscible liquid alloys and consequently change the
and serve as nucleation sites after gallium and ammonium vapors arediameters of the nanowires as well as their distribution. (3)
fgd in. In comparison t(_) pathway (a), the 'nanowires with smaller According to the VLS processes shown in Figure 7, gallium
diameters could be obtained when the reaction goes through pathwayvapor must have first evaporated and transported from substrate
®)- A to substrate B, where the catalytic reaction has taken place,
therefore, high purity GaN nanowires can be separated from
residual gallium metal. The average diameters of the nanowires
varied with the distances between substrates A and B due to
the changes of the concentrations of gallium vapor.

Besides the factors discussed above, it is believed that other
parameters may also play a role on the VLS growth of GaN
nanowires. More efforts should be made to obtain GaN
nanowires with a well-dispersed aspect ratio (diameter/length)
soon.

Structural Characterization. A typical XRD pattern of the
resulting GaN nanowires is shown in Figure 8. The sharp
diffraction peaks in the pattern were indexed to a hexagonal
wurtzite structure. The lattice constants derived from the peak

30 35 40 45 50 55 80 55 70 75 80 pOSitionS werea = 3.188 ancc = 5.180 A, which agreed well
28 with the reported values of bulk GaN crystaisThe strong
Figure 8. X-ray powder diffraction of GaN nanowires. The sample diffraction pea_ks relative to the backgrou_nd Signals suggested
was prepared under the conditions as described in the caption of Figureth@t the resulting GaN nanowires had a high purity of the GaN
1. wurtzite phase. We have found that almost all nanowire samples
) had growth directions of [110] or [100] in parallel to the long
found to be~910 °C. When the reaction temperature was  gxis of the nanowire$as shown from the HRTEM investiga-
850°C, the crystallinity of the resulting materials became POOr tions, however, it should be mentioned that the nanowires
and an amorphous solid was obtained. When the reactiongptained from other reports have a common growth direction
temperatures were 1050 °C, almost no GaN nanowires on ¢ [100].45
substrate B were observed. , o , As can be seen from HRTEM image in Figure 9, the resulting

Overall, following the systematic optimizations of experi- nanowires have diametersl0 nm when metal complexes were
mental conditions, significant progress was made toward gpplied as catalysts. No defects between contrast bands were
controlling the growth of GaN nanowires. High-purity and  foynd in the HRTEM image. The clear lattice fringes in this
-quality GaN nanowires with diameters in the range of 50 image confirmed a single-crystal structure of the nanowires, as

nm were available for further studies of their structural, optical, is evident from the clear lattice fringes in this image. Also noted
and electrical properties for further applications.

Vapor—Liquid —Solid (VLS) Growth of GaN Nanowires. (16) (a) Haber, J. A.; Gibbons, P. C.; Buhro, W.Ghem. Mater1998

; : : i A P 10, 4062-4071. (b) Chrysanthou, A.; Grieveson, P.; JhaJAMater. Sci.
A typical TEM image of a single nanowire is displayed in Figure 1991 26, 3463-3476. (c) John, M.: Nygren, MJ. Mater. Res1997 12

6 to illustrate the details of the nanowire growth. In this image, 2419-2427.
the nanowire was terminated with a nanoparticle at its tip. The  (17) (a) Gudiksen, M; Lieber, C. M. Am. Chem. So200Q 122, 8801~

indi ; i 8802. (b) Duan, X.; Lieber, C. MAdv. Mater. 200Q 12, 298-301.
EDX analyses indicated that the nanoparticle on the tip was ™ o825 "8 " riion, €. 1. Itie, J. P Miguel, A Bhys. Re. B
mainly the catalytic metal, gallium, and nitrogen, whereas the 1995 45 83-89. (b) Lagerstedt, O.: Monemar, Bhys. Re. B 1979 19,

nanowire was only composed of gallium and nitrogen. The result 3064-3070.
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using cobalt phthalocyanine as a catalyst. The direction of the long axis is [110], and the zone axis is [001]. The diameter of this single nanowire
is ~8 nm. The space 0f0.25 nm between arrowheads corresponds to the distance between two (100) planes.
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' 0‘48 M« « Figure 11. Temperature dependence of photoluminescence spectra of

GaN nanowires. A HeCd laser (325 nm) with an output power of
>10 mW was used as the excitation source. Iron powder was used as
A B et A ARS s i nonses e 4 the catalyst for this sample.

