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Abstract
The controlled fabrication of vertical, tapered, and high-aspect ratio GaN nanowires via a two-
step top-down process consisting of an inductively coupled plasma reactive ion etch followed by
a hot, 85% H3PO4 crystallographic wet etch is explored. The vertical nanowires are oriented in
the [ ]0001 direction and are bound by sidewalls comprising of { ¯ }3362 semipolar planes which
are at a 12° angle from the [0001] axis. High temperature H3PO4 etching between 60 °C and
95 °C result in smooth semipolar faceting with no visible micro-faceting, whereas a 50 °C etch
reveals a micro-faceted etch evolution. High-angle annular dark-field scanning transmission
electron microscopy imaging confirms nanowire tip dimensions down to 8–12 nanometers. The
activation energy associated with the etch process is 0.90±0.09 eV, which is consistent with a
reaction-rate limited dissolution process. The exposure of the { ¯ }3362 type planes is consistent
with etching barrier index calculations. The field emission properties of the nanowires were
investigated via a nanoprobe in a scanning electron microscope as well as by a vacuum field
emission electron microscope. The measurements show a gap size dependent turn-on voltage,
with a maximum current of 33 nA and turn-on field of 1.92 V nm−1 for a 50 nm gap, and uniform
emission across the array.

Supplementary material for this article is available online
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(Some figures may appear in colour only in the online journal)

1. Introduction

Gallium Nitride (GaN) is a wide bandgap semiconductor used
widely in electronic and optoelectronics, such as lasers and
light emitting diodes, high electron mobility transistors, RF
devices, and power electronics [1–3]. There is a growing
interest in using GaN for novel nanoelectronic device struc-
tures. For example, GaN-based nanostructures have broad

potential applications in piezoelectronics [4, 5], biocompa-
tible devices [6, 7], solar energy harvesting [8], sensors [9],
and field emission [10–12]. Many of these applications rely
on fabricating GaN into nanowires as this provides an option
for vertical device morphologies. In the realm of optoelec-
tronics and photonics, GaN-based nanowires allow access to
non-polar and semipolar crystal planes and have high emitting
surface area which could lead to performance improvements
in lasers and LEDs [11, 13–15]. To fully harness the potential
of the GaN vertical nanostructures, novel approaches are
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necessary to fabricate nanostructures to expose various crys-
tallographic facets and control the final 3D shape.

GaN nanowires are commonly realized by bottom-up
growth, which has advantages such as low-strain growth,
in situ core–shell growth, high alloy incorporation [16], and
low dislocation densities [17, 18]. However, GaN nanowires
fabricated via top-down approaches obviate issues which
arise in bottom-up nanowire growth, such as unknown dopant
concentration, limited growth regimes, non-uniform growth
rates across nanowires, high impurity levels, and a greater
number of point-defects [19]. Top-down nanowire fabrication
using a lithographic patterning technique followed by plasma
etching enables the formation of ordered, periodic arrays with
independent control over the height, width, and pitch of the
desired nanostructures, and allows for tailored cross-sectional
shape control. However, plasma etching alone leaves
damaged, tapered, and rough sidewalls [20–24]. The plasma
damage on GaN nanowire surfaces causes many issues,
namely the promotion of surface recombination, which in turn
decreases the near-band-edge photoluminescence by half
[25], the creation of trapping potentials for carriers [26],
introduction of lattice defects and N vacancies which are
shown to be electronically active [27–29], additional carrier
depletion [30], and lowering Schottky barrier heights for gate
metals in field effect transistors [22, 25, 31–34]. Additionally,
for top-down processes, the final dimension of the tip is
limited by the lithography process.

To address this issue, steps have been taken to mitigate
dry etch damage and to control the shape by introducing a wet
chemical etch after the dry etching step. Anisotropic wet
etching is commonly used for silicon MEMs devices where
crystallographic anisotropy is the key to produce designed
geometric structures with atomically smooth facets and a
highly controlled final tip diameter. Utilizing a crystal-
lographic wet etch, a two-step dry plus KOH-based wet top-
down etch process has been developed to etch high quality,
smooth, vertical GaN nanostructures with non-polar sidewall
facets [35–40]. This approach has previously been used to
demonstrate single mode nanowire lasers, nano LEDs, GaN-
based field emission devices, and to showcase novel optical
control of polarization and emission of nanoscale lasers
[10, 35, 37, 38, 41–44]. Although anisotropic KOH etching of
GaN is a promising technique, a major disadvantage of KOH
processing is potassium ion (K+) contamination in dielectrics
which result in gate leakage [45–47].

