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a b s t r a c t

GaN films were deposited on glass substrates by the middle frequency magnetron sputtering method at

low substrates temperatures. X-ray diffraction (XRD) intensity and full-width at half-maximum

(FWHM) values of the films were strongly influenced by the composition of (Ar+N2) mixture gas and the

negative bias voltages. Optical band gaps deduced from absorption plots show a decrease trend with

normally n type with a typical carrier concentration of 1.92�10 /cm and Hall mobility of 49 cm /V s.

Two photoluminescence emission peaks appear at 3.30 and 3.36 eV at temperatures below 100 K, and

the origin of these two peaks can be attributed to excitons bound to structural defects.

& 2008 Published by Elsevier B.V.
1. Introduction

Considerable efforts have been devoted to GaN recently for its
application potential in electronic and optoelectronic devices such
as electron field emitter and light-emitting diodes (LED) in the
blue, violet, and near-ultraviolet spectral ranges [1–3]. Traditional
growth methods for GaN films such as metal organic chemical
vapor deposition (MOCVD), molecular beam epitaxy (MBE) and
hydride vapor phase epitaxy (HVPE) are always at high tempera-
tures ranging from 800 to 1000 1C. However, for large-area, low-
cost fabrication of LED, thin-film transistor displays and solar cells
that utilize glass substrate, it is necessary to deposit GaN films
at low temperature. Recently, single-crystalline GaN films with
full-width at half-maximum (FWHM) of 77 arcmin for the (0 0 2)
rocking curve have been successfully grown at relatively low
substrate temperature by radio frequency (RF) reactive magnetron
sputtering [4], which brought considerable interest to the
preparation of GaN films using the sputtering technique. Middle
frequency (MF) reactive magnetron sputtering is a technique that
Elsevier B.V.
effectively eliminates poisoning of targets and therefore it is
possible to produce films with a very high growth rate.

In this study, we report initial work on the deposition of
GaN films on glass substrates using a modified MF magnetron
sputtering system and especially the influence of deposition
parameters on the structure, absorption, electric and optical
properties of the resulting films.
2. Experimental details

GaN films were deposited using a modified MF magnetron
sputtering system operated at 40 kHz and the experimental
details have been described in Refs. [5,6]. Pure Ga (99.99%) was
put into the twin magnetron targets, which were 3 mm in depth
and back-cooled by refrigerated water maintained at a tempera-
ture of 5 1C. Soda-lime silicate glass substrates were ultrasonically
cleaned in acetone, ethanol and rinsed in de-ionized water before
being mounted onto the substrate holder. The sputtering gas was
a mixture of N2 (99.999%) and Ar (99.999%). The substrate was
glow discharge cleaned for 10 min in Ar atmosphere at 4 Pa.
Deposition parameters of the typical conditions are summarized
in Table 1. The Ar ratio or negative bias was varied at a time during
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Table 1
Typical deposition parameters for GaN films.

Parameters Values

Base pressure 5�10�3 Pa

MF power 1600 W

Target–substrate distance 10 cm

Total gas pressure 0.6 Pa

Bias voltages �50 V

Ar ratio 50%

Substrate temperature �80 1C

Deposition time 60 min

Film thickness �3mm
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Fig. 1. X-ray diffraction patterns of GaN films deposited on glass substrates under

various Ar ratios.
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deposition, and then the changes in the properties of the films
were measured.

The crystal structure of the deposited GaN film was character-
ized by X-ray diffraction (XRD) with Cu Ka radiation
(l=0.15406 nm). The elemental composition was determined
using an energy dispersive spectroscopy (EDS) system [EDAX
genesis 7000] operated at 12 kV. The surface morphologies and
chemical bonding properties were investigated by atomic force
microscopy (AFM) and X-ray photoelectron spectroscopy (XPS),
respectively. The microstructure measurements were carried
out on a JEM-2010FEF (UHR) transmission electron microscope
(TEM) operated at 200 kV. The absorption plot was obtained by a
UV–vis–NIR spectrophotometer (VARIAN CARY 5000). Tempera-
ture dependence photoluminescence (PL) emissions were inves-
tigated with a 325 nm line of He–Cd laser as an excitation source,
using a 1 m grating monochromater and a phase-sensitive
detection. PL measurements were conducted in a closed-cycle
He cryostat at temperatures from 10 to 300 K and the excitation
power was set at about 30 mW on the front surfaces of the
specimen.
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Fig. 2. X-ray diffraction patterns of GaN films deposited on glass substrates under

