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Abstract
The band-edge electroluminescence at room temperature from metal-oxide-silicon tunneling diodes on (1 1 0) substrates was observed. Both the transverse acoustic and the transverse optical phonon lines are necessary to ﬁt emission
spectra. A comprehensive picture composed of localized holes, phonons and interface roughness is given to describe the
radiation process. The picture can be used to explain the enhanced electroluminescence intensity, as compared to
photoluminescence, and can be used to understand the substrate orientation eﬀect on electroluminescence intensity. Ó 2002 Elsevier Science Ltd. All rights reserved.
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1. Introduction
The band-edge light emission from metal-oxide-silicon (MOS) diodes attracts a great attention not only due
to technological importance [1,2], but also due to the
understanding of the radiation process itself [3,4]. An
electron–hole–plasma (EHP) recombination model was
given to ﬁt the line shape of the electroluminescence, and
the band-edge luminescence nature was conﬁrmed [3] on
the (1 0 0) substrate. The temperature dependence study
of electroluminescence (EL) spectra on (1 0 0) samples
suggested that the reduction of bandgap extracted from
the emission spectra was primarily due to the transverse
optical (TO) phonon as well as the surface band bending
[4]. To further probe the radiation process, the MOS
tunneling diodes were fabricated on p-type (1 1 0) Si
substrates. Note that the natural cleavage plane on

(1 1 0) Si is perpendicular to the substrate, and hence a
cavity structure can be easily fabricated. The similar
band-edge emission spectra were observed and can be
also ﬁt by the EHP recombination model for the devices
on the (1 1 0) substrate. Previous study of Si/SiGe/Si
quantum wells on (1 1 0) Si substrates [5] showed that
the no-phonon (NP) peak in the (1 1 0) substrate is relatively intense, as compared to (1 0 0) substrate probably
due to the larger conduction band oﬀset on the (1 1 0)
substrate than that on the (1 0 0) substrate. Although the
emission intensity of the MOS diodes depends on a variety of factors such as defects in the oxide, defects in the
SiO2 /Si interface, and etc., we observed that the EL intensity on p-type (1 1 0) substrates seems stronger than
that on p-type (1 0 0) substrates. A picture will be given
to explain this observation.

2. Device fabrication
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The ultrathin gate oxide of the MOS tunneling diode
used in this study is grown by rapid thermal oxidation
(RTO) at the 1000 °C. The gas ﬂows are 500 sccm nitrogen and 500 sccm oxygen at the pressure of 250 mbar.
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Before oxidation, the sample was cleaned by a HF dip.
An in situ hydrogen bake at 900 °C for 2 min was performed before the growth of the RTO. The temperature
was measured by a pyrometer with a close loop control.
After the growth of the ultrathin oxide, the sample was
in situ annealed subsequently in hydrogen and in nitrogen for 10 min each at 900 °C. The nominal thickness
of the oxide is about 2.4 nm, measured by ellipsometry.
The resistivity of the 100 mm p-type (1 1 0) wafers is 1–
10 X cm. The NMOS (p-substrate) diodes had Al gate
electrodes with circular areas deﬁned by photolithography.

3. Results and discussion
Fig. 1 shows current–voltage (I–V) curve of an Al/2.4
nm oxide/p-silicon NMOS diode with a circular area of
3  10 4 cm2 at room temperature. For the Al gate
under negative bias, the electron in the Al tunnels to the
Si substrate through the thin oxide. For the magnitude
of the negative gate bias less than 1 V, the electron
tunnels to the interface states in the oxide/Si interface
[6], and cannot contribute to the light emission process.
For the magnitude of the negative gate bias larger than 1
V, the electron starts to tunnel into the conduction band
of Si substrates. The negative gate bias also attracts the
hole in the Si/SiO2 interface to form an accumulation
region. The hole in the Si valence band becomes localized along the growth direction and its momentum has a
spread in the reciprocal space along the growth direction. The tunneling electrons in the Si conduction band
can recombine with the holes in the accumulation region, and emit light if the momentum can be conserved
by the phonon scattering, roughness scattering, and etc.
Note that there is a kink at  1 V in the I–V curve of
NMOS device, indicating the transition of these two
current-transport mechanisms. Note that the current at

Fig. 1. The current–voltage characteristics of the NMOS diode
on the p-type (1 1 0) substrate.

