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Single crystalline GaN nanowires were synthesized using chemical vapor deposition. Devices

containing individual GaN nanowires were fabricated using contact printing. The local turn-on

electric field at the tip of the GaN nanowires was compared to that of other nanomaterials.

The quality of contact between GaN nanowires and metal electrodes was found to affect the

field-emission behavior significantly. It was also observed that the field-emission behavior of

individual GaN nanowires follows the conventional Fowler-Nordheim model in the range of

applied electric fields. VC 2012 American Institute of Physics. [doi:10.1063/1.3685903]

INTRODUCTION

When a strong electric field is applied to a material,

electrons are extracted from the surface by quantum mechan-

ical tunneling through the vacuum energy barrier. This phe-

nomenon is known as field-emission1 and is attractive for

electron source applications because of high brightness, low

energy spread, good energy efficiency and fast response. The

performance of an electron-beam system is strongly affected

by the properties of its electron emitter. Thus, great attention

has been dedicated to finding field-emitters with high per-

formance and reliability.

GaN is a direct bandgap semiconductor (�3.4 eV) with

high melting point and carrier mobility, strong chemical sta-

bility and high electric breakdown field. Because of these

excellent properties, it has broad applications in light emit-

ting diodes,2,3 laser diodes,4 photodetectors,5 field-effect

transistors6 and high-temperature and high-power-density

electronics.7,8 Moreover, GaN nanowires, which are quasi-

one-dimensional structures of GaN, are interesting candi-

dates for field-emitters because of their low electron affinity

(2.7–3.3 eV)9,10 and high-aspect-ratio geometry. Previous

studies on field-emission properties of GaN nanowires have

focused on collections of these nanowires.11–16 It has been

observed that GaN bundles have lower turn-on field and

higher emission current density compared to bulk GaN and

relatively longer lifetime and better stability than some of the

other nanomaterials.12 However, to the best of our knowledge,

the field-emission properties of individual GaN nanowires

have not been studied so far. Such studies are important in

order to gain a better understanding of their field-emission

behavior and be able to engineer field-emitters based on them.

We synthesized GaN nanowires using chemical vapor

deposition. Devices containing individual GaN nanowires

were fabricated using the contact printing technique. The

field-emission properties were investigated for a variety of de-

vice configurations and contact electrode materials. In this pa-

per we discuss the fabrication and field-emission experiments

and attempt to shed further light on the emission behavior.

FABRICATION AND EXPERIMENTS

A 500-nm-thick SiO2 layer was thermally grown on a Si

(100) substrate and a layer of gold approximately 2 nm thick

was deposited as catalyst using electron-beam evaporation.

The sample was placed in a quartz-tube furnace (with a di-

ameter of 1 in.) and a gallium metal source was placed

approximately 3 cm upstream of the sample. The tempera-

ture was ramped up to 850 �C, and a flow of 500 sccm of Ar

was maintained during heating and a subsequent 15 min of

annealing. For the nucleation of the GaN nanowires,

13 sccm of NH3 and 300 sccm of H2 were introduced into

the reaction chamber for 5 h. Finally, the furnace was

allowed to cool down to room temperature under a flow of

300 sccm of H2 before removing the sample. Based on scan-

ning electron microscopy (SEM) and transmission electron

microscopy (TEM), the GaN nanowires were found to have

diameters from 15 to 60 nm and lengths from 1 to 10 lm

(Fig. 1). The GaN nanowires had a single crystalline Wurt-

zite structure, as determined by selected area diffraction and

x-ray diffraction using a transmission electron microscope.

Photoluminescence analysis showed that the nanowires had

a �3.4 eV energy bandgap. More detail on the growth and

characterization steps can be found in Refs. 17 and 18.

Since the as-grown GaN nanowires were highly dense

and randomly oriented, they needed to be partially trans-

ferred and aligned to make devices containing individual

GaN nanowires. For this, the contact printing method was

used19 [Fig. 2(a)]. The sample containing the GaN nanowires

was inverted and rubbed on the target substrate at a constant

speed of 20 lm/s. A constant force was applied by attaching

a 7-g weight to the back of the sample. Because of the high

density of nanowires on the as-grown substrate, multiple
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printing steps were needed to progressively reduce the den-

sity of nanowires on the target substrate: Most of the nano-

wires were transferred onto dummy substrates by the first

few printing steps [Fig. 2(b)]. Eventually, the as-grown sam-

ple was left with a suitably low density for transfer to the

final target substrate [Fig. 2(c)].

Two main types of devices were fabricated to investigate

the effect of the proximity of the nanowire to the substrate:

those where the nanowires rest on the oxide surface or are very

close to it, Type-1 [Fig. 3(a), electrode over nanowire] and

Type-3 [Fig. 3(c), nanowire over electrode], and those with the

nanowires suspended over a trench, forming a cantilever-like

structure, Type-2 [Fig. 3(b)]. The patterned electrode opposing

the nanowire served as anode in the experiments, eliminating

the need for an external anode and allowing us to know the

cathode-anode distance precisely in each case.

