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l.Introduction
Light emitting materials based on silicon nanostructures

are widely studied for aiming to realize optoelectronic inte-
grated circuits (OEIC) on silicon wafers. Recently, various
investigations of electroluminescence (EL) from silicon-
related low dimensional structures have been reported such
as porous Si [1], nanocrystalline Si (nc-Si) [2], Si/Ge super-
lattices [3], amorphous Si [4] and Si/CaF2 multilayered su-
perlattices [5].

We have studied the formation of nc-Si embedded in
single-crystalline CaF2 on a Si(1.11) substrate [6] and report-
ed its photoluminescence (PL) [7] and EL properties [8]. Nc-
Si embedded in a single-crystalline insulator is attractive for
light emitting material due to its sharp and stable heterointer-
face. Moreover, large quantum confinement can be expected
in nc-Si because of its large conduction band discontinuity
(*2.3 eV) at the heterointerface. Very recently, we have
found that a rapid thermal annealing of nc-Si/CaF2 structures
dramatically improves the intensity and uniformity of PL [9].

In this work, EL of nc-Si formed in single-crystal CaF2

layers grown on a Si(L1.1") substrate with rapid thermal anneal
is presented.

2. Experiment
CaF2 has a fluorite lattice structure that is well matched to

the lattice structure of Si with mismatches of +0.6 Vo at room
temperature. When Si and CaF2 are deposited simultaneously
on a CaF2/Si(111) substrate, Si and CaF2 were grown inde-
pendently because Si and CaF2 have different bonding
mechanisms (Si: covalent, CaF2: ionic). As a result, varying
the growth temperature and the flux ratio of Si and CaF2 can
control the size and density of the nc-Si. Nc-Si of 5-10 nm in
diameter embedded in the epitaxial CaF2 layer on a Si sub-
strate can be obtained using this technique [6].

Nc-Si embedded in CaF2 layers were grown on a Si(111)
substrate in a ultra-high vacuum molecular beam epitaxy
(MBE) chamber (^-10-'Torr), an electron beam evaporation
source for Si, and a resistively heated effusion crucible for
CaF2. In addition, the CaF2 source has an ionization and ac-
celeration unit for partially ionized epitaxy, which enhances
CaF2 epitaxy at low temperatures [L0].
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and CaF2 were 0.4 nm/min and LZ nm/min, respectively.
6Mls-thick nc-Si layer and 3 Ml,s-thick CaF2 multilayered
superlattices were prepared.

To improve PL intensity, ex situ rapid thermal annealing
(RTA) was carried out using infrared lamp radiation heating
with N2 ambience at atmospheric pressure. The temperature
was increased from 200 "C up to an annealing temperature of
700 "C in 20 s, and then the temperature. was kept relatively
constant using feedback control for 20 s. RTA at this condi-
tion improves intensity and uniformity of PL by maintaining
surface morphology. A longer annealing time (> 100 s) or a

higher annealing temperature (> 700 "C) leads to degradation
of the surface morphology and FL intensity [9],

3. Results and Discussions
Figure L(a) shows a schematic cross section of the EL

device fabricated in this study. On three periods of CaFlnc-
Si multilayered superlattices, a SiO2 layer was formed with a

thickness of L00 nm for the insulation. A contact hole of 300
pm in diameter was formed by photolithography and selec-
tive wet chemical etching using BHF lVo. The indium thin
oxide (ITO) films for transparent electrodes were deposited
with a thickness of 100 nm using radio frequency (RF) sput-
tering. The ITO electrode of 500 X 500 pm' *us formed by
the reactive ion etching (RIE) process, and the back contact
electrode was formed with Al at the bottom of the substrate.

Figure 1(b) shows the band diagram of the EL device
applied forward bias. Electrons are injected from an n-type
ITO electrode into nc-Si through a CaF2 energy barrier by
tunneling, and holes are injected from a p-type Si substrate
resulting in a radiative recombination in the nc-Si.

Figure 2 (a) shows a optical microscope plane view of the
EL device. Figure 2 (b) shows the emission of EL from ITO
transparent electrode in the dark. EL was measured at a

pulsed bias (duty = L:L, frequency- lkHz) at room tem-
perature. Typically, at the forward bias of 10V and the cur-
rent of ZmA, EL which seemed white was clearly observed
from the whole area of the contact hole through the ITO
electrode. On the other hand, no light emission was observed
when a reverse bias was applied because current injection
cannot occur.

First, a single-crystalline CaF2 6 monolayers (MIs) thick A cunent-voltage characteristic, a current-El intensity
was grown on a p-type Si(111) substlate at a subsfiate tem- characteristic and EL spectra are shown in Fig, 3. This I-V
perature of 700 'C. Subsequently, a 6 MlJ-thick nc-Si layer characteristic is reasonable as compared v,/ith the simulation
was formed by co-evaporation of Si and CaF2 at below 80'C results de ved from the tunneling model with the band dia-
with the acceleration voltage of 1 kV. Deposition rates of Si gram in Fig, 1(b), The inset is EL spectm of the same sample

426



The peak wavelength of EL spectra was not recognized by
our measurement system. The EL intensity in this figure is
defined by the integration of an EL spectrum from 350 nm to
700 nm. It is found that the EL intensity is proportional to the
driving current, where the shape of EL spectra is not varied
by bias voltage.

4. Conclusion
We have reported electroluminescence of nc-Si em-

bedded in CaF2 fabricated by the co-evaporation of Si and
CaF2 on Si(111) followed by RTA at 700 "C. Visible elec-
troluminescence was clearly observed at room temperature
with a forward bias voltage of approximately L0 V and an
injection current of 2 mA. No luminescence was observed at
for the reverse bias. The EL intensity is proportional to the
driving current. We believe that the nc-Si formed in single-
crystalline dielectric on a Si substrate is an attractive material
for current injection light sources.
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(b)

Fig. 1 Schematic cross section of the fabricated device. Cur-

rent is injected by an ITO transparent electrode. Contact hole

size of each electrode is 300 pm in diameter. (b) Band diagram

of the EL device applied forward bias. Electrons are injected

from an n{ype ITO electrode into nc-Si through a CaF2 energy

barrier by tunneling, and holes are injected from a p-type Si

substrate. Electrons and holes are recombined in nc-Si em-

beddedinaaCaF2layer.

(a) (b)
Fig. 2 (a) Optical microscope image of the EL device. (b)
Photograph of EL from the device under a forward bias voltage
of t0 V and a current of.Z mA at room temperature in the dark.
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Fig. 3 The typical voltage-current and EL intensity-current
characteristics of the EL device at room temperature. The inset is
a EL spectrum.
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