While this KOH-based crystallographic etching has been
successfully used to create GaN nanowire-based devices with
smooth, vertical sidewalls and flat tips, additional crystal-
lographic etches could expand the scope of possible nanos-
tructure shapes and exposed crystal facets. In particular, the
controlled fabrication of GaN nanowires with sharp tips could
have applications in scanning probe microscopy or field
emission devices. Additionally, there is a growing motivation
in the fabrication of gated devices which steps away from
KOH-based etching processes due the previously mentioned
K+ contamination, particularly in complementary metal-
oxide-semiconductors processes. Here we show a new
two-step top-down approach using a crystallographic hot

phosphoric acid (H3PO4) wet etch to realize tapered, vertical
GaN nanowires with sharp tips and semipolar facets which
circumvent the use of KOH-based etchants. We present the
evolution of the etch process and field emission measure-
ments of the single nanowires and an array of nanowires,
which show excellent turn-on uniformity.

2. Experimental

2.1. Nanowire fabrication and characterization methods

Epitaxial single crystal GaN was grown by metalorganic
chemical vapor deposition in a Taiyo Nippon Sanso
SR4000HT reactor on 2 inch c-sapphire substrates, with
n-type doping using Si at a concentration of 3e18/cm3.
Arrays of variable diameter dots (300 nm to 1 μm in diameter)
were patterned in a spin-coated polymethyl methacrylate layer
on GaN followed by electron beam lithography (EBL). EBL
was carried out by both the nanometer pattern generation
system (NPGS) attached to an FEI Nova NanoSEM 450
scanning electron microscope (SEM) and a JEOL JBX-
6300FS system. NPGS was used to pattern 300 nm dots with
a 2 μm pitch and 1 μm dots with an 8 μm pitch to be used for
initial etching studies. The JEOL was used to pattern dots
with a 1.3 μm diameter with a 20 μm pitch to be used in field
emission studies. After pattern development, a metal mask
consisting of Ti (5 nm)/Ni (100–150 nm) was deposited and
soaked in acetone for the lift-off. In addition to EBL pat-
terning, other samples were patterned using a layer
of self-assembled SiO2 microspheres with a 1 μm diameter
as a semi-periodic, large area, plasma etch mask
[35, 37, 41, 42, 44, 48]. An inductively coupled plasma
reactive ion etch (ICP-RIE) of Cl2/Ar/BCl3 chemistry at a
chamber and chuck temperature of 65 °C was used to etch the
initial nanowire structures to a depth of 1–1.4 μm. The
remaining metal mask was removed in piranha etch for
10 min to fully clean the sample surface, which was followed
by a two-minute buffered oxide etch (BOE) soak to remove
any native oxide. Immediately after the BOE soak, the
nanowire samples were all etched in ∼150 ml of hot, 85%
H3PO4 at temperatures between 50 °C and 95 °C for varying
times, and then subsequently imaged in a FEI Nova Nano-
SEM 450 SEM. GaN nanowires were scraped directly from
the substrate with a razor blade and dispersed randomly on to
carbon film supported on a Cu TEM grid by rubbing the blade
tip against the carbon film. A FEI TitanTM G2 80–200
scanning transmission electron microscope (STEM) with a Cs
probe corrector operated at 200 kV was used to image the
nanowires. STEM images were recorded by using a high-
angle annular dark-field (HAADF) detector. The GaN nano-
wires were tilted to either a [ ¯ ]1010 or [ ¯ ]1120 zone axis for
high-resolution imaging of the tips.

2.2. Field emission methods

Field emission measurements of individual GaN nanowires
fabricated by this approach were conducted in an SEM
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equipped with a nanomanipulator probe. For both single
nanowire and array field emission studies, the GaN nanowires
were ∼3 μm in height patterned with a 20 μm pitch and were
not etched down to the sapphire substrate, leaving a ∼300 nm
n-type GaN base layer connecting the nanowire array. The
SEM system used for field emission studies has been
described in detail elsewhere [49], and similar systems have
been used extensively in the past to characterize the field
emission characteristics of various nanostructures [50]. In the
present case, a Au coated W nanotip with a radius of curva-
ture of 1 μm as the anode was used. The base pressure
during the FE measurements was between 5×10−7 and
1×10−6 Torr. The nanowire sample was mounted on a
specimen holder using vacuum compatible Ag paint which
also served to make an Ohmic contact to the substrate.
The field emission current was collected as a function of
applied voltage using a PC-controlled Keithley 237 source-
measure unit.

