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We report an electroluminescent device fabricated by a europium silicate layer on a silicon
substrate. The device exhibits uniform-intense white color electroluminescence with an external
quantum efficiency about 0.1% at room temperature, a low operating threshold voltage~about 6 V!
and a fast response to the modulation signal at the frequency of 1 MHz. ©1999 American Institute
of Physics.@S0003-6951~99!00621-X#
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III-V semiconductors and organic materials are exte
sively studied for electroluminescent~EL! devices. However,
the device made from these materials lacks of long-term
bility and/or large area uniform emission. Furthermore,
large-scale integrated circuit fabrication processes for th
devices are not so highly implemented as those for Si
vices. Therefore, the EL device which can offer large-a
uniform emission, possibly to a Si substrate, is demanded
attaining various applications such as the flat panel disp
and Si based optoelectronic integrated circuits~OEIC!.

Europium compounds are known as an intense
stable luminescent materials in the visible region. They h
been applied to many practical devices, such as the fluo
cent lamps, the cathode-ray tube and the x-ray recording
vices. These studies suggested that the europium compo
seem to be a candidate of luminescent materials for the
panel displays and Si based OEIC. To achieve the ab
purposes, there are some works of forming a luminesc
layer on Si,1,2 such as Eu doped CaF2/Si system. However
the fabrication methods in these works require costly epit
ial and doping techniques. On the other hand, though
photoluminescence from europium silicates has been stu
for decades,3,4 until now, no EL investigation of europium
silicates to the Si substrate has been reported to our kn
edge.

In this letter, we report an EL device, which has a th
europium silicate layer deposited on a Si substrate. The
vice shows uniform-intense white-color EL, with the exte
nal quantum efficiency of the order of 0.1%, a low operat
threshold voltage less than 6 V, and a high-speed modula
at the frequency of 1 MHz. The obtained large-area unifo
EL appears promising for the fabrication of flat panel d
plays and OEIC on the Si substrate.

The sputtering targets were a 99.99% Si disk~10 cm in
diameter! and 99.9% EuSi2 powder. The substrate wasp-Si
~100!, of which surface was cleaned by dilute HF ethan
solution to remove the oxide layer. The sputtering was p

a!Electronic mail: qjf.sqdp.trc-net.co.jp
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formed in the atmosphere of 0.5 Pa Ar gas~99.999%!. The rf
power was 100 W and the substrate temperature was 300
The deposited film thickness was about 2mm. After sputter-
ing, the films were annealed in vacuum at the temperatur
1000 °C for 15 min. The films were characterized by t
x-ray photoelectron spectroscopy, x-ray diffraction, a
transmission electron microscopy. The transmission elec
microscopy observations showed that the film was uniform
formed from the nanocrystals, with the average size of ab
9 nm in diameter. The x-ray photoelectron spectroscopy
x-ray diffraction results demonstrated that EuSiO3 and
Eu2SiO4 were formed in the samples with the relative co
centrations of Eu:0.24, Si:0.15, and O:0.61~the film is de-
noted as EuSiO for simplification!. The reason why oxygen
atoms are contained in the samples is not clear. Howeve
is considered that the oxygen atoms adsorbed at the n
crystal surfaces after sputtering and that they reacted with
surface atoms during the annealing process. An indium–t
oxide ~ITO! layer about 100 nm thick was deposited on t
luminescent layer by the rf sputtering method.

A schematic of the ITO/EuSiO/Si EL device structure
shown in Fig. 1~a!. The luminescence spectra were measu
by a monochromator equipped with a liquid nitrogen coo
charge coupled device~CCD! system, and the external quan
tum efficiency was measured by a photodiode detector. F
ure 1~b! shows a photograph of the white EL from the E
device at the driving voltage of 30 V. The luminence is abo
130 Cd/m2 at 30 V bias voltage. The external quantum ef
ciency (hext, photons per electron! was evaluated to be
about 0.1% by

hext5
L/hn

I /q
, ~1!

where the light power outputL is 12mW when the injection
currentI is 10 mA, h, n, andq denote the Planck constan
the frequency of the emitted light, and the elemental elec
charge, respectively.