Fig. 2. The EL spectra of a (1 1 0) NMOS diode. The simulation curves have both the TA and TO lines.

the positive gate bias is originated from the generation
of minority electrons through the interface states [7].
We, therefore, perform the EL measurement at the
magnitude of the negative gate bias larger than 1 V. Fig.
2 shows the EL spectra of the MOS diode with the size
of 4  10 2 cm2 under diﬀerent gate bias. The emission
intensity increases as the gate bias (gate current) increases. The width of the line shape also increases with
gate current due to the band ﬁlling eﬀect [4]. The theoretical line shapes from EHP recombination model are
also shown in Fig. 2. Details of the EHP recombination
model can be found in Ref. [3]. Both the transverse
acoustic (TA) and transverse optical (TO) phonons can
give the extra momentum needed for radiative recombination [8]. The TA phonon is 36 meV lower in energy
than the TO phonon [9]. Therefore both the TA phonon
line and the TO phonon line are used to ﬁt the experimental line shape. The relative intensity of TA phonon
with respect to the TO phonon is left as an adjustable
parameter and the relative ratio is around 0.2 in our
simulation. Note that if only TO phonon line is considered, the theoretical line shapes do not ﬁt well with
experimental curves in low energy part. Also note that
the half width at high-energy part of the line shape is
wider as compared to low energy part. When the NMOS
diode is biased at negative gate voltage (Fig. 3), the
electron tunnel from Al to the p-Si through the ultrathin
oxide. The electron tunneling into the conduction band
can relax to the band edge, and radiatively recombine
with the holes in accumulation region if the momentum
is conserved. The electron tunneling into the interface
states cannot contribute the radiative recombination.
With defects in the oxide [7], the hole in the accumulation region of Si can leak through the oxide. This also
reduces the light emission intensity.
To address the issue of momentum conservation, we
present a picture of the radiative process composed of
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Fig. 3. Two conduction current for the NMOS tunneling diode
at the negative gate bias.

phonons (both TO and TA), interface roughness, and
conﬁned holes in the accumulation region (Fig. 4). The
hole conﬁnement in the accumulation region yields a
spread of momentum in the reciprocal lattice along the
growth direction. Since the momentum diﬀerence between holes and electrons can be provided by the phonons [4], the phonons involved in the radiative process,
do not lie in a very restricted region in the phonon dispersion curve as in the case of PL. Instead, all the
phonons in the spread with the extent similar to the
momentum spread of the localized holes can contribute
to the radiative process. This explains that the EL intensity is much higher than PL intensity. For the (1 1 0)
NMOS devices, the spread of hole momentum along
growth direction shortens the separation of hole states
and electron states in the nearest four valleys. The oxide
roughness also produces an additional momentum
spread [10] perpendicular to the growth direction by
scattering the holes at zone center to the neighborhood
around the zone center. The roughness scattering was
demonstrated to enhance the EL intensity as shown in
Refs. [2] and [11]. Since the interface roughness is a twodimensional eﬀect, all six valleys can be beneﬁcial for the
light emission due to this momentum spread. Note that
the interface roughness can also spread the momentum
around the conduction band valleys, but it is not shown
in Fig. 4, since its eﬀect is similar to the spread of hole
momentum. For the (1 0 0) substrate, only two conduction valleys become close to the valence edge due to the
hole conﬁnement to delocalized momentum (Fig. 4(a)).
Only four valleys perpendicular to the growth direction
can get close to the hole at zone center by the roughness
scattering. Therefore, more electrons (valleys) are involved in the radiative process on (1 1 0) substrate (Fig.
4(b)), as compared to (1 0 0) substrates (Fig. 4(a)). Fig. 5

Fig. 4. A proposed picture of the radiative recombination in
NMOS tunneling diode. Note that the two valleys perpendicular to the paper are not shown.

Fig. 5. A comparison of EL spectra from (1 0 0) and (1 1 0)
substrates.

shows the EL spectra from (1 0 0) and (1 1 0) substrates.
Although a lot of factors (Fig. 4) determine the emission
eﬃciency, it seems that the (1 1 0) substrate can provide
more electron valleys in the radiation process, as compare to the (1 0 0) substrate.
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4. Summary
In conclusion, the EL from NMOS on (1 1 0) substrates was demonstrated. Both TO and TA phonon
lines are necessary to ﬁt the emission line shape using the
electron–hole recombination model. A comprehensive
picture of the radiation process is described. From this
picture, the (1 1 0) substrate has the potential to emit
more light than the (1 0 0) substrate.
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