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We investigated Si doping effect on GaN nanowires and GaN films grown by metal-organic chemical
vapor deposition (MOCVD). Si as n-type dopant is incorporated to GaN nanowires and GaN films
controlled by SiH4 flow rate (0, 1, 5, 8, and 10 sccm). The charge concentration and mobility of
GaN films increased and decreased, respectively, as increasing the SiH4 flow rate, whereas those
for GaN nanowires were not influenced by the SiH4 flow rate. Significant vacancies and impurities
resulted in the intense yellow band in GaN nanowires as compared with GaN films, which leads to
the large device-to-device variation and negligible dependence of Si doping and the SiH4 flux rate
on the electrical properties of GaN nanowires.
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1. INTRODUCTION

Recently, one dimensional nanomaterials have attracted
much attentions due to the potential applications in nano-
scale optoelectronic devices.1�2 Integration of several semi-
conductor nanowires devices with Si-based electronic
devices will be potential for on-chip integration of vari-
ous functional nanomaterial devices.3 Among these mate-
rials, the GaN nanostructures, having a direct wide band
gap ∼3�4 eV and good thermal stability is very suit-
able for the areas of high temperature devices, light emit-
ting diodes, and lasers.4 Various approaches for formation
of GaN nanowires have been employed, which include
catalytic reaction of Ga metal and ammonia, molecular
beam epitaxy, metal-organic chemical vapor deposition
(MOCVD), hydride vapor epitaxy, and laser ablation.5–9

Typically, metal-assisted catalytic reaction is used to initi-
ate nanowire growth based on a vapor-liquid-solid (VLS)
or vapor-solid-solid (VSS) mechanism.9�10 The size of cat-
alytic nanoparticles of Au, Ni, or Fe can control diame-
ter of nanowires.9 Typically, the electrical characteristics
of as-grown GaN nanowires by hot-wall chemical vapor
deposition (CVD) are unintentionally n-type with large
carrier concentrations of 1018–1019 cm−3.5 On the contrary,
the MOCVD technique in III-nitride film technology can
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offer a radial heterostructure growth and doping control
using precursor delivery for GaN nanowires growth.4�11

In this work, we report the synthesis of GaN nanowires
with [112̄0] growth orientation on oxidized Si substrate
by MOCVD method. We compare the Si doping effect on
the electrical and optical properties in GaN films and GaN
nanowires by control of the SiH4 flow rate (0, 1, 5, 8,
and 10 sccm). Scanning electron microscopy (SEM), trans-
mission electron microscopy (TEM), and selected area
electron diffraction (SAED) were used to investigate struc-
tural properties, such as morphology, crystallinity, growth
direction, and defect information. We extracted the elec-
trical properties of GaN film and GaN nanowires by Hall
measurements and by characterizing nanowire field effect
transistors, respectively. Photoluminescence (PL) on GaN
films and micro-photoluminescence (�-PL) on individual
GaN nanowires were employed to characterize their opti-
cal properties.

2. EXPERIMENTAL DETAILS

2.1. Synthesis of GaN Nanowires

GaN nanowires were synthesized by VLS growth mecha-
nism using MOCVD in a rotating-disc cold-wall reactor.
Ni nanoparticles as catalysts were created by deposit-
ing a thin Ni film (∼2 nm thick) on thermally grown
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oxidized silicon wafer using an e-beam evaporator. After
catalyst deposition, the wafer was loaded into the reac-
tor for nanowire growth. GaN nanowires were grown at
the temperature of 750 �C in hydrogen ambient. The flow
rate of trimethylgallium (TMG) and ammonia (NH3) was
116 �mol/min and 7600 sccm, respectively. The pressure
was held constant at 200 Torr and the growth time was
30–40 min. Si doping was performed by controlling the
flow rate of SiH4 gas source (0, 1, 5, 8, and 10 sccm).
GaN films were also grown at optimized epitaxial growth
conditions.

