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Electroluminescence at silicon band gap energy from mechanically
pressed indium–tin–oxide ÕSi contact
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Room temperature electroluminescence~EL! corresponding to Si band gap energy is observed from
mechanically pressed indium–tin–oxide~ITO!/Si contact. The intensity of luminescence is pressure
dependent and highly related to the current–voltage characteristics. Increasing pressure
simultaneously reduces the rectification property and the luminescence. The physical reason for EL
is attributed to the formation of an air gap between the ITO and the Si substrate. The role of the air
gap is similar to the oxide layer in the metal–oxide–semiconductor structure. The influence of
surface quality of the Si substrate on the luminescence spectrum is also studied, and found to be
significant. © 2001 American Institute of Physics.@DOI: 10.1063/1.1359138#
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Silicon has been popularly used by the integrated-circ
industry. However, its applications in areas of optics a
optoelectronics are much less due to the indirect band
nature that makes it hardly emit light. To monolithically in
tegrate electronics and optoelectronics well, many efforts
been devoted to converting silicon to a light-emitting ma
rial or causing luminescence on silicon substrates. They
clude porous-silicon-based devices,1–3 nanocrystalline Si,4,5

Si1-implanted SiO2,
6,7 Er-doped Si,8,9 deposition of polymer

on Si substrates,10 growth of GaN on Si substrates,11,12

metal–oxide–semiconductor~MOS! structures with native
oxide,13,14 and so on. Among them, the obstacle of indire
band gap nature of Si was never overcome, so no spe
emission at Si band gap energy was observed. Recently
discovered that MOS structures on Si with the oxide gro
by the well-controlled rapid thermal oxidation~RTO! could
have the electroluminescence~EL! corresponding to Si band
gap energy.15,16 In this work, we report the further discover
that the insulation layer does not have to be the oxide gro
by RTO. Room temperature EL corresponding to Si ba
gap energy could also occur from mechanically pres
indium–tin–oxide~ITO!/Si contact. The pressure-depende
current–voltage (I –V) characteristics and the luminescen
are investigated. The influence of the Si surface quality
the luminescence is also examined.

The experimental setup is schematically shown in Fig
A piece of glass with one side deposited with ITO was us
as the base to support the structure. The native oxide on
polished side of the Si substrate was removed by the buf
oxide–etchant~BOE!. Aluminum metal was deposited on th
other side of the Si substrate for electrical contact. Then
Si substrate was placed on top of the glass with its polis
surface facing the ITO surface of the glass. Two wires w
connected to the metal side of Si and the ITO on the gla
respectively. Either forward- or reverse-biased voltages w
applied to the setup through these two wires. Here, the
ward or reverse bias is defined according to the conventio
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ways.15 On top of the Si substrate, the pressure was app
through a micrometer that was tightly held to the glass,
the pressure could be varied by turning the micrometer
stainless-steel ball was used to press down the Si wafe
order to maintain a nearly uniform distance between the
surface of the 232 mm2 area and the ITO surface.

Without the applied pressure, the Si surface has no c
contact with the ITO surface, so no current flows through
structure. Under a certain pressure, current appears whe
structure is under forward bias. Increasing pressure ca
both forward- and reverse-biased currents to gradually
crease. Figure 2 shows the pressure-dependentI –V charac-
teristics for the experiment usingn-type Si. The rectification
characteristics are obvious, but are reduced as the pres
increases. Bothp-type andn-type Si had been experimente
on and showed similar behaviors, except with different vo
age polarities.

The mechanically pressed ITO/Si contact behaves lik
metal–insulator–semiconductor~MIS! tunneling diode be-
cause an air gap is formed between the Si substrate and
ITO surface to serve as the insulation layer. When the air
is narrow enough, carriers could quantum-mechanically t
nel through. Under forward bias, EL could be measured e
with a current density as low as 0.6 A/cm2. Figure 3 shows
the EL spectra at different injection currents. The spec
shape of the band edge emission is similar to that meas
from the MOS structure with the RTO grown oxide.15,16 No
luminescence is observed when the structure is reve
biased.

