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Abstract

We report that electroluminescence (EL) at Si bandgap energy is significantly enhanced from the nano-structured metal-
oxide-semiconductor (MOS) devices on silicon. The nano-structure is constructed by inserting Si02 nanoparticles with
the size of 12 nm in the oxide layer. The measured EL efficiency of the nano-structured MOS devices is enhanced to be
near iO, which exceeds the limitation imposed by the indirect bandgap nature of silicon. We also observed the nearly
lasing behaviors such as the threshold and resonance modes in the EL characteristics. The enhanced EL efficiency is
attributed to simultaneous localization of electrons and holes to form exciton by nano-structure. This causes the process of
the phonon-assisted radiative recombination of electron-hole pair more like two-particle (exciton-phonon) collision than
three-particle (electron-hole-phonon) collision.
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1. Introduction

Because of the dominance of silicon in ultra-large-scale-integration (ULSI) circuits, there has been a strong desire
to realize monolithic integration of microelectronics and optoelectronics on a single silicon chip. However, silicon has
limited applications in area of optoelectronics due to its indirect bandgap characteristics that make it hardly emit light. In
order to convert silicon to a light-emitting material, many efforts had been tried before, including porous silicon,
nanocrystalline Si, Si/Ge alloy, and Erbium doping of Si, and so on 113• However, this luminescence originates from
either the defect-related mechanisms or band-structure modification. The fabrication processes are complicated and not
commonly used in current ULSI technology, leading to the difficulty of commercial applications.

Recently, MOS structures on silicon with the ultrathin oxide grown by the well-controlled rapid thermal oxidation
(RTO) had also been discovered to exhibit significant EL at silicon bandgap energy at room temperature. Because the
structure and processing steps are compatible with current ULSI circuits, it shows the promise to realize monolithically
integrated electronics and optoelectronics on a single chip based on silicon. However, the EL efficiency is only in the
order of lO from the conventional MOS structures with RTO grown oxide without special treatment 13,14 In this paper,
we demonstrate that Si02 nanoparticles with the size of 1 2 nm in the oxide layer creates the nano-structure MOS devices.
The nano-structure could enhance EL efficiency at silicon bandgap energy from MOS structures for orders of magnitudes.
The measured EL efficiency from the nanoparticle-modified MOS devices is enhanced to near lO, compared to the 10
8

efficiency from conventional MOS structures without using Si02 nanoparticles. In addition, the nanoparticle-modified
MOS devices exhibit nearly lasing actions such as the threshold behavior and resonance modes. As a result, the efficient
light-emitting MOS devices with nano-structure show promise to achieve the practical on-chip light source for optical
interconnection and silicon-based optoelectronics integrated circuits (OEIC).

+
Email:cflin@cc.ee.ntu.edu.tw

Silicon-based and Hybrid Optoelectronics IV, David J. Robbins, Ghassan E. Jabbour,
Editors, Proceedings of SPIE Vol. 4654 (2002) © 2002 SPIE · 0277-786X/02/$15.00130