To visualize and compare qualitative field emission
characteristics across arrays of nanowires, field emission
images of nanowire arrays were obtained using a field emis-
sion microscope (FEM) [51]. Here, we implemented a FEM
utilizing electron optics of a commercial ultrahigh vacuum
(<10−9 Torr) low-energy/photoemission electron microscope
(LEEM/PEEM, Elmitec GmBH) [52]. The field emission
current was extracted by positioning a sample, biased at
−15 keV, at adjustable millimeter-scale distances from a
grounded cathode objective lens. It is not possible to measure
the sample-objective distance with an accuracy greater than
∼0.1 mm, which yields ∼10% uncertainty in the applied
electric field. The image is acquired by a digital camera, and
the spatial resolution of the apparatus is around 10 nm (lim-
ited by aberration) [53].

3. Results and discussion

3.1. GaN nanowires etched in H3PO4

Figure 1 shows side- and top-down view SEM images of
nanowires prepared by plasma-etching followed by H3PO4

etching at 95 °C for increasing times. Figures 1(a) and (b)
show the nanowires after the remaining metal mask was
stripped but prior to H3PO4. This slight faceting at the base of
the nanowires from ICP-RIE etching of GaN in Cl2 chemistry
is well documented in the literature [54–56], and these facets
here are oriented in the ¯á ñl112 a-type direction. There is also
an apparent trench at the base of the dry-etched nanowires
which is thought to appear due to the Ti/Ni mask erosion at
extended high-bias plasma etching [32, 57, 58]. The observed
tip diameter was 290±10 nm and the nanowires were
∼950 nm in height. Approximately 20–30 nanowires were
measured here and for each successive temperature and time
point, where the nanowire height and diameter are average
values with the error equal to one standard deviation.
Figures 1(c)–(h) show the etch progression of the GaN
nanowires in 95 °C H3PO4 at 1, 5, and 10 min from the side
and top down views. Note that the figures do not track the
same nanowire since different samples were used for each
etch point. However, many tips were studied at each time to
verify the consistency of the results. From this etch time
progression, a distinct group of semipolar facets appear
around the tip perimeter. Particularly in figures 1(e) and (g) as
designated by the arrows, we observe the appearance of a
semipolar facet at the tip of the nanowire, and with time, the
facet extends further down the length of the nanowire. Top
down views confirm that the semipolar facet planes are of the
{ ¯ }l112 a-type orientation with the nanowire tip cross section

Figure 1. Side and top down SEM images of 300 nm diameter GaN nanowires etched in 95 °C H3PO4 at (a), (b) 0 min, (c), (d) 1 min, (e), (f)
5 min, and (g), (h) 10 min.
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eventually transitioning to be hexagonal in shape before
etching to a fine point. From SEM analysis of the as-etched
pyramidal nanowires, the estimated angle of the top semipolar
facet was 12° from the [0001] c-direction, which was con-
sistent across different nanowires and at different etch times.
Previously, it has been reported that H3PO4 etches N-face
( ¯)0001 GaN into dodecagonal pyramids [59–62] and etches
hexagonal pits at defect sites in Ga-face ( )0001 GaN [61,
63–66]. Thus, the H3PO4 etch for GaN can be considered
crystallographic in nature, much like the KOH-based etch, but
with semipolar rather than nonpolar planes being exposed.

Figure 2 shows a temperature dependent etch study of
GaN nano-pyramidal nanowires in 85% H3PO4 at three dif-
ferent temperatures. In this figure, larger diameter nanowires
were used to better illustrate the etch evolution. Similarly to
figure 1, figures 2(a) and (b) show a nanowire etched in 95 °C
H3PO4 where six smooth, semipolar facets are visible. As the
temperature of the etchant is decreased to 60 °C, a slight
roughening of the semipolar facets is observed in the form of
vertical striations on the etched facets as seen in figures 2(c)
and (d). When the H3PO4 temperature is dropped to 50 °C,
pronounced micro-faceting on the semipolar facets is evident,
as seen in figures 2(e) and (f). From the top down view in
figure 2(f), small, triangular ridges are observed. We posit that
the etch appears to begin at the nanowire tip edge, where a
nucleation site for the etch is located, and after the initial
atoms are removed, the etched layer moves down the semi-
polar facet of the nanowire atomic layer by layer. At the lower
50 °C etch, the ledges become wider and more visible and the

etch progresses via appearance and disappearance of these
micro-facets on the nanowire sidewalls.