FIG. 1. Schematic setup of the mechanically pressed ITO/Si contac
8 © 2001 American Institute of Physics
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From theI –V characteristics and the emission spectru
the physical reason for the EL should be similar to the M
with the RTO grown oxide.15,16 The formation of a potentia
well at the Si/insulator interface is crucial for the EL. F
n-type Si, a huge amount of electrons accumulate in the
tential well when the structure is under forward bias. T
tunneling holes also simultaneously appear in the well reg
for enhanced radiative recombination. Forp-type Si, similar
behaviors also occur, except that the roles of electron
hole are switched. The carrier confinement in the poten
well causes the wave function to be localized, and so cre
the spread of the lattice momentum in the reciprocal latt
Plus, with the band-filling effect other mechanisms, such
interface roughness, phonon, and impurity scattering, co
then more easily provide enough momentum for the radia
recombination.

The EL emission strength also depends on the app
pressure, as shown in Fig. 4. Under the constant forw
current the EL decreases with the pressure, and eventu
vanishes before over-pressure breaks the glass. The
pressure also reduces theI –V rectification characteristics
The reason is because the ITO surface has more direct
tact with Si surface under great pressure. The direct con
of ITO with Si is nearly ohmic and causes no electrons~or
holes! to accumulate near the Si/insulator interface, reduc
EL. Si substrates with the native oxide remained on the s
face have also been experimented on in the setup. The
periment shows that the EL efficiency also decreases w
the applied pressure, but not to zero. The native oxide

FIG. 2. Pressure-dependentI –V characteristics withn-type Si used in the
experiment.

FIG. 3. EL spectra from the mechanically pressed MIS structure.
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vents the MIS structure from having direct contact of IT
and Si everywhere, so electrons or holes could still accum
late at the oxide/Si interface in some area, for the genera
of EL.

The EL spectrum is discovered to be highly depend
on the surface quality of the Si wafer. To change the surf
quality, the polished side of the Si substrate is lapped us
sand paper~No. 400!. This Si substrate is then put in th
setup shown in Fig. 1 with the lapped side facing the IT
surface of the glass. Such a MIS structure also exhibits
but has a very broad spectrum. Figure 5~a! shows the mea-
sured spectrum from 1.0 to 1.7mm, limited by the spectral
range of the InGaAs detector. Because lapping creates m
surface states with their energies situating in the band g
electrons in the conduction band could transit to those s

FIG. 4. EL emission strength vs micrometer reading~applied pressure!.

FIG. 5. EL spectra~a! with lapped Si surface.~b! Chemically repolished Si
surface.
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face states. The measured EL indicates that such trans
could be radiative. Such transition also reduces the emis
at the band gap energy. As the lapped Si surface is che
cally repolished, the EL again has a major emission at
band gap energy, accompanied with relatively small EL
other energies, as shown in Fig. 5~b!. This indicates that the
later chemical polish reduces the surface states, but doe
completely remove them. This experiment reveals that
electron–hole radiative recombination and the transit
through surface states are competing processes.

The experiment also shows that the simple setup sh
in Fig. 1 could be used for surface-quality inspection. Sim
to the photoexcitation in photoluminescence experiments,
MIS structure provides the mechanism for up-lifting ele
trons to high-energy states by quantum tunneling. The t
neled hot electrons then relax to lower energy states by e
ting photons with corresponding energies. The resulting
spectrum could be used for the interpretation of surface
gredients.

In conclusion, room temperature EL at Si band gap
ergy is observed from the mechanically pressed ITO/Si c
tact. TheI –V curve of the mechanically pressed MIS stru
ture and the EL intensity are pressure-dependent. Increa
pressure simultaneously reduces theI –V rectification char-
acteristics and the luminescence. The formation of an air
between the ITO surface and the Si substrate is crucial
the EL. The role of the air gap is similar to the RTO grow
oxide in the MOS structure. The surface quality of Si su
strate is also experimentally found to have significant infl
ences on the luminescence spectrum, because of the co
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tition between the band edge emission and the transi
through surface states.
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