various negative bias voltages.
3. Results and discussion

Fig. 1 shows the XRD patterns of GaN films deposited on glass
substrates under various Ar ratios. All the films exhibit a preferred
orientation in the crystal plane of (0 0 2). The peak intensity
of (0 0 2) reaches a maximum value when the Ar ratio is 50 at%.
Then the intensity decreases with further increase of Ar ratio. The
FWHM values of the (0 0 2) peaks for films deposited at Ar ratios
of 0, 20, 30, 50 and 70 at% are 483, 351, 280, 380 and 596 arcsec,
respectively. The crystallite sizes are calculated from (0 0 2)
diffraction using the Scherrer formula assuming the shape factor
of 1 [7] and were found to range from 15 to 20 nm. In magnetron
sputtering, the target is primarily sputtered by Ar rather than by
N2 [8]. Higher Ar ratio makes the deposited films excess in Ga and
deficient in N. On the other hand, lower Ar ratio leads to a
reduction in the Ar+ density in the plasma and a corresponding
decrease in Ar+ bombardment on both the Ga target and the
growing film surface, which results in the formation of GaN film
with lower density. Therefore, an optimal Ar ratio exists, e.g.,
30–50 at%, in the present experiment. From the density functional
theory calculation, it has been found that the Ga is very mobile at
the wurtzite (0 0 1) surface while the diffusion of N is slow by
orders of magnitude [9,10]. Excess N content in the films
significantly increases the Ga diffusion barrier and the surface
diffusion length of Ga. Therefore, the structure evolution is
correlated to the Ga/N ratio. It is then controlled by the Ar/N2

flow ratio. Ar pressure has been found to be an important
parameter that affects the properties of III-nitrides. For example,
Lee et al. [11] have studied RBS and XRD of sputter-deposited AlN
and found Ar pressure has evident influence on the residual stress
and interplanar spacing of the films. In GaN and InN, Ar partial
pressure was found to influence the elemental composition,
structure and optical properties deposited by magnetron
sputtering [12,13].

Fig. 2 shows the XRD patterns of GaN films deposited on glass
substrates under various bias voltages. The peak intensity of
(0 0 2) reaches a maximum value when the bias voltage is �250 V.
Then the intensity decreases with further increase of bias voltage
to �300 V. FWHM values of the (0 0 2) peaks for films deposited at
bias voltages of 0, �50, �150, �250 and �300 V are 479, 380, 411,
408 and 325 arcsec, respectively. The electric field between the
targets and substrates will be strengthened by the increase in
bias voltage. Therefore, the sputtered atoms with higher kinetic
energies could migrate more easily on the growing surface and
reach the positions of potential minima before being covered by
the subsequent arriving atoms. So, the increase of diffraction
intensities and decrease of FWHM can be attributed to the
improvement of the crystalline quality. This phenomenon can be
certificated by the AFM images shown in Fig. 3; it is found that
increasing substrate bias voltages affected its microstructure to
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Fig. 3. AFM images of GaN films deposited on glass substrates under various negative bias voltages.
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Fig. 4. EDS (a) and XPS (b) spectrum of GaN films deposited on glass substrates under typical conditions.
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become larger in grain size and more random-oriented in the
crystallographic direction.

Fig. 4a shows the EDS image of GaN films deposited on glass
substrates under typical conditions. The concentrations of Ga and
N are 47 and 53 at%, respectively. Fig. 4b shows a general scan of
the same GaN film, which records the core-level peaks at Ga 3d
(19.8 eV), Ga 3p (106.7 eV), Ga 3s (161.7 eV), Ga LMM (190.3 eV), N
1s (396.8 eV) and O 1s (533 eV). The binding energy of N 1s and Ga
3d are in good agreement with the published values of compound
GaN [14]. The core-level values of Ga were found to have a positive
shift with respect to elemental Ga, indicating the nitridation of Ga
and the absence of elemental Ga. The O contaminations may come
from oxidation in the deposition process and air exposure after
withdrawal of the samples from the chamber. Because of the
limitation of EDS for light elements, the exact concentration of N
and O by Rutherford backscattering spectroscopy (RBS) is under
way.