To further investigate the formation and evolution of the
micro-facets observed in figures 2(e) and (f), the etch pro-
gression at 50 °C as a function of time for a 300 nm nanowire
is presented in figure 3. Similar to the etching behavior of
GaN nanowires in KOH, the micro-facets primarily appear to
be bound m-type semipolar planes on the sides. The top
planes of the micro-facets appear to be bound by either a
( )0001 c-plane, or a semipolar plane nearly parallel to the c-
plane. Leung et al noted that the etch of GaN in KOH pro-
gressed via the appearance and disappearance of semipolar
facets at the convex edges of the nanowire [67], and therefore
a similar type of etch progression may be occurring in H3PO4,
but leading to the appearance of stable semipolar facets rather
than the vertical non-polar facets observed in KOH-based
etching. A similar tapered geometry is exposed via a digital
etching process developed by Shih et al where a 1:1 mixture
of H2SO4:H2O yields GaN nano-pyramids [12]. Much like
what was observed in figure 1, figure 3 shows the cross
section at the tip shifts from roughly circular to hexagonal in
nature by way of appearing and disappearing triangular m-
type oriented micro-facets, and at 50 °C, these micro-facets
are larger and more apparent compared to higher temperature
etching. While the etch is qualitatively different from that at
temperatures greater than 60 °C in terms of the observed
microfaceting, the end result of a tapered nanowire bound by
the same semipolar facets offset by 12 degrees from the
(0001) c-direction is the same at all temperatures. Sangwal

Figure 2. A comparison of the etch evolution and semipolar facet morphology of 1 μm GaN nanowires etched in H3PO4 at (a), (b) 95 °C for
10 min, (c), (d) 60 °C for 4 h, and (e), (f) 50 °C for 12 h.
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et al discussed that the effect of viscosity of H3PO4 and
H2SO4 plays an important role in the etching of MgO crystals,
where the viscosity of an etchant is used to determine if the
dissolution process is diffusion limited [68]. In the case of
∼85% H3PO4, its viscosity abruptly changes between 50 °C
and 60 °C. Since the viscosity change occurs over the same
temperature range that the change from smooth to micro-
faceted etching occurs, the acid viscosity may play a role in
the formation of micro-facets.

STEM was performed to obtain higher resolution views
of the etched nanowires and identify the exposed planes.
Figure 4 displays a HAADF-STEM image of a singular
pyramidal nanowire after etching in 95 °C H3PO4 for 55 min.
The starting diameter of this nanowire was ∼1 μm, and
therefore the time required to etch to an ultrasharp tip was
greater than that in figure 1. The beam is aligned along the m
direction [ ¯ ]1010 , and the image shows intersection of two of
the semipolar planes which bound the pyramidal nanowire.
The top left inset in figure 4 demonstrates the capability of the
H3PO4 etch to taper a GaN nanowire down to a few nan-
ometers in diameter at the tip, with figure 4 showing a 12 nm
diameter. The smallest tip diameter observed from a sampling
of nanowires on this sample was 8 nm, and can be seen in
figure S1 (available online at stacks.iop.org/NANO/33/
035301/mmedia), however we were not able to image this
nanowire on the zone axis resulting in an unclear fast Fourier
transform (FFT) of the diffraction pattern. With further fine
tuning of the etch process, it is possible that even finer tip
dimensions might be realized. Top down fabrication of hex-
agonal GaN nanowires with diameters less than 10 nm has not
been previously reported to our knowledge, with the smallest

Figure 3. Side and top down view of 300 nm GaN nanowires etched in 50 °C H3PO4 at (a), (b) 0 min, (c), (d) 6 h, (e), (f) 12 h, and (g),
(h) 18 h.

Figure 4.HAADF-STEM of a GaN nanowire etched in 95 °C H3PO4

for 55 min. The top left inset shows the measured tip diameter
(12 nm). The bottom left inset is the indexed diffraction pattern
indicating the beam direction is parallel to the [ ¯ ]1010 , m-direction
zone axis. A 3D model of the nanowire pyramid is included as the
top right inset. The electron beam is oriented down the intersection
of two a-type semipolar facets.
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reported tip diameter of 15 nm [12]. Such tapered, ultrasharp
nanowires could be of interest for applications such as field
emitters or scanning probes. The bottom inset in figure 4 is a
fast FFT of the HAADF-STEM image. After indexing the
FFT pattern, the Miller indices of the semipolar facets were
found to be in the { ¯ }3362 family of high-index planes. A
detailed figure elaborating on the method used to index the
diffraction pattern is presented in figure S2.