The synthesized GaN nanowires were characterized
using SEM (Hitachi S-4700), TEM (Philips CM 20T/
STEM high-resolution TEM at 200 kV), and SAED to
obtain structural information. SEM images of GaN nano-
wires were taken directly from the nanowire growth sub-
strate. Nanowires were mechanically detached from the
growth substrate by sonication in isopropyl alcohol and
then were transferred on a holy carbon grid for TEM
measurements. Similarly, individual nanowires were trans-
ferred from grown substrate onto a 600 nm-thick oxidized
silicon substrate for �-PL measurements. This substrate
was selected because it does not show significant PL signal
in spectral ranges of GaN. �-PL spectroscopy was carried
out using a Jobin Yvon LabRamHR system with 325 nm
He-Cd laser as excitation source. The spatial resolution of
the �-PL spectroscopy was about a few �m using 40×
objective lens.

2.2. Fabrication of GaN Nanowire
Field Effect Transistors

GaN nanowires were fabricated as field effect transis-
tors (FETs) in order to study their electrical properties,
such as the carrier concentration and the carrier mobil-
ity. First, individual GaN nanowires suspended by sonicat-
ing the growth substrate for 30–60 s in isopropyl alcohol
were dropped onto a 100 nm-thick thermally-grown oxide
on silicon. The silicon substrate was a degenerate p-type

(a) (b)

Fig. 1. (a) FE-SEM images of GaN nanowires grown by MOCVD, with a nanowire in tapered shape (right inset) and EDS spectrum at Ni catalyst
tip (left inset). (b) High resolution TEM images and SAED pattern (inset) taken along [0001] the zone axis of a GaN nanowire.

substrate (resistivity ∼0�005 �-cm) that can serve as a
common back gate electrode. Metal electrodes consisting
of Ti (30 nm)/Au (70 nm) to produce ohmic contacts to
GaN nanowires were then deposited by an e-beam evap-
orator, and defined as the source and drain electrodes by
optical lithography and a lift-off process. The source and
drain electrodes were patterned as an interdigitated elec-
trode array, which have 32 interdigitated electrodes with
spacing of 3 �m (Fig. 2). After forming electrodes, a rapid
annealing was performed at 500 �C for 1 min in N2 ambi-
ent to ensure the ohmic contact of the source and drain
electrodes on GaN nanowires. Transistor properties such
as source-drain current versus voltage characteristics as a
function of gate voltage were measured using a semicon-
ductor parameter analyser (Agilent B1500).

2.3. Preparation and Characterization of GaN Films

GaN films were grown on a (0001) sapphire substrate
by low pressure MOCVD with a rotating-disk reactor
(Emcore D125™). Detail description on growing GaN
films has been discribed elsewhere.12 The PL measureme-
nts were performed at room temperature with the 325 nm
line of a focused continuous wave He-Cd laser as an exci-
tation source. The luminescence was collected from the
excited face and dispersed by a double monochromater
and detected by a water-cooled photomultiplier tube fol-
lowed by a gated photon counter. The electrical charac-
teristics such as carrier concentration and mobility were
obtained with Hall measurement system by the van der
Pauw method.

3. RESULTS AND DISCUSSION

Typical GaN nanowires grown in our study are shown in
Figure 1. The GaN nanowires grown by MOCVD have a
tapered shape with smaller diameter at the Ni catalyst tip
than at base (top left inset of Fig. 1(a)). Ni element was
detected in energy dispersive spectroscope (EDS) spectrum

2 J. Nanosci. Nanotechnol. 8, 1–6, 2008



R
E
S
E
A
R
C
H

A
R
T
IC

L
E

Maeng et al. Comparison of Si Doping Effect on GaN Nanowires and Films Synthesized by MOCVD

(a)

(b) (c)

Fig. 2. (a) Optical and SEM images of GaN nanowire FET device. (b) SEM image of GaN nanowire channel of 3 �m in length. (c) Schematic
diagram of a nanowire FET.