2. Device Fabrication

The processing steps and device structures for nano-structured MOS are very simple. The Si02 nanoparticles were
used in the insulation layer ofthe MOS structure to create nano-structures. The processing steps are described as follows.
The (100) Si wafers used in the experiment were n-type with the resistivity of 1-10 Q-cm. The wafers were first cleaned
with standard processing techniques and the native oxide on the silicon wafer was removed by buffer-oxide-etchant
(BOE). The cleaning process helps nanoparticles spread out on the silicon surface. Otherwise, the 5i02 nanoparticles
cannot be smoothly and uniformly deposited. Afterwards, diluted solution with 5i02 nanoparticles were spun onto the
wafer. The size of nanoparticles is about 12 nm in diameter, which is held in isopropyl alcohol solution. The original
solution with 30% (by weight) 5i02 nanoparticles, IPA-ST-S it was diluted by adding several times of the isopropyl
alcohol solvent in volume. The use ofproper solution is critical. Ifwater solution is used, the surface tension ofwater will
cause the nanoparticles to fly off the Si surface together with the water. Afterwards, the sample was dried in the oven at
the temperature 88'-90°C for about 1 minute to remove the isopropyl alcohol solvent. Several dilution ratios and spin
speeds have been experimented. Depending on the dilution ratio and the spin speed, the thickness of the insulation layer
ranges from 500 nm to 2000 nm. The thickness ofoxide is measured by ellipsometry. The SEM photo (field-emission type)
ofthe spun-on 5i02 nanoparticles is shown in Fig. 1 . Thespun-on 5i02 nanoparticles form an insulation layer with grainy
structures with a feature size of 12 nm, determined by the nanoparticle size. Aluminium metal was deposited on the
nanoparticles using thermal evaporation to form the gate electrode in the MOS structure. Silver paint is then applied on
top ofit to hold a gold wire for electrical contact. A thick layer ofAl is also evaporated onto the back side ofthe Si to form
another electrical contact. A schematic ofthe device is shown in Fig. 2.
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Fig. I SEM photo of Si02 nanoparticles spun on the Si surface.
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Fig. 2 A schematic diagram ofthe nano-structured MOS devices.
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3. I-V Characteristics, Electroluminescence Spectra and Efficiency

Because the spun Si02 nanoparticles are not tightly packed, there are lots of hollow spaces between those particles.
During evaporation, the Al metal could get into those hollow spaces. Therefore, Al metal could be very close to the Si
surface. In some areas, the insulation layer is thin enough to allow carriers tunneling through. The measured I- V
(current-voltage) characteristics are shown in Fig. 3 The I- V curve shows the rectifying characteristics. When the gate is
biased at negative voltage, an inversion layer ofthe holes is formed at Si/Si02 interface, as shown in Fig.4(a). As long as
the holes in the inversion layer are generated, they tunnel away to the metal gate and the inversion layer is always kept at
the onset of the inversion region, instead of the strong inversion. The reverse-biased current is limited by the generation
rate of the holes through the Si/Si02 interface state and so is much smaller than the forward biased current.

Note that there is a kink in the I- V characteristics at the forward bias about 1 V in Fig.3, which implies two different
current tunneling mechanisms. I5,6 At applied gate voltage smaller than 0.5 V, the current is composed of the electrons
tunneling from the Si conduction band and from the Si/5i02 interface state to metal gate. (see Fig.4 (b)). When the gate
voltage is larger than 1 V, lots of majority electrons are accumulated at the silicon surface, as shown in Fig.4 (c). The
tunneling probability also increases rapidly with the gate voltage due to the reduced effective barrier height. These result
in significant tunneling current. As indicated in Fig.4(c), the holes tunneling from the metal gate to the Si valence band
also contribute to the total current.
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Fig. 3 1- V characteristics of the nano-structured MOS devices.

Fig.4 Schematic band diagram of of the nano-structured MOS devices.
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When significant current tunnels through the insulation layer, EL is clearly observed through an JR-viewer even with
a very low injection current density < I A/cm2. The diode is operated at room temperature under continuous wave
operation without cooling. Because ofthe different barrier heights between the electrons (3.1eV) and holes ('-5.6eV), the
electron tunneling current is much larger than the hole tunneling current. As shown in Fig.4 (c), EL was still observed
even though the electron tunneling current acts as the leakage current for radiative recombination.

The EL spectrum from the nano-structured MOS devices is shown in Fig.5. The spectrum was measured using an
InGaAs detector placed at the exit of the monochromator (CVI, CM1 10). The peak of spectrum is slightly below the
bandgap energy of crystalline silicon at room temperature due to the participation of optical phonon in the radiative
recombination.9 The spectrum could be explained by models including optical phonon, interface roughness, and localized
carriers. 3,14,17-19 The emission ofTO phonon with energy 57.8 meV is known as the dominate mechanism for momentum
conservation for radiative recombination and so contributes to the main peak of the emission tru'9 The long-
wavelength tail in the Fig.5 is due to the two-phonon process with the phonon energy 57.8+64.5 meV (TO+ Or), emission
of a momentum-conserving TO phonon and a zone center (Or) phonon. ' The calculated luminescent lineshape of the
main TO peak and two-phonon signal is demonstrated in Fig. 6. '