Extended etch times were also studied to determine the
over-etch progression of the GaN nanowires. Figure 5(a)
shows GaN nanowires etched 95 °C GaN for 55 min, starting
with an initial diameter of 1 μm. Wires of different heights are
observed, indicating that the wires become shorter with
etching after the tip (0001) facet is completely etched away.
This sample was patterned using a SiO2 microsphere semi-
periodic mask, and the starting base diameter (∼1 μm) of the
nanowires post-ICP etch varied more than the EBL-patterned
sample. Figure S3 shows the starting point for these nano-
wires post ICP-RIE and prior to wet etching. Figure 5(b) is a
HAADF-STEM image of an over-etched nanowire tip indi-
cating the tip planes exposed during over etch are lower in
angle, and thus the tip is blunted. No consistent planes appear
to be observed in the over-etched nanowires, possibly sug-
gesting that the top (0001) c-plane facet plays a key role in the
exposure of the { ¯ }3362 semipolar planes during the etch.
Similar etching has been seen in palladium [69] and gold [70]
nanocrystals and silicon [71] hillock geometries where the
apexes of the structures etch first due to the lower coordina-
tion and higher reactivity of atoms at the tip. For further
process control, a mask protecting the nanowire tip may be a
method to prevent over-etching.

Figure 6 shows an Arrhenius plot of etch rates in 85%
H3PO4 perpendicular to the{ ¯ }3362 plane determined from the
temperature series of our GaN nanowires. The etch rates at

five temperatures were measured perpendicular to the { ¯ }1120
a-plane and multiplied by the cosine of 12° since the { ¯ }3362
facet intersects the a-plane at a 12 degree angle. This converts
the etch rate measured in the ¯1120 direction to that of

¯ >3362 . The extracted activation energy is 0.90±0.09 eV.
This value is in line with activation energies from previously
reported H3PO4 etch studies of GaN of 0.9 [63], and indicates
that the etch is reaction-rate limited [72–74]. The data is
plotted against GaN in H3PO4 data from the literature, and the
activation energy of the nanowire etch is in line with the
previous reports.

3.2. Etch mechanism and the etch barrier index of GaN in
H3PO4

The etching of GaN in KOH and tetramethylammonium
hydroxide (TMAH) has been previously reported to progress
via formation of surface oxides and then the subsequent
dissolution of the oxide in solution. The mechanism for the
etch as suggested by Li et al here in equation (1), assumes the
oxidation of the gallium (Ga) atoms via hydroxide (OH−)
molecules attacking and breaking the Ga–N bonds, freeing
the Ga atom to oxidize into Ga2O3 which is then dissolved
[75]. Conversely, H3PO4 dissociates within solution into
protons (H+) and dihydrogen phosphate (H2PO4

−), hydrogen
phosphate (H1PO4

2−), and phosphate groups (PO4
3+) and thus

does not result in OH− molecules to etch the GaN surface via
oxide formation and dissolution like the KOH/TMAH etch.
In aqueous solutions, phosphoric acid dissociates into some
combination of the three anions. Using the solution pH and
subsequent equilibrium constants, it is possible to determine

Figure 5. (a) GaN nanowires over-etched after 55 min at 95 °C in
H3PO4, (b) HAADF-STEM inset of an over-etched nanowire tip.

Figure 6. Arrhenius plot of etch rates for 300 nm GaN nanowires in
85% H3PO4. Hollow circles indicate etch rates from this work,
measured laterally at the tip of the nanowire and corrected by a
cosine of 12° multiplication factor to account for the semipolar facet.
†literature data from D.A. Stocker et al [63].
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which anionic species is most concentrated within the solu-
tion. At a concentration of 85%, the pH of H3PO4 is near 0,
which indicates that the main anionic species in solution is
H2PO4

−. Reiner et al postulate a three-step mechanism where
the H2PO4

− anionic species attack the Ga atom, which is
followed by a bond rearrangement, and then the Ga atom
dissolves into solution as a metal-phosphate complex
GaH2PO4

2+ as written in equation (2) [66]. The nitrogen
atoms are attacked by H+ which forms NH3, which is sub-
sequently trapped in the acid in the form of NH4(H2PO4). It is
suggested that the GaH2PO4