At room temperature (RT), a Hall effect measurement was
performed on the GaN films grown under typical conditions. The
unintentionally doped films deposited under optimal conditions
were normally n type with a typical carrier concentration of
1.92�1017/cm3 and Hall mobility of 49 cm2/V s. This high carrier
concentration is associated with the native defects in the film and
the impurities of silicon and oxygen incorporation as detected
by XPS. However, RT electron mobility of 380 cm2/V s has been
obtained by the rf-plasma-assisted MBE method [15]. More
detailed investigation is going on for exploiting the electric
properties of GaN films.

Fig. 5 shows TEM (a) and high-resolution TEM (HRTEM) (b)
images of GaN films deposited on glass substrates under typical
conditions. GaN films are composed of nanocrystalline particles
(black area) with sizes of �20 nm embedded in polycrystalline
matrix, which was clearly distinguished from each other by select
area electron diffraction (SAED) pattern shown in the inset of
Fig. 5a: the concentric rings consist of bright spots, which confirm
orientation along a particular direction and these spots can be
assigned to be diffraction from the (0 0 2) plane of wurtzite GaN
and support the results obtained by XRD.

Optical absorption spectra of the GaN film deposited under
various negative voltages have been recorded over the range
300–900 nm, and the square of absorption coefficient (a2) as a
function of energy (hn) is shown in Fig. 6a. Optical band gaps were
estimated by extrapolating linear fits to plots of a2 versus the
photon energy hg at the band edge [16]. The crystalline band gaps
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Fig. 5. TEM (a) and HRTEM (b) images of GaN films deposited on glass substrates under typical conditions. SAED pattern is shown in the inset of (a).
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Fig. 6. a2 versus photon energy plot (a) and temperature dependence PL spectrum (b) of GaN films deposited on glass substrates.

C.W. Zou et al. / Journal of Crystal Growth 311 (2009) 223–227226
show a decrease trend with increasing bias voltage from 3.3 eV
without bias to 3.1 eV at a substrate bias of �300 V. The optical
absorption at energies below the band gap may arise out of
defects and disorder produced during films’ deposition. When at
higher bias voltages, ion bombardment or re-sputtering-induced
lattice damage creates defect energy levels below the conduction
band and hence the band gap decreases. Similar results have been
reported for N+ ion implantation on n-GaN [17]. Another reason
for the decreasing of band gap may due to the excess Ga in the
films reacting with the N2 [18].

Fig. 6(b) shows the temperature dependence PL spectrum of
GaN films deposited under typical conditions. Two emission peaks
appear at 3.30 and 3.36 eV at temperatures below 100 K while the
band gap emissions almost disappear at RT. RT PL emission with
an FWHM of 6 nm and an electron mobility of 380 cm2/V s has
been obtained by the rf-plasma-assisted MBE method [15].
In contrast to polycrystalline GaN films consisting of single-
crystalline GaN nanolines with blueshift in the optical band gap
relative to bulk GaN [19], we can see a redshift of PL peaks
compared to a strain-free 400mm-thick freestanding GaN [20].
The reason may be as follows: in their case, the diameter of GaN
nanocrystalline is less than the exciton Bohr radius for GaN
(11 nm). So, both the optical excitation recombination that took
place in the nanometer grain and the energy gap of the grain are
enlarged due to quantum confinement. However, in our case, the
nanocrystalline size is larger (18–20 nm). Similar results have
been obtained for polycrystalline GaN films produced by RF
magnetron sputtering and the peaks were attributed to defect-
level transitions [21]. Therefore, the origin of these two peaks may
come from excitons bound to structural defects as a result of the
big thermal expansion coefficient mismatch between the GaN film
and the amorphous glass substrate [22]. Tampo et al. [23]
observed that the PL excitation spectrum of GaN grown on a
quartz glass substrate was essentially the same as that on a
sapphire substrate, except for having a lower energy band tail
[24]. Then, another possibility for the origin of these two peaks is
that they are located at the lower energy tail due to the
polycrystalline structure of GaN.
4. Conclusions

GaN films were deposited by MF magnetron sputtering on
glass substrates. XRD intensity and FWHM of the films depend
strongly on bias voltage and Ar ratios. Optical absorption at
energies below the band gap arises out of defects and disorder
produced during films’ deposition. The PL emission can be
attributed to the exciton bound to structural defects. The MF
magnetron sputtering makes possible the deposition of GaN films
on glass substrates at relatively low temperatures.
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