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Abstract. The electroluminescence (EL) at room temperature from Au–extra-thin silicon
oxynitride (ETSON)–p-Si and Au–ETSON–n-Si structures is reported. The ETSON films
(∼80 Å) were deposited by the rf magnetron sputtering technique, and Si3N4–Si composite
targets were used (the area ratio of Si to Si3N4 was∼6%). The EL spectra were measured under
forward bias> 4 V after the ETSON films had been annealed at 300, 600, 800, and 1000◦C
in N2 ambient for 30 min. The Au–ETSON–p-Si structure has a dominant EL band with peak
wavelength around 680 nm, and its integrated EL efficiency is an order of magnitude higher than
that from a Au–extra-thin Si-rich SiO2 (ETSSO) film (∼80 Å)–p-Si structure. Distinguishing it
from the Au–ETSSO–Si structure, which emits visible EL only when it is fabricated on p-Si,
EL can also be observed in the Au–ETSON–n-Si structure under forward bias, and the two
dominant EL bands peak one at around 700 nm and one at around 800 nm. Electron beam
irradiation induces a new EL band peaked at 500 nm in the EL spectrum from an Au–ETSON–
p-Si structure. From the experimental results it is suggested that electrons and holes from
opposite sides tunnel into the ETSON layer and recombine radiatively at luminescence centres
there.

The visible electroluminescence (EL) from Au–extra-thin Si-rich SiO2 (ETSSO)–Si
structures has been reported in our previous works [1]. Therein we studied the EL
dependence on the forward bias and the effects of thermal annealing, and attributed light
emission to radiative recombination of electrons and holes which tunnel from opposite
sides into the SiO2 layers and recombine radiatively at the luminescent centres there.
Besides luminescent centres, the nanosize Si particles also play a key role, since they
shorten the distance of carrier tunnelling and affect the band offsets on the interface of
nanosize Si particles and SiO2. We consider that the replacement of the silicon oxide
by silicon nitride in the MIS structure may lead to EL with different emission efficiency
or different peak energies because the concentration and the types of luminescent centres
and the size distribution of nanosize Si particles have been changed. Amorphous silicon
nitride films are traditionally used in the microelectronics industry [2–6] as oxidation
masks, dopant diffusion barriers, gate dielectrics in field effect and thin-film transistors,
charge storage layers in nonvolatile metal–nitride–oxide–semiconductor memory devices,
and as final passivation layers for device packaging. All these applications are based on
the excellent insulating properties of silicon nitride. There are some reports on optical
property studies of amorphous silicon nitride, including photoluminescence (PL) [7–12],
photoluminescence excitation (PLE) [13, 14], and luminescence decay [15]. However, few
studies have been reported on its EL characteristics and mechanism. Boonkosumet al [16]
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applied hydrogenated amorphous silicon nitride (a-SiN:H) for the first time as a luminescent
active layer in a light-emitting diode (LED) with a structure of glass–ITO–p a-SiC:H–i a-
SiN:H(250–1000Å)–n a-SiC:H–Al. Recently, Deshpandeet al [12] have reported weak EL
from a structure of ITO–a-SiN:H(1000̊A)–Si during their extensive studies on the optical
properties of a-SiN:H films deposited by hot-filament chemical vapour deposition.

In this letter, we report the visible EL from Au–extra-thin silicon oxynitride (ETSON)–
Si structures, where the thicknesses of ETSON films are only∼80 Å, far less than those
reported in [12] and [15], compare the EL behaviour from Au–ETSON–Si and Au–ETSSO–
Si structures, study the effects of electron beam irradiation on EL spectra, and discuss the
EL mechanism of the structures.

The substrates used in this experiment were (100) oriented, 5–9� cm, p-type or n-type
Si wafers. After the Si wafers had been cleaned carefully, the native oxide layers on Si were
removed by HF solution. Before the deposition of dielectric films, an ohmic contact on the
back side was formed by evaporating thin Al film and alloyed at 530◦C. The ETSON films
were deposited by an rf magnetron sputtering technique which is similar to the deposition of
ETSSO films reported in our previous paper [1]. The base vacuum was around 5× 10−5 Pa
and the deposition of the film was carried out in argon (∼2 Pa). The only alteration is that
Si–Si3N4 composite targets instead of Si–SiO2 were used. The area ratio of Si to Si3N4 was
about 6%. The thickness of deposited films was around 80Å and they were annealed at 300,
600, 800, and 1000◦C in N2 ambient for 30 min. Finally, semitransparent Au films were
evaporated onto ETSON films to form Au–ETSON–p-Si and Au–ETSON–n-Si structures.
The area of Au film for each diode is about 3.14 mm2.

