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T
he electrical current flow through a
solid can produce intense atomic
motion (known as electromigration)

due to a momentum transfer between flow-

ing electrons and diffusing atoms. This phe-

nomenon can lead to morphological insta-

bilities not only on a metallic surface but

also on the semiconductor surfaces.1 Much

research has been focused on the elec-

tromigration effects due to their practical

importance for the electronic device perfor-

mance and its stability. Recently, semicon-

ducting nanowires have been given prime

attention in light of their usage as low-

dimensional platforms for fundamental re-

search and as building blocks for future

nanoscale circuits.2,3 As a structure size in

electronics decreases to hundreds/tens of

nanometers, local fluctuations, such as in-

terfacial effects, variations in composition,

and defects (i.e., dislocations), can dramati-

cally affect a carrier transport. Thus, elec-

tromigration becomes the key issue that

controls the stability and lifespan of a nano-

scale device. The electromigration detec-

tion methods may be classified into two cat-

egories: (i) indirect methods, for example,

the measurements of an electrical resis-

tance that increases due to vacancy forma-

tion in a wire; (ii) direct visualizations of the

wire shapes by using in situ transmission or

scanning electron microscopes (TEM or

SEM). Due to unique capabilities of simulta-

neous current and topography measure-

ments under decent spatial resolution,4�6

conductive atomic force microscopy (C-

AFM) can be expected to be an efficient

tool to get deep insights into the electromi-

gration effects in nanowires. Such study

would provide a better understanding of

the nanowire’s local transport properties

relative to its morphology and further infor-

mation of crystal structures.

Gallium nitride (GaN), a robust wide

band gap (3.39 eV) semiconductor, has ex-

tensively been used in blue and UV light-

emitting diodes (LEDs). With a high melt-

ing point, high carrier mobility, and high

electrical breakdown field, it is also a prime

candidate for future high-power optoelec-

tronic devices.7 GaN nanowires (NWs) ex-

hibit low lasing thresholds for the UV nano-

lasers, and their heterojunctions have been

demonstrated to be high-efficient visible

LEDs. Although GaN normally prefers to be

in a wurtzite (WZ) crystal structure, WZ GaN

NWs grown via a common vapor�

liquid�solid (VLS) process often contain nu-

merous stacking defects composed of

metastable zinc blende (ZB) GaN phase re-

gions, and bicrystals made of twinned GaN

NWs were also reported.8,9 These defects

may influence the luminescence by intro-

ducing additional electronic states10 and/or

may lead to a negative differential resis-

tance due to acceptor-like defect levels.11

In this work, through current mapping of in-

dividual GaN NWs by C-AFM, we show that
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ABSTRACT Current images of electromigration-induced common vapor�liquid�solid-grown GaN nanowires

were obtained using a conductive atomic force microscope. Structural characterization indicated that these

wurtzite (ZW) [0110] nanowires contained longitudinal zinc blende (ZB) defects as stacking faults. The current

was attributed to tunneling current through the Schottky barrier between the AFM tip and a nanowire, which was

dominated by the local nanowire surface work function. Due to the electromigration induced by large current

densities around the defects, the axial splitting process of the nanowires was directly observed under continuous

current scanning. The electromigration was likely enhanced by non-uniformly distributed electrostatic pressure

around the axial ZW/ZB domain interfaces.
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these defects can act as the electrical paths with local-

ized high current densities. This drastically enhances

the electromigration effects. Subsequently, axial split-

ting of NWs under continuous current scans has taken

place. The possible enhancement of electromigration

due to the tip-induced highly non-uniform electrostatic

pressure is also discussed.

RESULTS AND DISCUSSION
The GaN NWs were synthesized by metal-catalyzed

chemical vapor deposition (CVD) in a tube furnace.11

Figure 1a shows that the as-synthesized NWs are

100�400 nm in width and several tens of micrometers

in length. The typical NW cross sections are triangular or

trapezoid in shape (inset of Figure 1a). A Raman spec-

trum in Figure 1b reveals the first-order phonon fre-

quencies of A1(TO), E2(high), and A1(LO) at 531, 568, and

730 cm�1, respectively, peculiar to a hexagonal GaN

(WZ, h-GaN).12 A shoulder at 560 cm�1 corresponding

to the TO component of the T2 mode for a cubic GaN

phase (ZB, c-GaN) is also detected.13 The detailed crys-

tal structure was further analyzed by TEM shown in Fig-

ure 1c. The selected area electron diffraction (SAED)

