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Room-temperature electroluminescence from electron-hole plasmas
in the metal—oxide—silicon tunneling diodes
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An electron-hole plasma recombination model is used to fit the room-temperature
electroluminescence from metal—oxide—silicon tunneling diodes. The relatively narrow line shape
in the emission spectra can be understood by the quasi-Fermi level positions of electrons and holes,
which both lie in the band gap. This model also gives a narrower band gap than that of bulk silicon.
The surface band bending in the Si/oxide interface is responsible for this energy gap reduction.
© 2000 American Institute of Physids$0003-695(00)04512-3

It is a long sought goal to integrate ultralarge scale intepositive bias, the electrons tunneled from tirgype silicon
grated (ULSI) circuits with the electro-optics to possibly to the Al gate and the holes also tunneled from Al gate to
overcome the speed limitation of electrical interconnects and-type silicon. As a result, a significant tunneling current was
reduce the complexity of the backend process. Althouglobserved in the positive gate bias. However, due to the dif-
strained silicon germanium technology has been reported tferent barrier heights between electrgrs3.1 eV) and holes
serve this purposkthe fabrication complexity and cost of (~5.6 eV), hole current may be smaller than the electron
this technology make it difficult to implement in a real chip. current. Meanwhile, the positive gate bias also attracts elec-
Recently, the observation of light emission from the metal-trons in the silicon/oxide interface to form an accumulation
oxide—silicon(MOS) tunneling diode%® sheds new light on layer. The localized electrons in the accumulation layer have
this goal. However, to further utilize this electrolumines- localized wave functions, which can have a spread in the
cence(EL), it is essential to understand the physical mechareciprocal space and may provide extra momentum during
nism during the light emission process. In photoluminesthe electron-hole radiative recombination. When the Al gate
cence(PL), it has been reported that electron-hole plasmads under negative gate bias, the current is controlled by the
recombination is the dominating mechanism in some indirecthermal generated holes and is independent of negative gate
semiconductofs® such as SiGe, AlGaAs, SiC, and GaP. Forbias?
example, Xiaoet al. got an excellent fit of the PL spectra When significant current flowed through the PMOS
from the Si/SiGe/Si quantum wells using an electron-holestructure under positive gate bias, luminescence was clearly
plasma(EHP) model at 77 K. Previous studies of EL from observed under continuous wave operation without cooling.
SiGe/Si p-type-intrinsica-type (p-i-n) diodes by Mietal!  Since the light was blocked by the thick Al gate electrode,
and Robbinst al,” a no-phonor(NP) emission as well as a only the emission from the diode edge was detected, as ob-
transverse phonoiiTO) replica is observed. However, the served by infrared viewer through a microscope. Figure 2
p-i-n structure is not fully compatible with ULSI process. shows the emission spectra of an Al/2.7 nm oxielicon
The building device in ULSI is the MOS structure. We, PMOS diode with a circular area 0b410~ 2 cn?. The emis-
therefore, investigate the line shape of the room-temperaturgion intensity increases with the positive gate bias. The peak
EL from the MOS tunneling diodes for-type Si as well as  width of our spectra increases from 68 to 86 meV, as the gate
p-type Si. The MOS tunneling diode has exact the same
structure used in the ULSI circuits, while the oxide is thin
enough to have significant tunneling current from the metal 10
to the silicon substrate. w0’ b

The ultrathin gate oxide used in this study is grown by .
rapid thermal oxidation at the 900 °C. The gas flows are 500 . 10
sccm nitrogen and 500 sccm oxygen at a reduced pressure§ 10-93
The thickness is measured by ellipsometry, confirmed by E’ r
high frequency capacitance—voltage measurements. The re-g 10'"):
sistivity of the 100 mmn-type wafers is 1-1d)cm. The . "
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p-type MOS (PMOS diodes had Al gate electrodes with gmugr
various circular areas defined by photolithography. 10 F
Figure 1 shows the typical current—voltagé—{) asf
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curves of a PMOS diode with the oxide thickness of 2.7 nm.

When the Al gate with the area of<310™4cn? was under

Gate Voltage(V)
dE|ectronic mail: chee@cc.ee.ntu.edu.tw FIG. 1. The I-V curve of a PMOS diode. The EL is observed under positive
YAlso with: Institute of Electro-Optical Engineering. gate bias.
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FIG. 2. The theoretical fitting of EL spectra from a PMOS tunneling diode.

bhias increase from 3 to 5 V. This width is about half of the FIG. 3. The schematic band diagram in the PMOS diode to explain the band

previous data of the room-temperature spectra from the SffaP reduction, obtained from the EHP model.