2+ precipitates in the solution in
the form of GaPO4 [76], however there was no precipitate
noticed in this work due to the large amount H3PO4 used. The
difference between an OH− based etch versus a H+ based
etch is that while the KOH acts similarly to an etch catalyst,
the H2PO4

− is a reacting species, however, both proposed
mechanisms suggest the etch progresses primary via reaction
with the Ga atoms

( )+  +2GaN 3H O Ga O 2NH , 12
KOH

2 3 3

( )
( )

+ +  +- + +GaN 2H PO 4H GaH PO NH H PO .
2

2 4
yields

2 4
2

4 2 4

Following Reiner’s work on the etching of pits in GaN in
H3PO4, the differences in sidewall angle of our structures can
only occur if the etch rate in the lateral direction changes. This
vertical versus lateral etch rate ratio has been thoroughly
noted in literature for the etching of etch pits [77] and
extended to the etching of nanopyramids [60, 78]. When GaN
nanowires are etched in KOH, the result is vertical nanowires
with atomically smooth sidewalls. It appears that the ratio of
the vertical etch rate to the lateral etch rate is so great that
there is no opportunity for the nanowire sidewall to be
tapered. When looking at the tapered nanowires etched in
H3PO4 presented in this work, it follows that the ratio of
vertical etch rate to that of the lateral etch rate is slightly less
than that in KOH. Similarly, when analyzing etch pits formed
in GaN via KOH and H3PO4 etching, the etch pits formed via
H3PO4 had a smaller vertical to lateral etch rate ratio, there-
fore making the H3PO4 etch pits shallower than that of those
etched in KOH. An accepted explanation for this stems from
the difference in size between OH− and the various H3PO4

species, where the smaller hydrodynamic radius of the OH−

anion allows the etch byproducts to diffuse away from the
etched surface much more rapidly and therefore allows for
greater vertical etch rates, resulting in steeper sidewalls
bounding the etch pits, and subsequently, nanowires [66]. To
examine why the semipolar plane exposed during the H3PO4

etch was { ¯ }3362 , calculations of the etch plane potentials was
performed.

A quantitative measure of the etching potential between
different GaN crystallographic planes has previously been
introduced by Lai et al in the form of a calculated etching
barrier index (EBI) for the etching of GaN in KOH [79]. The
EBI is defined as the planar atomic density of the crystal-
lographic plane multiplied by the number of dangling bonds
per nitrogen atom in that plane, and gives a value to the
etching ability of a plane where the higher the EBI value, the

more difficult it is to etch a particular plane. Based on Li’s
etch mechanism of GaN in KOH, a lower planar density
results in fewer nitrogen dangling bonds, and therefore, less
steric hinderance for the OH− ions to attack the Ga-N bonds
and bond with the Ga. The negative charge on nitrogen atoms
repels the OH− ion, therefore, a higher planar density with
more nitrogen dangling bonds per unit area is more chemi-
cally stable. Since the H3PO4 etch mechanism also progresses
via a negative species attacking the Ga atom, we propose
using the same EBI framework to understand this etch pro-
gression. It is important to note that the EBI does not take into
consideration any calculated surface energies or surface
reconstructions, and thus represents a first approach to
understanding the etch process rather than a complete theory.

To better understand the etch progression observed in our
nanowires, the EBI was calculated for various polar, semi-
polar, and nonpolar planes of GaN. The planes which were
chosen are the major low index planes from the GaN wurtzite
crystal structure, and further higher index planes located
along the great circle which runs from the ( )0001 center to the
( ¯ )1120 edge on a (0001) stereographic projection for a hex-
agonal GaN crystal. The angle from lateral, θ, is defined as the
angle between a semipolar or nonpolar plane and the basal
(0001) c-plane. The planar density, ρplanar, was calculated
using the position-duplication-number method [80] and the
number of nitrogen dangling bonds, nN, was determined
manually. Note that for certain planes, there is a fractional
number of nitrogen dangling bonds. This is due to the
asymmetric nature of the atomic stacking within the GaN
crystal, where the positioning of the plane in the crystal
structure gives the number of dangling bonds to be 1, 2, or
even a fraction value of 1.3 or 1.5 [81]. Therefore, to calculate
nN, incremental slices for each plane spanning the d-spacing
were taken and the number of nitrogen dangling bonds was
calculated as seen in figure S4. A more thorough explanation
of the methodology is presented in the supplementary infor-
mation. The average value of the nitrogen dangling bonds was
determined across the d-spacing to account for the variation in
where the etch plane is at any given moment during the etch.
Table 1 show the calculated EBIs of the major low index
planes and a-type planes in decreasing order. The EBI cal-
culations show that the { ¯ }3362 plane, which is the experi-
mentally observed facet exposed by the H3PO4 etch, has the
lowest EBI within the a-type { ¯ }l112 planes considered.
Therefore, barring any unusual surface energies or surface
reconstructions, it can be presumed that a low EBI corre-
sponds to the exposure of a plane during the etch.