L E LA E S B B BB EEYE R EREE R

el G S S Aoy S F RS E S N direction was parallel to the [001] direction of the wurtzite
structure. Notice that the structures with highly faulted structures

Figure 10. High-resolution TEM image and its corresponding electron were found only in individual nanowires with large diameters.

diffraction (inset) of a faulted GaN nanowire prepared using iron powder The nanowires having sm_all d|ameters_, as shown in _F|gure 9,
as the catalyst. The direction of the long axis is [001], and the zone &€ generally defect-free single crystallites. Further evidence of

axis is [100]. The faulted structure is marked by an arrowhead. the existence of a zinc-blend structure in a predominant wurtzite
structure of the GaN nanowires can be seen from the photolu-
in this image is that the [110] direction was parallel to the long minescence data as described below.
axis of the wires, indicating that [110] direction is the fast- Photoluminescence Spectroscopylypical photolumines-
growth direction for GaN nanowires. The inset of Figure 9 cence spectra from GaN nanowires taken at different temper-
shows a selected-area electron diffraction pattern of the nanowireatures are shown in Figure 11. It is interesting to note that a
that can be indexed to the reflection of hexagonal GaN crystals strong band-edge emission of wurtzite GaN crystal can be
along [001] directions. observed at room temperature. The band-edge emission intensity
Figure 10 shows a high-resolution TEM image of a GaN at 300 K is~60% of that at 15 K. In comparison to the results
nanowire observed from the [100] zone axis, and the inset showsobtained at the same energy range of emission from bulk GaN,
the corresponding electron diffraction pattern. For this specific the GaN nanowires exhibit the weakest photoluminescence
nanowire, the direction of the long axis is [001]. Along this quenching?®1°This result indicates that thermal quenching of
direction, “stacking faults” were observed in some regions that photoluminescence is much reduced in GaN quantum wires.
exhibited a zinc-blend-type structure, of which the [111] The broad half-width of the PL spectra probably reflects the




Gallium Nitride Nanowires

J. Am. Chem. Soc., Vol. 123, No. 12, 2&¥B7

2000 T T T Table 1. Raman Peaks Observed in the Bulk and Nanowires GaN
T=300K E2| Spectra at 300 K, and the Corresponding Symmetry Assignfnents
A=514.5nm E1(TO)| t_hin - .

1500 - bulk bulk bulk film nanowires this symmetry

- A‘(TO)| GaN GaN GaN' GaN GaN  work assignment
= 144 145 144 145 144 How)
S 252 zone-boundary phonon
& 1000t 421 zone-boundary phonon
> 533 533 532 533 531 537 0)
2 561 561 559 561 560 562 ,@0)
] 569 570 568 571 569 Jhigh)
= 5001 670 defect-induced
phonon mode
735 735 734 737 733 728 4/0)
743 742 741 743 745 HE.0)
0% 200 4(‘)0 660 - aUnits are in cm* ° From ref 23a¢ From ref 23b.¢ From ref 23c.

Raman Shift (cnt") ¢ From ref 22.

Figure 12. Room-temperature Raman-scattering spectra of two GaN
nanowire samples grown by using (a) iron powder and (b) nickel powder
as a catalyst.

Under ambient conditions, GaN crystallizes in the hexagonal
wurtzite-type structure (space groupﬁvpconsisting of two
formula units per primitive cell. Because the wavelengths of
light used as an excitation source were a small fraction of the
brillouin zone, the excitations probed in this study are essentially
atq = 0. According to the factor group analysis, single-crystal
GaN possesses eight sets of optical phonon modes near the zone
center?* These modes are classified into Raman (AE; +
2E,), silent (2B), and infrared active (A+ E;). Although the
GaN is noncentrosymmetric, the;And B modes are further
split into LO (longitudinal optical) and TO (transverse optical)
components. From the results shown in Figure 12 and the fit
ﬁaarameters in Table 1, four interesting phonon properties in our
GaN nanowires have been revealed by light scattering. First,
the five observed Raman-active phonon bands nda4, 537,
562, 569, and 728 cnt have symmetries £low), A; (TO),

broad size distribution of GaN nanowires revealed by the SEM
pictures as shown in Figure 3. The small shoulder around 3.1
eV is very close to the band-edge emission of cubic G4iN,
good agreement with the HRTEM result, which indicates the
existence of a small fraction of cubic GaN incorporated in the
hexagonal GaN matrix. A further study of this problem is
desirable, which may bring out the necessary information for
growing cubic and hexagonal GaN nanowires. Finally, there
exists a weak and broad structure centered around 2.3 eV tha
corresponds to the well-known yellow luminescence observed
in bulk GaN?! The weak defect-related signal implies that our
GaN nanowires contain few defects and high quality. A more

detailed photoluminescence study is in progress and will be E: (TO), E; (high), and A (LO), respectively. The frequencies

published in a separate paper. of the first four modes are close to those previously reported
Raman SpectroscopyFigure 12 shows the room-temperature 5 nanowire® and bulks? but in our samples, the position of