(lower inset of Figure 1c) taken along the [2110] zone

axis (WZ structure) of a typical NW indicates that the

wire grows along the [0110] direction. The alternations

of WZ and ZB phases along the NW transverse direction

result in strip lines and corresponding weak diffraction

spots along the [0110] direction. This is further con-

firmed by the HRTEM images of near-perfect WZ lat-

tice intervened with few nanometer-width ZB stacking

faults (the top inset of Figure 1c) in line with the pub-

lished data.10 The existence of such longitudinal interfa-

cial defects usually leads to the nonsmooth NW lateral

surface. The geometrical configuration of these two

phases can be illustrated in the inset of Figure 1d. Note

that the similar WZ/ZB heterostructures have also been

observed in other hexagonal crystals such as ZnS,14

InAs,15 and ZnO.16 The formation of such structures is

thought to result from possible doping or strain accu-

mulation and relaxation during the growth, in accord

with the defect-mediated VLS model.8�10

The samples for C-AFM measurements were fabri-

cated on a SiO2/Si substrate, as depicted in the sche-

matic diagram of Figure 1d. After patterned deposition

of a Ti/Au film by the photolithography, a rapid thermal

annealing (RTA) process was performed to form Ohmic

contacts between the NWs and the Ti/Au film. The Cr/

Au-coated Si cantilever was used as an AFM tip. The ob-

servations of the similar NW splitting processes were

monitored during independent experiments on more

than 10 randomly selected NWs. The typical current

value varied from 0.1 to several nanoamperes. The rep-

resentative topography and the corresponding current

Figure 1. (a) Low- and high-magnification (inset) SEM images of the as-synthesized GaN NWs. (b) Raman spectrum of the
GaN NWs excited by an Ar� laser with a wavelength of 514.5 nm. The inset shows the results of Gaussian curve fitting for
two individual peaks at 560 and 568 cm�1. (c) Typical TEM image of a GaN NW with the corresponding SAED pattern (bot-
tom) and HRTEM images of the inner (top) local regions shown in the inset. (d) Schematic diagram of the geometrical con-
figuration of a GaN NW (top) and an electrical measurement (bottom) by the C-AFM.
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images during continuous first and second scans on

two NWs with their left-hand-side ends embedded into

the electrode are shown in Figures 2a�d. The current

images display weak parallel strip patterns, and the cur-

rent values do not vary along the NW length. Compar-

ing the two scans, we note that the height profile

curves from the same positions on each NW clearly

change from the original asymmetric triangular shape

to a more flat trapezoid shape, while the current varia-

tion slightly increases. After five continuous scans, the

initial NWs split into several parallel NWs of smaller

widths (Figure 2e). Interestingly, we observed that af-

ter several hours of a current sensing scanning process,

some split NWs disappear and each NW typically shows

only two individual parallel branches (Figure 2f).

It is interesting to find out the factors that domi-

nate wire splitting. It was reported that the tip-to-

substrate Joule heating current above 1 �A in C-AFM

may result in a temperature increase of 100�500 °C

based on the heat flow equation,17,18 �T � 0.5Po/�KR

where Po is the average power dissipated around the

contact, K is the thermal conductivity, and R is the

Figure 2. AFM topography images of continuous first (a) and second (c) scans, with the corresponding current images shown
in (b) and (d), respectively. The height and current profile curves for each NW are also shown. A bias voltage of �3 V was ap-
plied to the sample. (e,f) Tapping-mode AFM images after five consecutive scans and after 10 h of current scanning pro-
cess, respectively. The scans start from the left-top image corner and end at the right-bottom corner. Scale bars are 500 nm.
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spherical contact radius. Assuming that all of the power

P dissipated around the contact, and using the values

of R from a few nanometers (for surface protrusions) to

20 nm (for smooth surface; typical tip radius), and K �

130 W/(m · K) for GaN in our case, we obtained �T �� 1

°C in our case. In fact, a very low current of only a few

nanoamperes was indeed involved in the present ex-

periments. Therefore, the possibility of splitting by lo-

cal thermal shock from Joule heating should be ruled

out here. The other possible factor is the high pressure

conditions existing between the tip and the NW under

small loading forces. However, this was also ruled out

based on the observations of no morphology changes

under the same scanning conditions without an applied

voltage.

In order to investigate the conducting mechanisms,

the current�voltage (I�V) sweeps recorded on the lo-

cal point of the NW surface by C-AFM and the surface

potential measurements by scanning Kelvin probe mi-

croscopy (SKPM) were performed in tandem. Figure 3a

shows that the I�V curve clearly exhibits nonlinear

and asymmetrical characteristics. Considering the

Ohmic contacts between GaN and Ti/Au film after RTA

(Figure 3b), and a nearly linear plot of the logarithm of

the current value within the V1/4 increasing region, it is

evident that the transport is dominated by a backward

current through the Schottky barrier at the NW/Au tip

interface,19 as shown in the top inset of Figure 3b. It is

known that, when AFM scans in a contact mode are

taken at ambient conditions, a molecular thin interfa-

cial layer of water and/or contamination of the order of

atomic dimensions may appear between the tip and

the sample.20 This interfacial layer may be broken un-

der high electric field and finally gives a Schottky con-

tact between the tip surface and NW. The simplest con-

sideration of the Schottky barrier formation between

metals and semiconductors relies on the difference in

work functions of the two materials, and the actual bar-

rier height can also be influenced by the existence of

surface states which pin the Fermi level at the interface.