In all the devices, the metal electrodes were patterned

using photolithography, electron beam evaporation, and lift-

off. For the cantilever-type devices, a section of the SiO2

substrate was removed using a buffered oxide etch solution

in order to form the trench. Ohmic contact was achieved by

depositing four metal layers from bottom to top: Ti (20 nm),

Al (80 nm), Pt (40 nm), and Au (100 nm) (both devices

Type-1 and Type-2 were made with Ohmic contacts).20

Type-3 devices were made with two different electrode

materials, Mo (50 nm) or a double-layer of Cr (20 nm)/Pd

(50 nm). The field-emission experiments were carried out at

10�4� 10�5 Torr at room temperature and emission currents

were measured using a Keithley 6517 A electrometer, which

also served to apply the bias voltage. A scanning electron

micrograph of a typical device (Type-2) is shown in Fig. 4.

RESULTS AND DISCUSSION

Figures 5(a) and 5(b) show the emission current from a

nanowire cantilever and a nanowire lying on the oxide sur-

face, Type-2 and Type-1, respectively, versus applied elec-

tric field (both are for devices with Ohmic-contact

electrodes). The distances between the electrodes were 11.4

and 3.4 lm, and the distances from the tip of the GaN nano-

wire to the anode were 7 and 1.8 lm for the Type-2 and

Type-1 devices, respectively. The maximum current

obtained from each nanowire was a few tens of nanoAmps

before the device was permanently damaged under an

FIG. 1. (a) SEM image of as-grown GaN nanowires. (b) TEM image of an

individual GaN nanowire showing its single crystalline structure. The diam-

eters of the nanowires were found to be in the range of 15�60 nm.

FIG. 2. (Color online) (a) Schematic representation of the contact printing

method. The source substrate containing GaN nanowires was moved on the

target substrate with a constant speed of �20 lm=s and constant force (7-g

weight on the back side of source substrate). (b) and (c) SEM images show-

ing the transferred and well-aligned GaN nanowires on substrates with high

and low density, respectively.

FIG. 3. (Color online) Cross-sectional schematic of the fabricated devices.

(a) Electrode on top of the end of nanowire lying on substrate, Type-1. (b)

Similar to (a), but oxide etched from underneath the nanowire to form a

free-standing, cantilever-like structure, Type-2. (c) Nanowire end on top of

the electrode, Type-3. In Type-3 devices, depending on its length, the nano-

wire either did or did not touch the oxide surface.

FIG. 4. SEM image of a fabricated device with an individual GaN

nanowire.
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applied electric field greater than 35 V/lm. The discontinuity

in the field-emission current seen on Fig. 5(b) was not

observed in other tested devices. Therefore, we believe that

it is not a fundamental property of the nanowire. Instead, it

could be the result of a side effect such as change in the qual-

ity of the contact between the nanowire and the electrode

due to local Joule heating.

The field-emission current from a metallic surface can

be calculated using the Fowler-Nordheim (F-N) cold field-

emission theory1 through the equation21

J ¼ tF
�2 � a � /�1 � F2 � exp

�vF � b � /3=2

F

 !
; (1)

which can also be written in the form

ln
J

V2

� �
¼ �vF � b � /3=2 � d

b

" #
� 1
V
þ ln

tF
�2 � a � /�1 � b2

d2

� �
;

(2)

where F is the local electric field (V/m) at the barrier, J is

the current density (A/m2), / is the work function (eV), d is

the anode-cathode distance (m), V is the applied voltage and

a and b are constants with values of 1.541434� 10�6 A eV

V�2 and 6.830890 eV�3/2 V nm�1, respectively. vF and tF
are the field-emission elliptic functions and can be written as

vF yð Þ � 1� y2 þ 1=3ð Þ � y2 � ln y and tF yð Þ � 1þ 1=9ð Þ
y2 � y2 � ln y½ �, where y ¼ c � F1=2=/ and c is a constant with

the value of 1.199985 eV V�1/2 nm1/2. The field enhance-

ment factor, b, is the ratio of the local electric field at the

nanowire tip and the applied electric field (applied voltage

divided by the separation of electrodes).

Figure 6 shows the data (dots) of Fig. 5 plotted on ln (J/
V2) versus 1/V axes — the so-called F-N plot. Only the

points where measurable field-emission current exists are

shown on the figure. As can be seen from Eq. (2), the field

enhancement factor, b, can be extracted from the experimen-

tal data using the ln (J/V2) versus 1/V relationship. Using a

workfunction value of 4.1 eV for GaN, the calculated field

enhancement factors of the individual GaN nanowires are

170 and 167 for the Type-2 and Type-1 device, respectively.