Raman-scattering intensity of two GaN nanowires samples Usinghe A, (LO) mode is significantly softer. Second, we find that
green (514.5 nm) excitation. The Raman-scattering responsehese phonon peaks broaden substantially in the spectra of the
obtained by dividing the measured spectra by the Bose-Einsteinanoires. The line width increases roughly by a factor of 2 to
thermal factor, is doml'nated by a number of optical phonqns 5, as compared to bulk. Third, the strong(&igh) phonon line

and an electronic continuum. When the samples were excitedi, the spectra reflects the characteristics of the hexagonal crystal
with different laser lines ranging from 632.8 to 457.9 nm, the phase of the GaN nanowires. Fourth, three additional modes
signal for the continuum did not shift for all of the excitations, 5re a1s0 observed at 252 421 and 670 crd. all of which

which suggests that the electronic continuum is, indeed, are not allowed by theg;space group in first-order Raman-

luminescence. Here, we examine the _deta|led phononic Rarr?anscattering at the zone center. Possible mechanisms that could
response of the GaN nanowires and fit the phonon peaks usmgbring about these features are discussed below

a standard Lorentzian profile. Additionally, the broad lumines- Let us focus first on the broadening of the five first-order
cence background was fitted to a polynomial and subtracted modes in the Raman spectra of the GaN nanowires. This
out from the spectrum. The frequencies and assignments of theoehavior is in line with the spatial-correlation or phonon
phonon modes shown in Figure 12 are listed in Table 1. The confinement mode® which suggests that the phonons in

results for our samples were compared to previous work for nanometric-sized systems can be confined in space by crystallite
GaN nanowire¥ as well as those observed for bufRs. boundaries or surface disorders. Consequently, this confinement

(19) (a) Lagerstedt, O.; Monemar, B. Appl. Phys1974 45, 2266 causes an uncertainty in the wave vector of the phonons, which
2272. (b) Chen, G. D.; Smith, M.; Lin, J. Y.; Jiang, H. X.; Salvador, A.; results in broadening of the Raman features. Similar evidence
Sverdlov, B. N.; Botchkarv, A.; Morkoc, Hi. Appl. Phys1996 79, 2675~ for a broadening of the Raman bands associated with the phonon
2683, confinement effects has been observed in the micro- and

(20) Okumura, H.; Hamaguchi, H.; Feuillet, G.; Ishida, Y.; Yoshida, S. - . . . ‘o7 28
Appl. Phys. Lett1998 72, 3056-3058. nanocrystallite systems, including diamo#§d$i,?” Ge?28 and
GaAs?’

(21) Chen, H. M.; Chen, Y. F.; Lee, M. C.; Feng, M. Bhys. Re. B
1997 56, 6942-6946.
(22) Cheng, G. S.; Zhang, L. D.; Zhu, Y.; Fei, G. T.; Li, L.; Mo, C. M,; (24) Cardona, M.; Gatherodt, GLight Scattering in Solids jISpringer-
Verlag: Berlin, 1982.
(25) (a) Richter, H.; Wang, Z. P.; Ley, ISolid State Commuri981

Mao, Y. Q.Appl. Phys. Lett1999 75, 2455-2457.
(23) (a) Azuhata, T.; Sota, T.; Suzuki, K.; Nakamura, JS.Phys.:

39, 625-629. (b) Kanata, T.; Murai, H.; Kubota, K. Appl. Phys1987,

61, 969-971.

Condens. Matter1995 7, L129-133. (b) Filippidis, L.; Siegle, H.;
Hoffmann, A.; Thomsen, C.; Karch, K.; Bechstedt,Fhys. Status Solidi

B 1996 198 621-627. (c) Davydov, V. Y.; Kitaev, Y. E.; Goncharuk, . (26) Lipp, M. J.; Baonza, V. G.; Evans, W. J.; Lorenzana, HPBys.
N.; Smirnov, A. N.; Graul, J.; Semchinova, O.; Uffmann, D.; Smirnov, M. Rev. B 1997 56, 5978-5984.