3.3. Field emission of GaN nanowires and nanowire arrays

The capability to fabricate GaN nanowires with sharp tips via
a top-down approach is attractive for field emission applica-
tions such as on-chip electron sources or vacuum nanoelec-
tronic devices [10–12]. GaN in particular has many superior
properties which make it an attractive choice for field emis-
sion, namely low electron affinity, high thermal and chemical
stability, radiation hardness, and a high breakdown field
[1, 10]. To explore the potential of the sharp GaN nanowires
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described in this regard, their field emission properties were
individually measured using a nanomanipulator probe
mounted in an SEM. This approach has two important
advantages: first, the gap separating the emitting nanowire tip
(cathode) from the collector probe (anode) can be arbitrarily
set and measured accurately and second, the shape and other
details of the emitter can be imaged with high resolution. To
make it easier to precisely set the cathode-anode gap and to
simplify the system electrostatics, the nanoprobe tip was
intentionally flattened by pressing it against the substrate (in
an area without nanostructures). Field emission current versus
voltage (I–V ) characteristics collected in vacuum at four
different cathode-anode gaps ranging from 50 to 360 nm are
displayed in figure 7(a). The I–V data represent initial sweeps
with no prior conditioning of the nanowires was performed.
An SEM image showing the GaN nanowire tip measured,
with a tip width of 20 nm and the probe are shown as an inset.
The turn-on voltage for field emission is shown to be
increasing with gap size as would be expected for field
emission and not leakage or background current through the
circuit.

The same data are displayed on a Fowler–Nordheim (FN)
plot in figure 7(b). The plot shows a nonlinearity which can
be sectioned into three, discrete regions where two regions of
linear behavior are separated by a region of a lower slope. FN
plots with similar, discrete regions have been previously
noted in literature [82–88]. Similar field emission character-
istics reports for Si and Ge emitters were explained by a
charge depletion zone at the tip, resulting in FN emission at
lower fields, followed by current saturation and finally rapid
current rise due to secondary charge effects with increasing
voltage [89]. Given the large surface to volume ratio and
largely un-passivated surface, it is possible that the nanowires
in the present case are also depleted, as previously observed
for GaN nanowires [90–92]. Reports by Baskin et al theo-
retically analyze field emission behaviors of n-type

semiconductors based on the field emission from the con-
ducting band, and further analysis of this work by Al-Tab-
bakh et al concludes that the conducting band current
saturation and a dominance of the valence band current at
high fields results in nonlinear Fowler–Nordheim character-
istics similar to those observed here [86, 93]. We note that
field emission from semiconductors is not fully understood or
explored, and a more thorough and detailed understanding of
the field emission behaviors is outside the scope of this work
and will require further investigation. Figure 7(c) displays the
turn-on field plotted against gap size for each of the four gap
sizes studied in figures 7(a) and (b). The turn-on field here is
defined as the voltage required to achieve a current of 0.1 nA,
which is roughly 100x the noise floor, divided by the gap size.
The observed trend is a decrease in the turn-on field with an
increase in gap size, which is expected for our geometry, and
has been seen previously in Sim et al [94].

For device applications, uniform and reproducible
emission characteristics across emitter ensembles are desir-
able [10]. Since field emission currents are exponentially
sensitive to emitter-specific properties such as shape and
surface work function, widely-varying field emission char-
acteristics, e.g. turn-on voltage, across the individual emitters
within arrays are common and present a key challenge
[95–97]. Here, we utilize FEM to visualize and compare
properties such as turn-on field, brightness (emission current),
and temporal stability for an array of sharp GaN nanowires
etched by H3PO4 with an average tip diameter of
30 nm±5 nm. The maximum useful electric field is limited
by sporadic electrical arc events between the sample mount
and the objective lens that interrupt measurements. Similar to
typical LEEM/PEEM imaging, spatially resolved images of
field emission current density (image brightness) are gathered
via a small aperture in the objective lens, though which
emission current passes into a series of electromagnetic lenses
that magnify and project the field emission current onto a

Table 1.Angle from lateral, planar density, number of N dangling bonds, and the etching barrier index (EBI) for various GaN prism planes in
order of decreasing EBI.

