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We demonstrated mercury-free narrow-band deep-ultraviolet luminescence from field-emission
devices with Al1−xGdxN thin films. The Al1−xGdxN thin films were grown on fused silica substrates
by a radio frequency reactive magnetron sputtering method. The deposited film shows a strong
c-axis preferential orientation. A resolution limited, narrow intra-4f luminescence line from Gd3+

ions has been observed at 315 nm. The luminescence spectrum depends on the growth temperature
of the thin film, and the intensity varies as a function of the GdN mole fraction. © 2008 American
Institute of Physics. �DOI: 10.1063/1.3028341�

After invention of mercury lamp in 1927, the ultraviolet
�UV� light emitted from the lamp has been widely used in
various industrial processes such as photopolymerization and
photolithography for large display panels and printed circuit
boards. The light emission in the UV region, moreover, is
known to be suitable for sterilization and medical treatments
for incurable skin diseases. However, mercury is a serious
toxic element. For human life free from mercury, develop-
ment of novel UV lighting devices is indispensable. Re-
cently, nitride-semiconductor based light emitting diodes
�LEDs� have been attracting strong interest in the UV
region.1 LEDs emitting at 365 nm matching with the i line of
the mercury lamp are already in the market, and the emission
power of 250 mW has been achieved for the commercial
devices.2 On the other hand, an ultimate short wavelength
emission at 210 nm has been demonstrated by using a AlN
homojunction, though the output power is still very weak.3

The use of quantum well structures in the LEDs is suitable
for accomplishing the desired wavelength and efficient light
emission. However, the spectral line width limited by the
thermal carrier distribution in the quantum structure is broad
over �10 nm. Much narrower spectral width is necessary for
many applications such as the photolithography and medical
applications.

On the other hand, rare earth ions are easy to create
narrow band luminescence because of the intraorbital elec-
tron transitions, which are usually used in conventional fluo-
rescent lights, cathode-ray tubes, plasma-display panels, and
so on. The intraorbital electron transition is generally dipole
forbidden, and, therefore, the radiative decay lifetime is long.
Furthermore, the spectrum is insensitive to the environment
because of the electromagnetic shield effect caused by the
occupied outer shells. In particular, Gd3+ ion efficiently emits
UV luminescence at about 310 nm. That is the transition
from 6P7/2 of the excited states to the ground state 6S7/2 in
the 4f orbital. Such intra-4f electron transition shows an ex-
tremely narrow band emission line. To obtain lossless, effi-
cient UV emission from Gd3+ ions, a host material with the
energy band gap more than about 4 eV is necessary. Several
works have reported that AlN is a good host material for

Gd3+ ions4–7 because of the large band gap of about 6 eV and
the isoelectronic properties of the Gd3+ centers replacing
Al3+ ions. Moreover, AlN is known to be a thermally and
chemically stable material.

In this study, we developed field-emission devices
�FEDs� with Al1−xGdxN thin films. The accelerated electrons
excite the Al1−xGdxN thin film, and the narrow band lumi-
nescence line is obtained at 315 nm. The Al1−xGdxN thin
films were grown on fused silica substrates by a radio fre-
quency �rf� reactive magnetron sputtering method. The lumi-
nescence characteristics depending on the GdN mole fraction
and the growth temperature are discussed.

We grew Al1−xGdxN thin films on fused silica substrates
at 500 °C by a rf reactive magnetron sputtering technique.8

The deposition chamber whose back pressure is about 6
�10−6 Pa is separated from a chamber for introducing the
substrate. We used ultrapure �6N� mixed gas of argon and
nitrogen for the reactive growth. The total pressure was 5 Pa,
and the partial pressure ratio was even. Metal targets used
here are Al �4N� and Gd �3N�. When we grow Al1−xGdxN,
we set Gd metal tips on the Al target. The doping concentra-
tion was controlled by changing the number of the tips. The
input rf power was 250 W.

Figure 1�a� shows a typical x-ray diffraction spectrum of
an AlN film. The film thickness is 400 nm. The spectrum
shows a strong c-axis preferential orientation. The in-plane
orientation examined by the x-ray pole figure measurement
was random. Therefore, the deposited film is the c-axis ori-
ented polycrystal. The full width at the half maximum of the
�0002� x-ray rocking curve is less than 6°. The optical band
gap of the AlN film was examined by the optical reflectance
shown in Fig. 1�b�. The derivative reflectance spectrum
shows a distinct interference structure vanishing at
�200 nm, which indicates that the band-gap energy is al-
most same as that of a high-quality bulk crystal.9 In this
work, we have grown Al1−xGdxN thin films with different Gd
concentrations. The x-ray diffraction spectra of these doped
films are shown in Fig. 2. The film thickness of these films is
1080 nm. The Gd concentration was measured by using the
electron probe micro analyzer. When the GdN mole fraction
is over about 10%, the spectrum changes dramatically. The
diffraction intensity remarkably decreases, and some diffrac-a�Electronic mail: kita@eedept.kobe.-u.ac.jp.
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tion signals originated from the Gd-metal phase appear in-
stead. The crystal symmetry of the bulk AlN is wurtzite, and
the a-axis and c-axis lattice constants are aAlN=0.3112 nm
and cAlN=0.4982 nm, respectively.10 Since the bulk GdN has
the rocksalt structure with the larger c-axis lattice space of
aGdN��222�=0.5772 nm,11 the crystal structure of AlN contain-
ing a great many Gd atoms becomes unstable. Therefore, the
excess Gd atoms are considered to be separated from the
Al1−xGdxN phase.