B.; Mirgorodsky, A. P.; Evarestov, R. ARhys. Re. B 1998 58, 12899 (27) Zhao, X. S.; Ge, Y. R.; Schroeder, J.; Persans, PAfpl. Phys.
12907. Lett 1994 65, 2033-2035.
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1E-4 of sample, the emission current densities were obtained by
: dividing the measured current by the anode area, assuming
homogeneous electron emission from the sample. As shown in
Figure 13, the turn-on field of the GaN-nanowires, which is
defined as the field required to draw an emission current density
of 0.01 mA /cn?, is 12 Vjum. Moreover, the reproducible result
from the five repetitive measurements in Figure 13 indicates
that GaN-nanowires exhibit promising field emission properties
as well as good stability. The FowleNordheim (FN)
description of the field emission for metals is expressed as

‘ _ F2 —B¢3/2)
i !@i, J=A ) exr{ =
1E-86 = d"; e 1'0 : 1'2 : T where A = 0.014 andB = 6.8 x 10°° are constants; and
. . (A/m?), the current densityp (eV), the effective barrier height;

Applied Field (V/um) F = AVId with V (volts), the voltaged (m), the cathode-to
Figure 13. Typical field emission characteristic of the GaN nanowires. anode spacing; angl the field enhancement factor that depends
The result shows five measurements on the same sample. TNe ' on the emitter geometry. For materials with field emission
plot at the inset indicates field emission character of the GaN nanowires. characteristics that followFN description, a plot of log(1/%)
. i versus 1/V (FN plot) would give a straight line. The inset of

The relaxation of they = 0 selection rule due to the effects g re 13 illustrates theN plot of the GaN nanowires. The
of finite crystallite size not only broadens the Raman-allowed straight line of the F-N plot shows that the emission of the
modes, but also causes new modes to appear that COITespong; N nanowires follows the field emission behavior. Thed
to q= 0 phonons. Two extra peaks seena252 and 421 cp cyrrent density at a field of 14 W is significant in
cm~tin GaN nanowires could be possibly attributed to the zone- comparison to other repdftfor an undoped wide-band-gap

boundary phonons activated by the finite-size effects. In the 5terial. The field emission property might be further enhanced
phonon-dispersion relations for wurtzite GaN, lattice dynamic it proper doping of such nanowires.

calculationg®**?*found that the acoustic, as well as the combina- |, conclusion high-purity and -quality GaN nanowires were

tion of both acoustic and lower-lying, optical branches at the ,renared by systematic optimizations of the catalysts, reaction
M symmetry point in the Brillouin zone prorgluce peaks in the {emneratures, total reacting time, and heating rate in the catalytic
phonon density of states nea250 and 420 ¢, respectively.  oaction, The structure and stoichiometry analyses of GaN

Accordingly, with decreasing size of GaN crystallites t0 hanowires were performed using X-ray diffraction and electron
nanoscale dimensions and increasing the finite-size effeCtS’microscopy to illustrate the details of VLS growth of the

additional modes are expected to appear at frequencies correq,5nowires. Temperature dependence of photoluminescence

sponding to the density of states produced by these zone-ghecira of the nanowires indicated that the emission intensity
boundary phonons. Itis worth mentioning that the 252 and 421 ;o very resistant to the change of temperature. A very strong

-1 - - : . > - .
cm features were consistently observed at different spots of | minescence signal arising from band-edge emission of wurtzite
two GaN nanowire samples grown by using different catalysts. 4N nanowires can be obtained at room temperature. This
Thus, the possibility of any impurity contaminant effect seems papayior is particularly useful for the application in optoelec-

extremely unlikely in the present study. Finally, all spectra reveal {nic devices. Raman-scattering studies of the GaN nanowires
a broad band at-670 cm*, and its intensity dramatically  (eyeq) five first-order phonon modes neat44, 537, 562, 569,
increases using HeNe laser excitation. This resonant behavior, 5.4 728 cml. The frequencies of these peaks are close to those
as well as its relationship_to the weak and broad structure near s ihe bulk, but significantly broadened, which is indicative of
~2.2 eV in the photoluminescence spectra, suggests that thepe nhonon confinement effects brought out by the nanoscale
appearance of the 670 cthmode is likely associated with & gimensions of the system. Furthermore, the appearance of two
defect level below the GaN conduction band minimi. additional modes at252 and 421 crmt are attributed to zone-
Field Emission MeasurementsTypical field-emission char- 5, ndary phonons activated by the finite-size effects. Finally,
acteristics of the GaN nanowires, specifically emission current a4 emission study of the GaN nanowire showed significant

densityJ as a function of applied field, are shown in Figure gmission current at low electric field, indicating potential for

13. To determine the current density in the measurement, 0néy4c,um electronics upon additional doping of these nanowires.

needs the effective emission area as well as the total emission
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