SiGep-i-n diode?! The feature of the emission spectra is the

asymmetrical broadening of the emission peak, where thepectively, in the previous work® This indicates that the

high-energy part is broader than the low-energy part. This iglectron and hole concentrations in the tunneling PMOS di-

very similar to the line shape of electron-hole-plasmaodes are much smaller as compared to the Si/SiGe/Si quan-

recombinatior:® To confirm this observation, we fit the EL tum wells. As a result, the peak width in our work is much

spectra by the line shape of EHP recombination using themaller, as compared to the previous reported data. The band

following expression: gap obtained from the EHP model is about 1.01-1.03 eV for
the gate voltage from 5 to 3 V, lower than the Si band gap of

hv—E . ; ;
I(hv)zlof g’ELdEDe(E)Dh(hv—Eg,EL 1.12 eV at room temperature. This is unlikely to due to high

0 junction temperature in Si/oxide interface, since the tempera-
ture of 1.01 eV band gap is about 600 K and the EL spectra
—B)f(E,Fe, T)f(hv—Eg e —EFp.T), can not be fitted well using such high temperature. This re-

duction of band gap can be understood by the surface band
bending in the PMOS band diagram under the accumulation
condition as shown in Fig. 3. The tunneling holes from the
Al gate electrode injected into the valence band-@&i will
not stop at the interface, can probably reach the neutral re-

ion of n-Si and relaxed to the valence band edge in the
neutral region. The recombination of holes in the neutral
(ylegion with the electrons in the accumulation region can emit
photons with energy of the difference between the Si band
gap and the surface band bending.

Besides the main emission pe&kP), the relatively

whereD, and Dy, are the densities of states of electron and
hole, respectivelyl, andF,, are the respective quasi-Fermi
energy,hv is the energy of photon emitted,is the measure-
ment temperaturds ¢ is the band gap of Si obtained by the
EL measurements, and tlis are the Fermi-Dirac distribu-
tion. In this expression, only the conservation of energy i
taken into account. The momentum conservation required b
the indirect bandgap nature of Si is assumed to be provide
by the scattering of Si/oxide roughnBssd/or the spread in
the reciprocal spadg space due to the localized wave func-
tion of electrons in the accumulation layer. The three-
dimensional density of staté® (E) ~E*?] is used for holes,
while a constant two-dimensional density of states is used for
electrons in the accumulation layer. There are four adjustable
parameters for the fitting: the relative intensity, the band

gapE, g, and the quasi-Fermi ener@y, andF,. The band —_
gap determines the energy position of the spectra, and quasi-= 10 |
Fermi energies determine the line shapes of the spectra. AZ
narrow peak is obtained, if the quasi-Fermi levels of elec-
trons and holes lie closely in the band gap. A wide peak is
obtained, if the quasi-Fermi levels of electrons and holes
move deeply into the conduction band and the valence band, ™
respectively. Figure 2 also shows the theoretical EHP spec-
tra, indicating an excellent fit to the experimental data. The
fitting parameters obtained in this work are quite different
from those of the previous repdtt. The quasi-Fermi ener-

gies for both electrons and holes in our simulation lie within

the band gap, W_h“e the qua_Si'Fermi energies of electronig. 4. The dependence of peak intensity on current drive for a PMOS
and holes move into conduction band and valence band, reésnneling diode.

ntensity

| 1 1 Al >
7

200 400 600 800

Injection current (mA)



1518 Appl. Phys. Lett., Vol. 76, No. 12, 20 March 2000

2
- -4V,6.0A/cm —

Data
- ---Fit

2
- -3V,2.1A/cm

Intensity(arb. unit)

2
| -2V,0.8A/cm

900 1000 1100 1200 1300
Energy(meV)

FIG. 5. The theoretical fitting of EL spectra from a NMOS tunneling diode.
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about 1.02-1.04 eV for the negative gate bias from 5 to 2.5
V, lower than the Si band gap. Similarly, the surface band
bending is also responsible for this reduction

In summary, we presented the EL from the electron-hole
plasma recombination in the MOS tunneling diodes. The EL
spectra can be well fitted by a simple convolution of electron
and hole distribution functions. The surface band bending in
the Si/oxide interface is responsible for the reduced band
gap, obtained from the EHP model. The relative narrow line
width can be also understood by the fact that the positions of
the quasi-Fermi energies of electrons and holes are both in
the band gap.
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