There are several reports about luminescence from Gd-
doped AlN, where fundamental luminescence properties of
doped Gd3+ ions have been discussed.4–6 Here, in order to
develop an electrically driven mercury-free narrow-band
deep-UV lighting device, we fabricated FEDs with the
Al1−xGdxN films. The FED structure used is illustrated in
Fig. 3�a�. The electron emitter was set at a side electron
emission configuration,12 which is suitable for extracting the
emitted light efficiently. The device consists of a cathode
electrode, carbon nanofiber/elastomer nanocomposite sheets
as the electron emitter, a thin insulating spacer sheet with
300 �m thickness, and an invar alloy grid-type anode
electrode.12 We used a phosphor bronze alloy for the cathode
electrode. The grid-type electrode was contacted with the
Al1−xGdxN film, where the window area of the grid is 10
�8 mm2. Field-emitted electrons were extracted by applying
a negative bias to the emitter against the grid electrode,
which irradiate the Al1−xGdxN film as drawn by white ar-
rows. All FED measurements were carried out at room tem-
perature in a vacuum of 6.5�10−4 Pa. A typical electron
emission profile is shown in Fig. 3�b�. Bright electron emis-
sion current over 1 �A was obtained in the saturation region
appeared above the applied voltage of about 300 V. We used
this region for the excitation.

Figure 4�a� shows a typical luminescence spectrum mea-
sured at 100 �A. The film thickness used in the FED is
135 nm. A sharp luminescence line is observed at 315 nm. A
weak, broad signal around 500 nm is considered to be due to
the oxygen-related defect luminescence13 and/or the fused
silica substrate.14 The UV narrowband emission appeared
clearly when the accelerated electron energy is more than

1 keV. Because of the insulating feature of the AlGdN film
on the fused silica substrate, it is considered that electrons
losing their energy owing to negative charges on the film
surface excite Gd3+ ions. The excitation and energy relax-
ation process is considered to be the same as the conven-
tional cathodoluminescence4,5 and photoluminescence.6 The
emission intensity has been found to show a linear depen-
dence on the injection current in our current region up to
100 �A. We compare the Gd concentration dependence of
the luminescence intensity measured at the same injection
current of 100 �A. The results are summarized in the inset
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FIG. 1. X-ray diffraction spectrum �a� and first-derivative reflectance spec-
trum �b� of an AlN film.
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FIG. 2. X-ray diffraction spectra of AlN and Al1−xGdxN films with different
GdN mole fractions.

FIG. 3. �Color online� FED structure �a� and a typical electron emission
characteristic measured as a function of the applied voltage between the
cathode electrode and the grid type electrode.
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of Fig. 4�a�. The luminescence intensity increases with the
GdN mole fraction. However, the film including the Gd
metal phase shows the very weak luminescence because of
the small amount of Gd3+ ions. The GdN mole fraction
showing the strongest luminescence intensity was 6%.

The expanded luminescence spectrum is shown in Fig.
4�b�. Here, we compare luminescence spectra for
Al0.94Gd0.06N films grown at different temperatures in the
range of 200–500 °C. We controlled the current-voltage
condition of the FED in order to operate at 100 �A. There
was no clear difference in the current-voltage characteristics
for the films grown at the different growth temperatures. Two
signals are confirmed. The strong peak at 315 nm is attrib-
uted to the transition from the excited state 6P7/2 to the
ground state 6S7/2. The spectral line width is about 4 nm,
which corresponds to the resolution limit of our monochro-
mator. We have confirmed a resolution limited spectrum even
when using a higher-resolution monochromator with the
spectral resolution of 1 nm. On the other hand, the weak
signal appeared at the shorter wavelength side is due to the
transition from 6P5/2 to 6S7/2. The signal intensity of the
6P5/2-6S7/2 transition depends on the splitting energy between
the 6P5/2 and 6P7/2 states. In other words, population of ex-
cited electrons in the split excited states determines the spec-
tral structure. We found that the relative intensity can be
controlled by choosing the growth temperature of the
Al1−xGdxN film. As shown in Fig. 4�b�, with lowering the
growth temperature, the splitting energy has been found to

decrease, and resultantly, the 6P5/2-6S7/2 transition intensity
gradually increases. When the film was grown at 200 °C,
both the intensities become almost the same. These changes
in the splitting energy of the excited states is considered to
be caused by the crystal field varied by the thermal expan-
sion mismatch between the film and the substrate. Since the
thermal expansion coefficient of AlN �4.36�10−6 K−1� �Ref.
15� is about one order of magnitude larger than that of fused
silica ��6�10−7 K−1�,16 the higher temperature growth
causes a stronger thermal expansion mismatch. Such biaxial
tensile strain in Al1−xGdxN reduces the lattice space along
the c axis, which leads to a slight peak shift of the �0002�
x-ray diffraction signal as observed in Fig. 4�b�. Therefore,
the change in the splitting energy between the 6P5/2 and 6P7/2
states is caused by the different biaxial crystal fields.

In summary, electrically driven mercury-free narrow-
band deep-UV luminescence has been demonstrated by using
FEDs with Al1−xGdxN thin films. A resolution limited
intra-4f luminescence line of Gd3+ ions was obtained by ac-
celerated electrons emitted from the cathode electrode. The
luminescence line corresponding to the transition from the
excited state 6P7/2 to the ground state 6S7/2 appeared at
315 nm, and the spectral line width was found to be less than
1 nm. The luminescence spectrum depends on the growth
temperature of the thin film, and the intensity varies as a
function of the GdN mole fraction.
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FIG. 4. A typical luminescence spectrum from the FED with an
Al0.94Gd0.06N film is shown in �a�. The inset displays the GdN mole fraction
dependence of the luminescence intensity at 315 nm. The left and right
figures of �b� show the expanded luminescence spectra and the �0002� x-ray
diffraction signals for Al0.94Gd0.06N films grown at different temperatures,
respectively.
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