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Effect of the polar surface on GaN nanostructure morphology
and growth orientation
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Waurtzite gallium nitride nanostructures were grown by thermal reaction of gallium oxide and
ammonia. The resulting morphology varied depending on ammonia flow rate. At 75 sccm only
nanowires were obtained, while polyhedral crystals and nanobelts were observed at 175 sccm.
Scanning electron microscopy and transmission electron microscopy revealed both thin smooth and
thick corrugated nanowires. The growth orientations of most of the smooth ones, as well as the
nanobelts, were perpendicular to thexis ((0001), while the corrugated nanowires and the large
polyhedra grew parallel t¢0001). We propose a model to explain these variations of morphology
and growth orientation in terms of the Ga/N ratio and the different characteristic leng@®o1}

polar surface in the different nanostructures2@4 American Institute of Physics
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Gallium nitride (GaN) has been a significant wide-band For GaN nanowire synthesis, &2 powder (0.3 9
gap semiconductor due to its applications in blue light emis{Alfa Aesar 99.999%, mesh size 356840 um) in an alu-
sion and high power electronic deviceslong with recent mina boat was thermally reacted with flowing BlHat
explosive research interest in nanotechnology, there have&100°C for 2h in a 36-in.-long horizontal tube furnace with
been extensive efforts to synthesize GaN one-dimensionaleaned Si substrates, with only a native Si@yer, placed
nanosturctures, such as nanowireand nanobelts(or  downstream 7-10 in. from the source. The Ntdw rate was
nanoribbon;\?,3 for nanodevice applicatioﬁ‘s. maintained at either 75 or 175 sccm, and the pressure in the

GaN nanostructure synthesis mostly involves one of twareactor was~1 atm at all conditions. Substrate temperatures
typical growth mechanisms. The vapor-liquid—sal\LS)  at different positions were determined from a previously
mechanism utilizes a transition metal catalyst while themeasured temperature profile. Micro Raman spectroscopy
vapor-solid(VS) mechanism relies on direct crystallization (Renishaw 100pand powder x-ray diffractiogINEL) con-
from the vapor. For VLS the dominant morphology is gen-firmed that all products retrieved from the substrates were
erally nanowire because nucleation and growth are definedurtzite GaN. Scanning electron microsco(eM, JEOL
by a liquid catalyst particlé However, undesired contamina- 6300FV) and high-resolution transmission electron micros-
tion can occur from the catalyst. In contrast, for VS morecopy (TEM, JEOL 2010F were used to investigate the de-
varied morphologies, e.g., nanobelts, are possible due to thailed morphology and crystallography of grown structures.
absence of constraints by the catalyst. Furthermore, the Figure 1 shows SEM images of three typical morpholo-
growth scheme is simple, and contamination can be avoidedjies obtained at different growth conditions; Table | provides

From this perspective, numerous groups reported th@a summary. At 75 sccm, nanowires were observed for all
synthesis of GaN nanowires or nanobelts using VS-typeubstrate positions, the temperature being in the range
growth method$;>® e.g., oxide-assisted chemical vapor 921-1034 °C. Lengths up to 50m, and diameters from
deposition, but so far no report is available with regard to50 to 300 nm, were observefFig. 1(a)]. In contrast, at
understanding the variation of the morphology and the crysi175 sccm different products were obtained on different sub-
tallographic growth orientation among these structures. Suchtrate positions. For 7—8 in. downstre&h034—1000 °{, a
information would be critically important for building up mixture of nanowires, nanobelf§ig 1(b)] and polyhedral
devices out of these nanostructures, and for tuning the deviagrystals [Fig. 1(c)] was obtained, while for 9-10 in.
characteristics given the highly anisotropic physical proper{970-921 °G only nanobelts were obtained. Nanobelts
ties of GaN’

In this letter, we report the morphological evolution of
GaN nanostructures, from nanowires to polyhedral crystals
to nanobelts, by varying the NHlow rate in the thermal
reaction of gallium oxiddGa0;) and NH; at 1100 °C. We
propose that the Ga/N ratio in the vapor phase plays an
important role in determining the resulting morphology and
growth orientation, based on the observed relationship be-
tween the morphology and theharacteristic lengthof
{0001} polar surfaces.

FIG. 1. SEM micrographs aofa) nanowires(b) nanobelts, andc) polyhe-
dauthor to whom correspondence should be addressed; electronic maitiral crystals grown on a Si substrate. No metal coating was applied for SEM
fischer@seas.upenn.edu imaging.
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could be more than 500 nm wide, with smooth broad sur-
faces and lengths similar to the nanowires. Polyhedral crys-
tals were up to 1Qum long with diameters from
~500 nm to~5 um, and well-defined six-sided facets sug-
gesting growth orientation parallel to tleaxis ((000D).