Figure 2 shows the EL spectrum obtained at 30 V b
voltage. The EL spectrum shows a broad spectral struc
ranging from 400 to 800 nm, which covers almost who
3 © 1999 American Institute of Physics
IP license or copyright, see http://apl.aip.org/apl/copyright.jsp
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visible wavelength range. This broad spectrum can be
signed to the (4f )6(5d)2(4 f )7 transition of the divalent
europium ions. A series of relatively narrow spectral stru
tures denoted by the arrows are also observed on the b
spectrum, as shown in Fig. 2. These structures are likel
originate from the small trace of trivalent europium ions
the sample, as their peak energies agree well with the5D j

27F j 8 transition energies of Eu31 ions in the solid
matrices.5

Figure 3~a! shows a logarithmic current density (J) ver-
sus voltage (V) characteristic of the europium silicate E
device. From the lower current density region, around 1026

A/cm2, we estimated the resistivity of the layer to be on t
order of 1010V cm. This value suggests that the europiu
silicate layer can be regarded as an insulator. As show
Fig. 3~a!, the J2V characteristic exhibits a power-law rela
tionship,J5kVn (k is a proportionality factor!, wheren in-
creases from 1 to 3 with increasing applied bias voltage. T
J2V characteristic behavior is similar to that of the spa
charge-limited current with traps observed for the carri
injection into the insulator, where the injected current flo
ing is strongly influenced by the localized defect states in
forbidden gap in response to the applied voltage.6,7

FIG. 1. ~a! A scheme of the europium silicate EL device structure. T
luminescent europium silicate layer and the ITO transparent electric cat
layer are about 2mm thick and 100 nm thick, respectively.~b! A photograph
of the uniform white light emission from the device. The applied bias vo
age is 30 V, and the luminescent area is 4.9 mm2. The wire in the lumines-
cent zone is the electrode attached to the ITO film.
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Figure 3~b! shows a logarithmic plot of the integrate
EL intensity as a function of the injection current densi
The dashed curve represents the experimental result. The
set of EL was seen at the injection current density of ab
0.4 mA/cm2. This means that the EL starts at a low bi
voltage of about 6 V. The EL intensity increases with t
increase of the forward current density. On the other ha
we could not observe any light emission in the reverse c

FIG. 2. The EL spectrum obtained at the bias voltage of 30 V. Arrows sh
the luminescence energy positions of trivalent europium ions in the sam

FIG. 3. ~a! Logarithmic plot of current density versus driving voltage.~b!
Integrated EL intensity vs injection current density. The dashed and
solid curves represent the experimental results and the fitted ones, re
tively.
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rent direction even at the breakdown voltage of around 90
The solid line in Fig. 3~b! gives the result fitted by the squa
dependent functionI EL;J2. The square dependence of E
as a function of the injection current density suggests
both holes and electrons are injected into the luminesc
layer from thep2Si substrate and the ITO electrode laye
These injected carriers can be trapped at the Eu21 ion centers
and other defects, where the current flow is strongly infl
enced by these localized centers, showing the power-law
lationship of theJ2V characteristic, as observed in Fi
3~a!. Subsequently, the electron-hole pairs bound at
ropium centers recombine, and the energy transfer to
Eu21 ions occurs. As a result, the Eu21 ions emit light
through the (4f )6(5d)2(4 f )7 transition.

Figure 4 shows a temporal behavior of the integrated
intensity from the europium silicate EL device modulated

FIG. 4. Temporal behavior of integrated EL intensity from the device mo
lated by sine-wave bias voltage. The amplitude and the frequency o
modulation sine-wave signal are 27.5 V and 1 MHz, respectively. The
ditional forward bias voltage is 20 V.
Downloaded 20 May 2004 to 130.158.105.241. Redistribution subject to A
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a sine-wave bias voltage. For the modulation, a sine w
signal with the amplitude of 27.5 V and frequency of 1 MH
was applied in addition to the forward bias voltage of 20
The EL was found when the sine-wave modulation sig
voltage is above 8 V in the rising side. A tail of EL was
observed in the fall side, which results in the asymmetry
EL in the rising side and the fall side. Even so, the EL
tensity follows the forward modulation sine wave signal w
little distortion in shape. It suggests that the signal proce
ing speed of the device can be as fast as 1 MHz. From
tail in the fall side, we can estimate the EL decay time
about 0.5ms. It agrees with the fluorescent decay time
Eu21 ions of sub-ms order.8 It is likely that the speed of EL
modulation of the device is limited by the fluorescent dec
time of Eu21 ions.

In summary, we have shown an EL device having
europium silicate layer on the silicon substrate. The EL
vice exhibits the characteristics of broad spectral band, la
area uniform emission, high external quantum efficiency, f
response, low threshold, and simplicity in fabrication. Th
work has demonstrated that europium silicate appear
promising candidate material for the fabrication of flat pan
displays and OEIC on the Si substrate.

The sputtering was done at the Venture Business La
ratory of University of Tsukuba, and authors acknowled
the laboratory for the experimental facilities.
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