The solid lines in Figs. 5 and 6 represent our fits using these

field enhancement factors in the F-N Eq. (1). We assumed

the diameter of this particular nanowire to be 50 nm based

on SEM imaging, although this is an approximation due to

the resolution limit of our SEM. However, following the

results of Ref. 22, around this value of diameter, we expect

the field enhancement factor not to be as sensitive to diame-

ter as it is for smaller diameters. Therefore, using an approxi-

mate value for the diameter is reasonable. We also

conducted electrostatic simulations (using the software pack-

age COMSOL Multiphysics) in order to compare with the

experimental value of the field enhancement factor.23 Using

the device geometry and dimensions described above and

50 nm for the nanowire diameter, the simulation yielded a

field enhancement factor of 163 for the Type-2 device, in

excellent agreement with the experimental estimate.

An important question in experiments on individual

nanowires is whether the emission is truly due to the nano-

wire or from its surrounding structures such as the metal

FIG. 5. (Color online) Emission current vs macroscopic (applied) electric

field. The dots are the experimental data and the lines represent the emission

current calculated using the Fowler-Nordheim (F-N) equation with a GaN

work function of 4.1 eV and the field enhancement factor extracted from ex-

perimental data. Figures (a) and (b) are for Type-2 and Type-1 devices,

respectively.

FIG. 6. (Color online) The emission current density data of Fig. 5 plotted on

F-N axes [ln (J=V2) vs 1=V] for Type-2 (a) and Type-1 (b) devices. The dots

are the experimental data and the lines are our straight-line fit.
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electrodes. To investigate this, we calculated the field

enhancement factor assuming that emission had happened

from the electrode, that is using the slope of the line in

Fig. 6(a) and the work function of Au, 5.1 eV, which consti-

tuted the top layer of the electrodes. This led to a calculated

field enhancement factor of 227, which is greater than the

value of 170 calculated using the 4.1 eV work function of

GaN. However, this is not reasonable because the electrode,

having a larger surface area than the nanowires and not the

same high-aspect-ratio geometry, should have resulted in

smaller field enhancement. This is equivalent to saying that

GaN nanowires have both lower workfunction and sharper

geometry compared to the electrodes and, therefore, it is

unlikely that the electrodes would make a significant contri-

bution to the emission current. To further investigate this

point, field-emission experiments were conducted using

devices that only contained electrodes and no GaN nano-

wires. Using the slope of the obtained F-N plot and the Au

work function, the field enhancement factor was calculated

to be 106 based on the experimental data – significantly

smaller than that of devices containing nanowires, as

expected.

The turn-on field for a collection of GaN nanowires has

typically been defined as the field required for generating

emission current densities of 0.01 mA/cm2.11,13,15,16 For an

individual nanowire with a diameter of a few tens of nano-

meters, these would correspond to a current on the order of

10�16 A, which is below the resolution of our measurement

circuitry. In our devices, the first noticeable sign of turn-on

was observed at an applied field of �21 V/lm (at which the

current was �100 pA). This field is greater than that for col-

lections of GaN nanowires (which is typically less than

10 V/lm). On the other hand, it is not really appropriate to

compare our devices to those including many nanowires, as

they have widely different geometries and effects such as

screening are also present in collections. Instead, it is more

meaningful to compare the local turn-on field of our devices

(at the nanowire tip) to that of other individual nanowires.

It has been observed that b is linearly proportional to the

separation of electrodes, d.22 Therefore, for a given applied

electric field, a shorter distance between the electrodes

means a lower local electric field at the tip of the nanowire.

In order to compare the turn-on fields of the devices with dif-

ferent electrode separations, local electric fields were calcu-

lated using the experimental value of b obtained above. The

local turn-on electric field was �3.7� 103 V/lm for our

Type-2 device. In other experiments, the local turn-on elec-

tric fields can be calculated as �2.8� 103 V/lm at the emis-

sion current of 1 pA for individual B nanowires, �5� 103

V/lm at the emission current of 10 nA for individual Bi2S3

nanowires, and �9� 103 V/lm at the emission current of

100 nA for individual ZnO nanowires.24–26 Although the val-

ues of the currents measured at turn-on were different in

these experiments (which could, for instance, be due to the

different sensitivities of the various measurement setups,

among other factors), these values are all in the range of a

V/nm, which is the typical field required for quantum me-

chanical tunneling. As it can be seen, our GaN nanowires

perform similarly to other nanowires in this regard. Further-

more, the local turn-on electric field for a collection of GaN

nanowires was calculated as �4.1� 103 V/lm, which is

again comparable to the value we obtained for an individual

GaN nanowire, although the macroscopic turn-on fields were

quite different in the two cases.16 Consequently, it seems

that the comparison of local electric fields calculated using

the applied field and b is more appropriate than the compari-

son of the applied (macroscopic) electric field or the compar-

ison of b itself among different nanowires and in different

experiments.