Because the evaporated Al atoms mostly get into the hollow space of the nanoparticles, they can hardly conduct
current laterally. As a result, the silver paint is the main conductive material for current flow, so EL mainly takes places
under the silver paint. Therefore, most of light is blocked by the thick silver paint. If only the light emitted from the
periphery ofthis pad is taken into account, the measured slope efficiencies ofEL are all more than 1 x 106 at the injection
current density of 1.67 A/cm2. The best efficiency could be 4 x iO. Fig. 7 shows the L-I curve of the efficient light
emission at the Si bandgap energy. The light emitted to the edge of the device is also measured. The total optical power
emitted from the four edges is approximately equal to that measured from the top of the pad, so the total measured
efficiency could be near iO. There is still some portion of light totally blocked by the pad of silver paint, so the actual
efficiency should be better than lO. In addition, all of the L-I characteristics measured at room temperature show a
suprelinear increase with the injection current. Thus more efficiency is expected as the current density increases. The
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Fig.5 The EL spectrum of the nano-structured MOS devices
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Fig.6 Calculated emission spectra of TO phonon and the two-phonon assisted recombination
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measured efficiencies from nano-structured MOS devices are orders of magnitudes stronger than previous reports on
conventional MOS structures without nanoparticles. 13, 14
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Fig.7 The L-I curve ofthe efficient light emission from nano-structured MOS device.

4. Threshold Behavior and Resonance Modes

With the enhanced EL efficiency from the nano-structured MOS decives, one of the devices exhabits the near lasing
behavior. Figure 8(a) shows a sudden increase of the output power after the threshold current ( 12 mA) in the measured
L-I (optical power-current) characteristics. The corresponding spectrum at 50 mA is shown in Fig. 9(a). Although the
resolution of our monochromator (CVI, CM1 10) is not able to completely resolve each Fabry-Perot mode of the MOS
device, some of the resonance modes are still observed in Fig. 9(a). The L-I curve of another device without threshold is
shown in curve (b) in Fig. 8 as a comparsion. Its output power shows only a graduate increase with the injection current.
Figure 9(b) is the spectrum corresponding to Fig. 8(b). No resonance modes are observed for the devices without the
threshold behavior. The possible reason for the near lasing behaviors will be discussed later.
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Fig. 8 Room-temperature L-I curves: (a) the device with
threshold. (b) the device without threshold.
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Fig. 9 EL spectrum (a) with resonance modes, corresponding to L-I curve in Fig. 7(a)
(b) without resonance modes, corresponding to L-I curve in Fig. 7 (b)

5. Discussions

Possible reasons for the efficient EL from the nano-structured MOS devices at room temperature are discussed as
follows. The main reason for inefficient light emission from indirect-bandgap semiconductors is attrributed to the low
radiative recombination rate of electrons and holes, which is in the order of 104/sec. In comparison, the typical electron-
hole radiative recombination rate in the direct-bandgap semiconductor such as GaAs and InP is in the order of 1 09/sec. On
the other hand, the transition rate of electrons from the conduction band to the valence band via the non-radiative
recombination centers is usually in the order of iO /sec. For direct-bandgap materials, because the radiative
recombination rate is much larger than the non-radiative one, light emission is quite easy. In contrast, the radiative
recombination rate is only one-tenth of the non-radiative one for indirect-bandgap semiconductors. Thus light emission is
inefficient in indirect-bandgap materials because the non-radiative recombination is the dominant process.

For the state-of-the-art ULSI technology, the non-radiative transition rate is in the order of 105/sec in silicon, which is
larger than the radaitive recombination rate for only about one order of magnitude. If some mechanism is provided to
increase the radiative recombination rate and/or decrease the non-radiative recombination rate, the radiative
recombination might dominate over the nonradiative recombination in siliocn. Then efficient light emission from
indirect-bandgap materials becomes possible.