TEM revealed two distinct nanowire morphologies: rela-
tively coarse with corrugated surfa¢ig. 2(a)], or a thin
and smooth-surfaced orj€ig. 2b)]. Diameters of smooth-
surfaced nanowires were uniform along their lengths, while
for the corrugated ones the diameters oscillated along theIG. 2. TEM micrographs of typicala) coarse corrugated nanowirgg)

Iength. Selected area diffraction patterns showed unambigdhi” smooth-surfaced nanowire aiich nanobelt. In the image, B denotes
- - one axis, and the indices next to arrows indicate growth orientations. Note
OUS|y that both types of nanowires were Smgle CryStaIS’ tr1é1at while corrugated nanowire’s growth orientation is parallel toctlaeis

corrugated surfaces being in fact crystal facets. More intergooo1) of a wurtzite structure, both smooth-surfaced nanowire and nano-
estingly, the two surface morphologies correlated well withbelt's growth orientations are perpendicula®03) direction. In the nano-
two different growth orientations. Most of the smooth- belt's image, the fringes on the surface are due to strain.
surfaced nanowires had growth orientations perpendicular to
(0001, e.g.,{2-1-10 and(10-10, while the corrugated ones reaction chemistry and the reactant distribution in the quartz
had growth orientations parallel #®001), or occasionally tube.
containing ac-axis component, e.g(;-1102. It is significant In the thermal reaction of G&; and NH;, Ga05 will
that smooth wires were much more prevalent than corrugatefrst be converted to G&X(g),"* and it will react with NH to
ones for all growth conditions. Nanobelts had the samdorm GaN either on the surface of growing GaN or in vapor
growth orientations as smooth wirgkig. 3b) and 3c)), Phase, i.e.
orlentatlpns perpendicular {0001 with the broad face cor- Ga,04(9) + 2H,(g) — Ga,0(g) + 2H,0(g)
responding to{0001}.

Waurtzite GaN contains polar and nonpolar low-index Ga,0(g) + 2NHs(g) — 2GaN’s) + H,0(g) + 2Hy(g)
surfaces. In the following we suggest that the difference in 3 2 2
growth rates of these chemically and structurally distinct sur\We expect direct reaction of Ga and Kb also be possible
faces has a major influence on the resulting nanostructuteecause G#&(g) can back react with Hto form Ga on the
morphologies and growth orientations. It should be notedsaN surfacé’ However, for simplicity we invoke the former
that, unlike other IlI-V semiconductors such as GaAs, polareaction in what follows. To estimate Ga/N reactant ratio
surfaces in GaN, e.g{0001}, always tend to be Ga stabi- Vversus substrate position, we need to understand the distribu-
lized independent of the chemical environmé@a or N tion of GgO(g) in the stream of NH Since the equilibrium
rich), whereas nonpolar surfaces generally maintain theivapor pressure of G&(g) at the reaction temperatur@
Ga-N stoichiometr§:® Ga atoms thus have a significantly =1100 °Q is very small(~107® atm)™* while the total pres-
lower diffusion barrier on the polar surface because thesure in the reactor is 1 atm, the dispersion of@G@) in our
adsorbate-surface interaction is predominantly realized bgxperiment can be treated as a continuousQ&g) point
very weak delocalized metallic Ga-Ga bond3,.; source diffusion under NHadvection.
=~30 °C).2 An important consequence is that, similar to ~ This implies that the forced diffusion of Ga(g) by
GaN thin film growth'® the nanostructure morphology will NH3 "carrier gas“ is more important than the molecular dif-
mainly display broad and smooth two-dimensionally grownfusion driven by a concentration gradient. The Reynolds
polar surfaces under Ga-rich growth conditions, while undepumber for our reactor at 175 sccm hllend at 1100 °C is
N-rich conditions it will mainly exhibit rough surfaces or less than 30, so we expect the hftbow to be laminar at all
facets composed of polar and nonpolar surfaces. It is knowRonditions. Then, we can apply the mass-balance equation to
that excess Nor N reactantreduces the Ga effective diffu- €stimate the steady state £¥g) concentration profile. A
sion length on the polar surface, and this in turn inducegeneral solution for uniform flow field in Cartesian coordi-
rough or faceted surfac&&Ve apply this reasoning to under- Nates is available in the literatuteAlthough more rigorous
stand the observed morphology variations. First, we estimat§&atment is required to account for the cylindrical geometry

the Ga/N reactant ratio versus substrate position, from th@f the reactor and the shear dispersion of flow field, the so-
lution still predicts that in this type of diffusion there gener-

ally exists a maximum in the G&(g) concentration down-
TABLE |. Summary of growth conditions and corresponding GaN mor- stream from the source, and as the flow rate increases the
phologies. maximum moves farther downstream.