at the nanoparticle on a nanowire tip (right inset of
Fig. 1(a)). Other elements such as Ga, N, and Si can be
attributed to GaN nanowires and Si substrate. The catalytic
nanoparticle on the nanowire tip (top left inset of Fig. 1(a))
is Ni, indicating a vapor-liquid-solid growth mechanism.
The GaN nanowires have triangular cross-sections, smooth
surfaces, and straight shape with size (diameter) ranging
from 20–60 nm at the tips and 100–300 nm at the bases.
The length of most nanowires is around 5–20 �m. To
ensure the structural characteristics of the grown GaN
nanowires, a high resolution transmission electron micro-
scopy (HRTEM) images and SAED pattern of GaN nano-
wires were obtained, as shown in Figure 1(b). Clear lattice
fringes indicate GaN nanowires are single crystalline. The
nanowire growth direction was found to be [112̄0] from
indexing the SAED patterns (inset of Fig. 1(b)). The lattice
spacing was found to be ∼0.32 nm between adjacent lat-
tice planes, which corresponds to the distance between two
(112̄0) crystal planes.

In order to investigate electrical properties of GaN nano-
wires such as carrier density and carrier mobility by Si dop-
ing effect, samples were prepared as nanowire FETs with
back gate configuration. Figures 2(a and b) show a series
of representative optical and SEM images of the fabricated
FET device with a schematic diagram of nanowires FET
(Fig. 2(c)). Source-drain current versus voltage (Ids–Vds)
measurements were carried out while varying gate volt-
age (Vgs) from −40 to 40 V. The transconductance of the
devices was calculated from the slope of source-drain cur-
rent versus gate voltage (Ids–Vgs) at source-drain voltage
	Vds
 = 1 V. Many GaN nanowire FET devices showed a
degenerate behavior but a few devices exhibited full n-type

pinch-off. Figure 3 shows the Ids–Vds curve for different
Vgs ranging from −12 to 12 V with 3 V increment for a
representative GaN nanowire FET. The inset of Figure 3
shows Ids–Vgs curve measured at Vds = 1 V. The Ids–Vds

plot shows the ohmic contact and saturation do not appear
due to high carrier concentration in the nanowire.

The carrier mobility can be extracted from the following
expression

�=
(
C

L2
Vds

)−1
dIds

dVgs

∣∣∣∣
Vds=1

(1)

where the capacitance C = 2���oL/ cosh−1	1+ t/r
 by
assuming a cylindrical-shaped nanowire, t is the SiO2 layer

Fig. 3. Ids–Vds plot with various Vgs. The inset plot shows Ids–Vgs at
Vds = 1 V.
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Fig. 4. Electrical properties of GaN films. (a) Plot of mobility as a function of SiH4 flow rate. (b) Plot of carrier concentrations as a function of SiH4

flow rate.

thickness (100 nm), r is the nanowire radius, and L is
the nanowire channel length. And carrier concentration
can be obtained with the mobility as n = 1/e��, where
e is the electronic charge and � is resistivity.5 The par-
ticular nanowire FET device presented in Figure 3 yields
a mobility of 105 cm2/Vs and a carrier concentration of
4×1017 cm−3.

In order to investigate and compare the Si doping effect
in GaN films and GaN nanowires, GaN epitaxial thin films
were also grown with Si doping by changing SiH4 flow
rate (0, 1, 5, 8, and 10 sccm). The Hall measurements were
performed in the van der Pauw method to obtain carrier
mobility and carrier concentration of GaN epitaxial thin
films. The mobility increased when the SiH4 flow rate was
increased to 1 sccm, and then as the more flux of SiH4

was supplied, the mobility turned to decrease, as shown in
Figure 4(a). Increase of ionized Si doping causes scatter-
ing by charged Si impurities to decrease carrier mobility.13

The initial increase of carrier mobility at small Si doping
(1 sccm SiH4 flux rate) is known to be the effect of
increased net carrier concentration on the reduction of the
Debye screening length and the edge dislocation-induced

Fig. 5. Electrical properties of GaN nanowires. (a) Plot of mobility as a function of SiH4 flow rate. (b) Plot of carrier concentrations as a function of
SiH4 flow rate.

scattering.12 The carrier concentration increased with the
increase of Si doping (SiH4 flux rate), as can be seen in
Figure 4(b).