Prism plane Miller index Angle from lateral Ρplanar (atom/Å2) nN (1/atom) EBI (1/Å2)

+c ( )0001 0 0.1116 3 0.3348
m { ¯ }1010 90 0.1187 1.27 0.1511
a { ¯ }1120 90 0.137 1 0.137
−c { ¯}0001 0 0.1116 1 0.1116
s2 { ¯ }1122 58.4 0.0584 1.27 0.0743
s5 { ¯ }1011 62 0.0524 1.27 0.0667

{ ¯ }1124 39.1 0.0433 1.45 0.063
r/s4 { ¯ }1012 48.4 0.0407 1.27 0.0518

{ ¯ }1126 28.5 0.0327 1.41 0.0461
{ ¯ }3361 83.6 0.0454 1 0.0454
{ ¯ }3363 72.4 0.0437 1 0.0437

s6 { ¯ }2021 75 0.0287 1.32 0.0378
s3 { ¯ }1121 72.9 0.0328 1.14 0.0373

{ ¯ }4481 85.1 0.0342 1 0.0342
s1 { ¯ }1123 47.3 0.0252 1.32 0.0332

{ ¯ }3362 78.4 0.0224 1 0.0224
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microchannel plate that amplifies an image intensity on a
phosphorescent screen. Figure 8 shows three FEM images at
varying electric fields, where uniform electric fields with

Figure 7. Field emission of GaN nanowires where (a) a 20 nm tip was
measured as a function of gap dependence. The inset in (a) depicts the
GaN nanowire tip in the vicinity of the Au/W probe tip (b) a Fowler–
Norheim plot of the GaN nanowires as a function of gap size, where
each curve shows a deviation from linearity at higher applied fields,
and (c) the turn-on field in V/nm plotted versus gap size.

Figure 8. Field emission microscope images versus electric fields:
(a) 0.75×107 V m−1, (b) 1.2×107 V m−1, and (c) 1.5×107

V m−1 show the homogeneity of current–voltage relationships
(brightness versus field) across ensembles of emitters. The brighter
oval-shaped feature is a spurious defect on the phosphorescent view
screen, and the image peripheries are slightly distorted from field
inhomogeneity in the electron optics. The field of view for all images
is 150 μm in diameter.
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mean values up to 1.5×107 Vm−1 along the sample-
objective axis are achieved. We observe that all nanowires
turn on with comparable brightness at comparable fields.
Qualitatively, the emission homogeneity compares favorably
to other types of emitters, e.g. diamond microtips and GaN
micro pyramids, in recent literature [96, 97]. A few properties
of our nanowires are likely to support this uniform field
emission behavior. First, uniform shapes, dictated by strong
etch anisotropy and smooth facets (at higher etch tempera-
tures) point to uniform I–V characteristics over ensembles of
nanowires. Second, in a macroscopic array view where the tip
diameter is negligible, the small family of { ¯ }3362 facets
represented in equal proportion across all nanowires within
the array points to similar electron affinities (and work
functions) by mitigating effects of anisotropic, facet-depen-
dent electron affinities which are dominant at nanometer
length scales [96]. Third, compared to bottom-up grown
nanowires, our top-down fabricated nanowires have very
uniform heights of ∼3 μm, as well as potentially more uni-
form doping, further leading to improved field uniformity
across the array.

4. Conclusions

In summary, a novel GaN nanowire geometry with sharp tips
is presented via a two-step top-down fabrication method. The
use of phosphoric acid as the crystallographic, wet chemical
etching step results in a hexagonal, tapered GaN nanowire
oriented in the [0001] direction bound by the { ¯ }3362 planes.
Time and temperature studies of the GaN in phosphoric acid
etch reveal a temperature dependence for the etch to progress
via appearance and disappearance of microfacets, however,
the final structure remains constant across all temperature
studies. The activation energy for the GaN in phosphoric acid
etch was determined to be 0.9±0.09 eV and is consistent
with literature. The EBI was calculated for a range of planes
in the hexagonal crystal system and the exposure of the
{ ¯ }3362 plane is consistent with the EBI prediction. Gap-
dependent field emission measurements of the nanowires are
presented, and images acquired using a field emission
microscope show excellent field emission turn-on and
brightness uniformity across an array of nanowires.
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