The chemical composition analysis by x-ray photoelectronic spectrometry (XPS) and
Auger electronic spectrometry (AES) shows that besides N and Si, the ETSON films also
contain O and C atoms. The atom number ratio of N, O, and Si is about 1:2:3. The large
amounts of O introduced into the ETSON film may be attributed to the fact that the base
vacuum (∼5 ×10−5 Pa) in the magnetron sputtering system is not high enough, and the
thickness of deposited films is extra-thin. Though our purpose is to deposit extra-thin Si-rich
Si3N4 films, the dielectric films obtained are actually extra-thin silicon oxynitride films.

The I–V measurements indicate that all the diodes show good rectifying junction
behaviour for both the Au–ETSON–p-Si and Au–ETSON–n-Si structures, but the series
resistance is around 1–2 k�, which is around two to four times that of Au–ETSSO–Si
diodes.

It has been observed that after annealing ETSON films at 300–1000◦C both the Au–
ETSON–p-Si and Au–ETSON–n-Si structures can emit visible light under forward bias>
4 V (for Au–ETSON–p-Si structures positive voltage is applied to the p-Si substrate, and
for Au–ETSON–n-Si structures positive voltage is applied to the Au film). Figure 1 shows
the EL spectra from Au–ETSON–p-Si structures after annealing at different temperatures,
300, 600, 800, and 1000◦C, in N2 ambient. If the ETSON film is not exposed to any
thermal annealing, no EL can be observed in Au–ETSON–p-Si structures; however, the
EL from an Au–ETSSO–p-Si structure without any annealing can be clearly observed by
the naked eye and its EL intensity is higher than those of the annealed structures. An
EL spectrum from an Au–ETSSO(80̊A)–p-Si structure without annealing is also shown
in figure 1 for comparison. It can be seen that the EL spectra from the Au–ETSON–p-Si
structure have a dominant peak at∼680 nm accompanied by a shoulder at around 820 nm.
The ∼680 nm peak occurs also in the Au–ETSSO–p-Si structure. With further increase of
annealing temperature from 300 to 600◦C, the EL intensity increases but the peak energy
has no evident shift. However, when the annealing temperature increases from 600 to 800
and 1000◦C, the EL intensity decreases rapidly, and the peak energy has a slight blue shift.

Figure 2 shows the EL dependence on forward bias for the Au–ETSON–p-Si structure
where the ETSON film has been annealed at 300◦C. With increasing forward bias, the EL
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Figure 1. EL spectra of Au–ETSON–p-Si diodes after thermal annealing at the different
temperatures indicated, and an Au–ETSSO–p-Si diode without any thermal annealing measured
under a forward bias of 8 V. The thicknesses (∼80 Å) and Si area ratios in the composite targets
(6%) are almost the same for ETSON and ETSSO films.

intensity increases but the peak wavelength has no evident shift.
Figure 3 gives the relationship of the EL integrated intensity from an Au–ETSON–p-Si

diode to input electric power, and its comparison with that from an Au–ETSSO–p-Si diode,
where both the ETSON and ETSSO films have been annealed at 300◦C. It can be found
that the EL integrated intensity increases almost linearly with input electric power, but the
efficiency for an Au–ETSON–p-Si structure is an order of magnitude higher than that for
an Au–ETSSO–p-Si structure.

Figure 4 shows the EL spectra from an Au–ETSON–n-Si structure under forward bias,
where the ETSON film has been annealed at 300◦C. It is evident that the spectra comprise
at least two bands peaked one at around 700 nm and the other at around 820 nm. On the
other hand, no EL has been observed in the Au–ETSSO–n-Si structure under either forward
bias or reverse bias.