Similarly, the Si doping effect on the mobility and con-
centration of GaN nanowires were also studied by the SiH4

flow rate. Unlike the effect by Si doping on GaN films,
the mobility and concentration of GaN nanowires were not
quite influenced by the Si doping and SiH4 flux rate, as
shown in Figure 5. These GaN nanowires are highly n-type
doped with carrier concentrations of ∼1017–1020 cm−3,
consistent with a previous reported result of high electron
concentration in hot wall chemical vapor deposition.5 Par-
ticularly, it was observed that device-to-device variation
was very large. Large variation and negligible effect of
SiH4 flux rate on GaN nanowire devices can be due to the
combination of surface scattering difference for different
nanowires diameter, high background carrier concentration
due to oxygen impurities and nitrogen vacancies, and car-
bon incorporation from metal-organic source.14–17

Micro-photoluminescence (�-PL) of individual GaN
nanowires was measured at room temperature to inves-
tigate their optical properties in the spectral range of
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Fig. 6. (a) �-PL spectra of single GaN nanowire. (b) PL spectra of GaN epitaxial thin films.

wavelengths from 350 to 650 nm. A typical �-PL spec-
trum for individual undoped GaN nanowires is shown in
Figure 6(a). Besides the band-edge emission at 3.34 eV
(369 nm) and broad yellow luminescence bands in high
intensity are clearly distinguishable at 2.25 eV (550 nm).
The band-edge emission peak is red-shifted compared with
3.4 eV (364 nm) band-edge peak at undoped GaN films
grown at same temperature (Fig. 6(b)). Dominant emis-
sion peak in GaN nanowires grown by other groups has
been reported at 3.26–3.35 eV.8�15�18 This red-shift from
3.40 eV in GaN film to 3.34 eV in GaN nanowires may
be due to a superposition of several effects such as a
Stokes shift and defect or impurity states by Ni catalyst.8�19

Further research is needed to deeply understand the red-
shift in GaN nanowires grown by MOCVD. The oscilla-
tion in �-PL spectrum of GaN film (around 2.2–2.5 eV
range in Fig. 6(b)) is attributed to the Fabry-Perot cavity
by air/GaN and GaN/sapphire in yellow luminescence. The
ratio between band-edge and yellow luminescence peak
intensities (Iband-edge/Iyellow luminescence) is 0.02–0.08 for GaN
nanowires. The peak intensity ratio for GaN thin films
(∼2.2) is about two orders of magnitude as high as that
for GaN nanowires. It has been reported that Iband-edge/
Iyellow luminescence ratio in Si doped GaN films decreases with
increasing carrier concentration.17 In recent studies, yel-
low luminescence was assigned due to complex defects
involving Ga vacancies and compound of Ga vacancy and
O donor, which are related to surface states.17�20 The yel-
low luminescence transition is known into compensation
of n-type conductivity by Ga vacancies.21 Large varia-
tion in the electrical properties of GaN nanowires can be
resulted in Ga vacancies and carbon incorporation involved
in yellow luminescence.

4. CONCLUSION

We have studied and compared the effect of Si doping
on the electrical and optical properties of GaN nanowires
and GaN films grown by metal-organic chemical vapor
deposition. The Si doping was controlled by changing the

SiH4 flux rate. Unlike the electrical properties of GaN
films, GaN nanowire devices showed no noticeable depen-
dence on the SiH4 flux rate. The deep level intensity
ratio (Iband-edge/Iyellow luminescence) of GaN thin films (∼2.2)
is about two orders of magnitude higher than that of
nanowires (0.02–0.08) from photoluminescence measure-
ments. Significant vacancies and impurities resulted in the
high yellow luminescence in GaN nanowires, which leads
to the large device-to-device variation, and thus to negli-
gible dependence of Si doping and the SiH4 flux rate for
GaN nanowires.
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