Because of the indirect bandgap of cryatalline silicon, some mechanisms are required for momentum conservation
in the radiative recombination. In addition to the participation of phonons, several mechanisms had been proposed to
possibly increase radiative recombination. 'The carrier scattering by Si/Si02 interface roughness was shown to be
important to provide some momentum to compensate the momentum-mismatch between the electrons and holes in the
k-space. 14,18 Another mechanism is the spatial localization ofcarriers. The localized carriers cause the spreading of carrier
momentum in the recopical space due to the uncertainty principle and so relax the momentum mismatch between
electrons and holes. In addition, it also leads to the easy formation of excitons, so phonons can more easily involve in the
electron-hole radiative recombination. If an electron and a hole are already bound together spatially to form an exciton,
radiative recombination involves only two particles, an exciton (or electron-hole pair) and a phonon. In constract, if the
radiative recombination involves three particles, an electron, a hole, and a phonon, the probability for the three particles to
meet together is very low. Therefore, the two-particle collision has a much higher probability than the three-particle
collision. Therefore, radiative recombination is greatly enhanced.

The nanoparticles inserted in the insulation layer could enhance the spatial localization ofcarriers. The nanoparticles
cause the thickness of the insulation layer between the metal gate and silicon to be nonuniform and results in the following
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two effects. First, when the positive gate voltage is applied, the thin-oxide region has a stronger voltage gradient than the
thick-oxide region. Thus the band bending of silicon near the thin oxide region is more severe than the thick oxide region,
resulting in three-dimensional potential wells for carrier confinement in the accumulation layer near the Si/Si02 interface.
Fig. 10 shows a two-dimensional (x-z) schematic diagram of the band structure for devices on n-type silicon under
positive gate volatge. The behavior along the y-axis is similar to that along the x-axis. Second, in the region with the thin
oxide, more carriers tunnel to Si through the thin oxide layer than through the thick oxide layer. This equivalently
provides two-dimensional confinement for the tunneled carriers. Therefore, electrons and holes coincidentally have the
similar spatial confinement near the Si/Si02 interface. The spatial localization of electrons and holes in the same region
possibly helps the formation of excitons. The probability of radiative recombination is then enhanced because the process
is now more like two-particle (phonon vs. electron-hole pair) collision than the three-particle (electron, hole, phonon)
collision. In this way, the indirect-bandgap obstacle is overcome to make the indirect-bandgap material behave similarly
to the direct-bandgap semiconductors.

Because the nanoparticles are only applied on the surface of silicon substrate, they cause no significant influence on
the structure of silicon crystal, leading to the emission remained at Si bandgap energy. Furthermore, Si02 nanoparticles
are stable, not chemically influenced by the standard semiconductor processing techniques. Therefore their related
processing steps are compatible with the standard ULSI technology.

The nearly lasing behavior takes place probably because the minimal non-radiative recombination states and the
optimal enhancement of radiative recombination by the Si02 nanoparticles coincidentally occur at the same location of
thesiliocn substrate. Therefore, a significant gain could occur in the crystalline silicon. Because silicon is an indirect
bandgap material, its absorption is not signifivant at the bandgap energy as compared to the direct-bandgap
semiconductors. Thus the gain possibly surpasses the absorption loss in the region without injection current, resulting in
the nearly lasing actions.

Al

Fig. I 0 Two-dimensional (x-z) schematic of the band structure for devices made on n-type siliocn under
positive gate voltage. The behavior along the y-axis is similar to that along the x-axis. The
dashed arrows point to the regions with the thin oxide, where more holes tunnel to silicon.

6. Summary

In summary, the EL efficiency at Si bandgap energy is significant enhanced from nano-structured MOS devices at
room temperature. The measured EL efficiency is near iO, which breaks the limitation ofindirectbandgap ofthe silicon.
The nanoparticles cause the thickness of the insulation layer in MOS devices between the metal gate and silicon to be
nonuniform and result in the simultaneous spatial localization of electrons and holes. This makes the electron-hole
radiative recombination more like two-particle collision than three-particle collision. Therefore the probability of
radiative recombination increases. The nearly lasing actions like the threshold behavior and resonance modes are also
observed. The efficient nano-structured MOS devices shows promise to achieve the monolithically integration of
microelectronics and optoelectronics on a single silicon chip.
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