Field-emission theory for semiconducting materials pre-

dicts a nonlinear behavior for the emission current.27 At low

electric fields, the emission current is determined by the tun-

neling probability and the field-emission behavior of the

semiconductor is similar to that of metals. At medium elec-

tric fields, the emission current becomes saturated due to

insufficient carrier supply. In this regime, the emission cur-

rent is greatly affected by the energy band structure of the

semiconducting material. In addition, as the applied field and

the resulting emission current increase, the resistance of the

emitter (including bulk and contact resistance) and space-

charge effects among the emitted electrons also contribute to

current saturation. At high electric fields, the emission cur-

rent rapidly increases due to the field penetration into the

depletion region, which results in a greatly increased number

of carriers.

The saturation and subsequent rapid increase of the

emission current were not observed in our experiments, in

contrast with what has been observed for other semiconduct-

ing nanomaterials.28–31 In fact, increasing the field further in

our experiments led to the destruction of the devices and we

were not able to observe a possible saturation regime or

beyond. As shown in Fig. 5, the measured emission current

followed the F-N theory reasonably well, although a gradual

deviation was observed as the field became stronger.

We also investigated Schottky-contact devices, Type-3.

Interestingly, no emission current was observed from either

the Mo- or the Cr/Pd-electrode devices. Based on our prelim-

inary studies, our GaN nanowires are N-type, likely due to

O2 impurities and/or N vacancies, with an energy bandgap of

approximately 3.4 eV.18 Electrons in the metal electrode

have to overcome the Schottky barrier, Ubn (�0.8 eV for Mo

electrode and �1.2 eV for Cr/Pd electrode), in order to be

injected into GaN.32,33 It is expected that the major part of

the externally applied voltage drops over a region around the

nanowire tip, and thus the region around the metal-nanowire

contact only experiences a small reverse bias (Fig. 7). Under

these conditions, the field-emission current is limited by the

Schottky contact barrier as insufficient electrons are trans-

ferred to the GaN nanowire. For instance, the reverse

saturation current density through the Schottky barrier for

Mo-electrode devices is approximately 1� 10�5 mA/cm2,

calculated using thermionic emission theory for an ideal

Schottky diode, Js¼A** � T2 � exp(�q �/b/kb � T), where A**
is the effective Richardson constant (26.4 A cm�2 �K�2 for

N-type GaN),32 T is temperature, /b is the Schottky barrier

height, q is the electron charge and kb is the Boltzmann con-

stant. An experimental value of 1.8� 10�5 mA/cm2 for the

reverse leakage current density of GaN-nanorod diodes was

044308-4 Choi et al. J. Appl. Phys. 111, 044308 (2012)



reported in Ref. 34. Therefore, our results show that the con-

tact between the GaN nanowire and metal electrode plays an

important role in field-emission behavior, and good Ohmic

contact is desirable for sufficient electron supply and high

emission current from the nanowire.

For the Type-1 device discussed previously, the field-

emission current of �300 pA was persistent for �13 min, at

which point the current dropped drastically and the device

effectively turned off. Prior to this failure point, a slowly

increasing trend in the field-emission current was observed,

possibly due to Joule heating of the tip.24 The device was

investigated using SEM after the measurement and it was

found that the failure was mainly due to the deformation of

the metal electrode. It is known that a metal layer with nano-

scale thickness has a high resistance, resulting in great Joule

heating and electromigration problems.35,36 For the same

reason, it was difficult to obtain field-emission from all the

devices we tested - most of the cathode electrodes were dam-

aged before significant field-emission was observed. We also

found that the contact area of the nanowire to the electrode

was easily damaged in early stages of field-emission. These

are important issues for nanostructured field-emitters and

can be addressed by increasing the contact area between the

nanowires and electrodes (by increasing the length of the

section of the nanowire resting on or underneath the elec-

trode), as well as using thicker cathode electrodes. Nonethe-

less, we observed that most of the nanowires were in their

original positions after field-emission experiments, even for

the devices where the nanowires had been placed over the

electrodes. This shows that nanowires transferred by contact

printing can have strong mechanical adhesion to the

substrate.

CONCLUSION

By investigating two types of contacts (Ohmic and

Schottky), we found that the field-emission behavior of indi-

vidual GaN nanowires is greatly influenced by the contact

conditions: good Ohmic contact is necessary to achieve high

emission currents from GaN nanowires. A similar behavior

would be expected for other nanowires. The local turn-on

electric field was found to be similar to that of other nanoma-

terials. The field-emission behavior was fit to the Fowler-

Nordheim model and the results show that the F-N equation

is well suited for GaN nanowire field-emitters in relatively

low applied electric fields.
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