Figure 3c,d shows the topography and surface poten-

tial images of a NW on the Au film, respectively. The

height and potential profile curves in Figure 3e indi-

cate that the work function difference of the defective

region (longitudinal surface extrusion) between Au

(��2) is smaller than that of near-perfect GaN between

Figure 3. (a) I�V sweep on the local C-AFM contact point with the inset showing the corresponding logarithmic plot of a
backward absolute current value vs an applied voltage V1/4. Only the data above the turn-on voltage (�4 V) are shown. (b)
I�V curve based on the two-terminal Ti/Au electrode contact measured by a standard probe station. Top inset: band struc-
ture diagram shows the Schottky barrier between GaN NW and the Au tip. Bottom inset: optical image of a GaN NW device
for probe measurement. (c) Topography and (d) surface potential images of a typical NW on the Au film obtained by SKPM.
(e) Height and potential profile curves of the same position are labeled in (c) and (d).
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Au (��1) (also see Supporting Information Figure S1).
Consequently, the barrier height between the Au-
coated tip and the defective region surface is relatively
lower. Therefore, the localized surface defects can cre-
ate the main conductive paths with a larger current,
corresponding to current variation and strip patterns
in Figure 2b,c. This is consistent with the earlier reports
that dislocations with a screw or mixed component
are the major current paths in GaN materials grown by
different techniques.21�23 The difference of a current
level for each NW might be attributed to the crystal
facet dependent work function and the surface state
variations.19 In addition, we also found that after sev-
eral local I�V sweeps the NWs had been either broken
into several segments due to strong electrical shock or
covered with some molten metal from the tip surface
attracted by high electrostatic forces, depending on the
crystal quality of the NW contact points.

It is known that an electric current flow through a
conductor exerts forces on defects in it. When a high
electric field or current is applied (for metal intercon-
nects, a current density is above 106 A/cm2),24 an
electric-field-enhanced atomic transport or electromi-
gration occurs.25 Assuming a few nanometer size for a
defective region in the transverse scale and a depth of
the surface conducting path, the corresponding current
density is estimated to be on the order of 103�104

A/cm2. Considering that electromigration prefers to
take place at the phase/grain boundaries, defects,
and/or dislocations in a conducting solid, the esti-
mated value for the electromigration threshold in the
present GaN NWs with distinct defects/stacking faults
seems to be reasonable. It should be also pointed out
that local high current densities in areas around the dis-
locations were also suggested to be responsible for
the high leakage currents in GaN-based electronic
devices.21

The physical processes behind the electromigration
may be classified into two parts, one referred to as an
electron wind force. This results from the momentum
transfer during the electron-atom collisions. The direc-
tion of this force is the same as that of the electron flow.

The other is the direct force of the electrostatic field re-
lated to the nominal charge of an atom. For the present
n-type semiconducting GaN, in which the carrier exist-
ence and shielding of core ions by free electrons should
be taken into account, the wind force is much stronger
than the reverse electrostatic force. The electron wind
force can cause the atoms to transport from the cath-
ode toward the anode, resulting in surface hillock and
void formation. The sustained current loading during
scans leads to a significant surface morphological
change, as verified in Figure 3a,c.

Finally, we discuss a tip-induced high electrical field
effect on the electromigration. Considering an ideal-
ized approximation for the geometry of a 1 nm dielec-
tric layer of air between a typical conductive tip with a
radius of 20 nm and the flat surface of a ZB/ZW GaN het-
erojunction, we carried out electrostatic simulations us-
ing commercial software COMSOL Multiphyicis. The
simulated results verify that an applied voltage (�3 V)
yields enormously large electrical fields of 108�109 V/m
near the NW surface, as shown in Figure 4a. The corre-
sponding absolute electrostatic pressure was also calcu-
lated based on the Clausius�Mossotti equation,26 P �

�0(� � 1)(� 	 2)/6, where �0 is vacuum permittivity, E is
the electric field, and � is relative permittivity of a dielec-
tric material. The different dielectric constants of ZB
and ZW GaN phases (�ZB � 9.7, �WZ � 8.9) produce non-
uniform and noncontinuous electrostatic pressure dis-
tribution surrounding the interface of ZW/ZB domains,
as revealed in Figure 4b. The points within the ZB re-
gion clearly show larger electrostatic pressure than
those in the ZW region for symmetrical areas with re-
spect to the interface. Considering few nanometer pro-
trusions on the actual NW surface and thus shorter
(atomic scale) tip�surface distances,20 such electro-
static pressures and their difference can be increased
even more. Although shear modules for a GaN crystal
are in the GPa range, the high non-uniform tip-induced
electrostatic pressure may be possibly so large that it
is able to break chemical bonds at the ZW/ZB domain
interface. In turn, the electromigration can be enhanced
at the newly generated grain boundaries. The clusters

Figure 4. Simulated results of the normalized values for (a) electrical field and (b) electrostatic pressure distributions for a
WB/ZB GaN heterojunction at a NW bias voltage of �3 V, tip radius of 20 nm, tip�surface separation of 1 nm, and the dielec-
tric permittivity of air �air � 1.0548.
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of a metastable ZB phase can be easily attracted by
the electrostatic forces and delivered/rearranged at the
local regions with a high contact resistance (see back-
ground of Figure 1e,f).27 Also, these metastable ZB
phase-rich clusters or wires may gradually degenerate
at ambient conditions. Continuous current scans pro-
mote the enlargement of the surface voids at the defec-
tive regions which are distributed along the NW axes.
Finally, the electrostatic repulsive forces between the
adjacent NWs, an applied force on the formed trench,
and stress relaxation lead to a complete individual NW
splitting.

CONCLUSION
Current images of VLS-grown GaN NWs were re-

corded by C-AFM. We observed the axial splitting pro-
cess of GaN NWs under continuous current scanning.

This was suggested to be caused by the electromigra-
tion. The latter was induced by the local high current
densities around the axial defects at the ZB/WZ GaN in-
terfacial regions. We believe that such electromigra-
tion might be exacerbated by the tip-induced highly
non-uniform distribution of the electrostatic pressure
around the interfaces. Our results will be helpful to un-
derstand the mechanism of NW morphology change,
even degeneration when NWs used as an electron
transport channel. Furthermore, due to decent spatial
resolution during local electrical property measure-
ments (for example, while using a carbon nanotube
with a diameter less than 10 nm as the AFM tip) and
high sensitivity of the local defects to tip-induced high
electrical fields, the present C-AFM technique should
become an efficient tool to characterize/evaluate the
electrical stability of the diverse nanoscale materials.

EXPERIMENTAL METHODS
Synthesis and Characterization of GaN Nanowires: The NWs were syn-

thesized by chemical vapor deposition (CVD) in a tube furnace
using a powder mixture with equal molar ratios of Ga2O3 and
graphite as a source material. A sapphire substrate coated with
a 5 nm electron beam evaporated Au catalyst film was placed
downstream away from the source. The furnace was heated at
a rate of 25 °C/min under a constant flow of 100 sccm NH3 gas
and held at 1050 °C for 4 h. After the furnace was naturally
cooled to room temperature, a green-gray powder-like product
was found on the substrate. The nanowires were characterized
by a room temperature Raman spectrometer with an Ar	 laser
excitation wavelength of 514.5 nm, a scanning electron micro-
scope (SEM; JEOL, JSM-6700F), and a high-resolution field-
emission transmission electron microscope (TEM; JEOL, JEM-
3000F).

Sample Preparation and C-AFM Measurements: The NWs were ultra-
sonically dispersed in isopropyl alcohol (IPA) and deposited on
a Si wafer with a 200 nm thick layer of thermally grown SiO2. Pat-
terned 10 nm/100 nm Ti/Au square contacts were fabricated by
photolithography followed by rapid thermal annealing (RTA) in
N2 at 500 °C for 30 s. No structural and/or surface morphology
changes were noted by TEM and AFM on tens of individual NWs
dispersed on the DuraSiN TEM grids before and after RTA. The
AFM observations and electrical measurements were carried out
in a JEOL JSPM-5200 scanning probe microscope at room tem-
perature in air. Si cantilevers coated with Cr/Au were used for
electrical conductive measurements, and the tip was grounded.
After finding the exact position of the NWs partially embedded in
a Ti/Au electrode using a tapping mode, the stage was driven
to the desired position using the standard JEOL software. The
contact mode with a contact force of 
30 nN, a sample bias of
�2 to �4 V, and a scan speed of 780 nm/s was utilized to record
the surface topography and current image simultaneously. For
the surface potential measurements, the NW IPA solution was
dispersed on a Au-coated Si substrate, and the surface potential
images were recorded by the frequency-modulated scanning
Kelvin probe microscopy (SKPM) in a noncontact mode at
vacuum pressure of 1.0 � 10�4 Pa.
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