From the above, we expect the maximum,Ga) con-
centration to be slightly downstream from the source at
75 sccm; increasing to 175 scem shifts the whole profile far-
ther downstream, leaving the region adjacent to the source

Substrate position
(inch away from the sourge

NH flow rate n8 9. 10 relatively N rich[i.e., depleted of G#(g)] while Ga-rich
75 sccm NV NW? conditions apply farther downstream. We assume that this
175 sccm NV¥+XLC+NBP NB® variation in the GgO(g) concentration profile is connected
ANW- Nanowire. to the sequential appearance fatetedpolyhedral crystals
PNB: Nanobelt. andbroad and smooth-surfacedanobelts at the higher flow
°XL: Polyhedral crystal. rate. Conversely, analogous to GaN thin film growth, as re-
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——— % growth direction of the nanobelt. For the thin smooth-

2|l Nanobelt a surfaced nanowire grown perpendicular (@001, several
£ = ) , 8 polar surfaces, including0001}, exist on the nanowire sur-
2118 Thin smooth-surfaced nanowire face and extend lengthwise along the growth direction analo-
| .§ gously to the nanobelt. Then, the characteristic length for
L . these two morphologies is50 um, i.e., the length of nano-
g g b L belt or smooth-surfaced nanowire. However, for the polyhe-
EE //—” <0001> dral crystals and most of the corrugated nanowires, grown
§ HH e - parallel to(000J), the characteristic lengths of th®001}
HIE _f__,_wyu_ﬂ_ﬂ_'_y_vq_ﬂ___\ o surfaces are no more thans and~1 um, respectively, i.e.,
HIE Q the diameters of two morphologies.
© A Crgcen This variation in the characteristic length reveals the re-

Coarse corrugated nanowire lationship among reaction conditions and favored nanostruc-

o ture morphologies and growth orientations. The characteris-
FIG. 3. Model for the rel_at|onsh|p among the GaN nanostructure morphol-tiC length of the {0001} polar surfaces decreases as the
ogy, the growth orientation, and the reaction condition. The shaded area . . . . .
indicates{0001} polar surface. As the reaction condition becomes relatively reaction condition varies from Ga r_'Ch _tO_N rich, and ConClj'r'
more N rich the characteristic length 60001} surface decreases in the rently, the favored morphology, which is interconnected with
morphologies. In the smooth-surfaced nanowire, there should be only twéhe favored growth orientation, evolves in sequence as in
tangential{0001} polar surfaces running parallel to the growth orientation, Fig. 3: nanobell(i(OOOJ}), thin smooth-surfaced nanowire

but extra shaded lines were inserted to indicate other possible tangential _
polar surfaces on the nanowire surface, €j510%. Note in a wurtzite %J‘<OOOD)’ polyhedral CrySta{II<000]>) and to coarse corru

structure there is no polar plane running parallek8003 direction, the ~ Jated nanowirg|0001). We can safely exclude the tem-
growth orientation of polyhedral crystal or corrugated nanowire, i.e., anyperature effect on the variation of morphology and growth
surfaces running parallel #9001 are always nonpolar. orientation since the difference between the highest and the
lowest substrate temperatures was onil00 °C, which
action conditions evolve from relatively N rich to Ga rich leads to virtually no difference in the surface diffusivity for
(i.e., Ga/N ratio lower to highgrmlong the downstream, the any given surface.
dominant growth morphology changes from faceted polyhe-  In summary, the morphology and growth orientation of
dral crystals to broad and smooth-surfaced nanobelts. Weurtzite GaN nanostructures can be controlled by changing
introduce the notion of a variable “characteristic length” ofthe NH; flow rate during thermal reaction of &a; and
polar surface to explain the connection between reaction corNHs;. Based on SEM and TEM observations, and considering
ditions and nanostructure morphologies and thus growth oriG&0(g) profile and the variation of the characteristic length
entations. of {0001} polar surfaces, we propose that the variation of
Note that the Ga diffusion is, as introduced, more sig-Ga/N reactant ratio with substrate positions determines the
nificant on the polar surfaces than on the nonpolar surfacegporphology and the growth orientation. Specifically, as the
and the diffusion length on the polar surfaces varies dependeaction condition varies from relatively Ga rich to N rich,
ing on the reaction conditiofGa or N rich while that on the the favored morphology and orientation evolve from nano-
nonpolar surfaces is expected to be relatively constant rdselts(L(0001), thin smooth-surfaced nanowir¢s(0002)),
gardless of the reaction conditions due to Ga—N stoichiomand polyhedral crystalgI{0001)) to coarse corrugated
etry on these surfaces. Then, we expect the variation of monanowires(|(0001)).

phpology and growth orientation at different reaction .
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