The dependence of EL peak energy on the annealing or bias is similar for both Au–
ETSON–p-Si and Au–ETSSO–p-Si structures. This implies that the EL mechanisms are
the same for these two types of structure. In our previous paper [1], we proposed that the
electrons and the holes from opposite sides tunnelled into the dielectric layers and radiatively
recombined via the luminescent centres there. In order to examine whether the present EL
can be attributed to radiative recombination via the luminescent centres in the dielectric
layers and clarify the different effects between silicon nitride and silicon oxide, we have
studied the effects of electron beam irradiation on the EL spectra.

The electron beam irradiation experiments were carried out in a Hitachi S-450 SEM.
The electron beam current is around 10 nA and the accelerating voltage is 30 keV. The
vacuum in the chamber during irradiation was maintained at∼10−4 Pa. Figure 5 shows
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Figure 2. The EL dependence on forward bias for a diode with an Au–ETSON–p-Si diode,
where the ETSON film has been annealed at 300◦C.

Figure 3. The variation of EL integrated intensity with input electric power for Au–
ETSON(∼80 Å)–p-Si and Au–ETSSO(∼80 Å)–p-Si structures, where both the ETSON and
ETSSO films have been annealed at 300◦C.

the electron beam irradiation time dependence of the EL spectra from an Au–ETSON–p-Si
structure, where the ETSON film has been annealed at 300◦C. The intensity of the 680 nm
band has no evident increase after the film has been irradiated for 10 or 20 min; however,
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Figure 4. EL spectra of an Au–ETSON–n-Si diode with the ETSON film annealed at 300◦C
measured under forward biases of 8 and 10 V.

Figure 5. EL spectra from an Au–ETSON–p-Si diode having been irradiated by an electron
beam (30 keV) for various irradiation times, where the ETSON film has been annealed at 300◦C.

it decreases obviously after irradiation for 30 min. On the other hand, the irradiation leads
to the appearance of a 500 nm band, which reaches the maximum intensity after 20 min
irradiation.

It is well known that electron bombardment can induce defects: for example, it causes
the nonbridging oxygen hole centre (NBOHC) in silicon oxide [17, 18]. The NBOHC may
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be responsible for the red PL emission band in porous silicon [19, 20]. Suzukiet al [18]
reported that electron beam irradiation caused an increase of the 1.9 eV cathodoluminescence
band in porous silicon, and our work which will be reported elsewhere has shown that
electron beam irradiation causes an increase of the 1.9 eV EL band in the Au–ETSSO–Si
structure. However, in the present work, a new 500 nm (2.5 eV) band appears instead of an
increase of the 680 nm (1.82 eV) peak after irradiation. Therefore, it is thought that both
the 680 and 500 nm bands presented in this paper are attributed to the defects in silicon
oxynitride rather than those in SiO2.

The PL bands at around 1.76 eV (700 nm) and 1.82 eV (680 nm) have been observed
by Lin and Lee [11] in a-SiN:H films deposited by plasma-enhanced chemical vapour
deposition. A 1.8 eV (690 nm) PL peak and a broad band peaked at 2.5 eV (500 nm)
were observed by Deshpandeet al [12] in their silicon nitride films prepared by hot-
filament chemical vapour deposition. They regarded the light emission as being related
to the optically active defects. The present EL peaks at∼680 nm (1.82 eV) and 820 nm
(1.56 eV) in the Au–ETSON–p-Si structure, or 700 nm (1.76 eV) and 820 nm (1.56 eV) in
the Au–ETSON–n-Si structure, are very close to the above PL peak wavelengths, but the
preparation methods of silicon nitride films are very different from each other. Combining
this with the fact that the 2.5 eV band in the Au–ETSON-p-Si structure induced by electron
beam irradiation has also its corresponding PL band in the silicon nitride film [12], we
consider that both the EL of Au–ETSON–Si structures and the PL of silicon nitride originate
from the luminescent centres in dielectric films, though their carrier injection processes are
different.

In summary, the visible EL spectra have been observed in Au–ETSON–Si structures.
The EL efficiency of the Au–ETSON–p-Si structure is an order of magnitude higher than
that of the Au–ETSSO–p-Si structure. The EL behaviour and its dependence on forward
bias and electron beam irradiation indicate that the EL emissions originate from the radiative
recombination in the luminescence centres of silicon oxynitride.
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