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Reduced temperature dependence of luminescence from silicon
due to field-induced carrier confinement

Ching-Fuh Lin,a),b) Miin-Jang Chen,b) Eih-Zhe Liang,b) W. T. Liu, and C. W. Liu
Department of Electrical Engineering, National Taiwan University Taipei, Taiwan,
People’s Republic of China

~Received 7 August 2000; accepted for publication 10 November 2000!

Electroluminescence from metal–oxide–semiconductor structures on Si was experimentally found
to be much less temperature dependent than photoluminescence of Si. The physical reason is
attributed to the field-induced carrier confinement in a small region, which contains much less
impurity states, compared to the unconfined region. Thus, electron–hole recombination by radiation
emission instead of through highly temperature-dependent impurity states is increased. A proposed
model well explains the reduced temperature dependence with the field-induced carrier confinement.
© 2001 American Institute of Physics.@DOI: 10.1063/1.1339842#
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Si is the most important material for electronics due
the mature technology of integrated circuit fabrication on
Unfortunately, its difficulty of light emission as a result o
indirect-band gap characteristics makes it much less us
for optoelectronics. Therefore, many efforts had been
tempted to overcome the indirect-band gap obstacle. Th
efforts include porous-silicon-based devices,1,2 nanocrystal-
line Si,3,4 Si1-implanted SiO2,

5 Er-doped Si,6 and so on. We
had also recently discovered electroluminescence~EL! from
metal–oxide–semiconductor~MOS! on Si.7 Different from
other reports on EL of Si,8,9 the EL in our experiments cor
responds well with the band gap energy of Si. Phon
assisted radiative recombination of electrons and holes c
explain such luminescence well and the emission spect
could also be well fitted by the model of electron–ho
plasma for a wide temperature range.10,11 From the model of
electron–hole plasma, it appears that the EL and photolu
nescence~PL! involve very similar mechanisms except th
way of excitation. In this letter, we will report the differenc
of temperature dependence between EL and PL and exp
the reason for the difference. Such a difference may give
a hint for enhancing luminescence efficiency on Si.

The investigation is made on the comparison of PL on
and EL from the MOS structure. The MOS structure ha
very thin oxide for significant current to tunnel through. T
ultrathin gate oxide was grown by the RTO at 900 °C w
the gas flows of 500 sccm nitrogen and 500 sccm oxyge
the pressure of 500 mbar. Aluminum metal pads were t
immediately deposited by evaporation on the oxide. Figu
1~a! and 1~b! show EL and PL spectra at different temper
tures, respectively. In the experiments, the heat genera
causes the spectra to correspond to a temperature higher
the sample holder. The temperatures indicated in Figs.~a!
and 1~b! are estimated by the theoretical fit to the measu
spectra using the electron–hole plasma model. Although
temperature-dependent electron–hole plasma model exp
the EL spectra well, the much less temperature depend
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of EL, compared to the PL, remains unexplained.
In the MOS structure, EL occurs near the Si/SiO2

interface,7 where either electrons or holes tunnel from t
metal side for MOS, depending on the MOS onp-Si or n-Si
substrate. One argument may say that the tunneling effe
insignificantly dependent on temperature, so EL is less te
perature dependent. However, for PL, carriers are gener
by laser illumination. The amount of photo-excited carriers
not temperature dependent either. Therefore, the differe
of temperature dependence for EL and PL should not be

nFIG. 1. ~a! PL spectra at different temperatures and~b! EL spectra at dif-
ferent temperatures.
© 2001 American Institute of Physics
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to the way of carriers being generated. The field applied
MOS structure could be most likely the reason. To furth
confirm such an argument, PL is also measured from
MOS structure onp-Si with the gate metal replaced wit
transparent indium tin oxide. When the MOS has no bias,
PL measurement is similar to the case of bulk Si. As
MOS is under bias, the PL intensity significantly increas
Figure 2 shows the variation of PL intensity with the bias
voltage for MOS onp-Si. Because the PL was measur
only at the chopped frequency of illuminated laser light, t
measured PL intensity did not contain the possible EL wh
the sample is under dc forward bias.

Several important features are revealed by such m
surement shown in Fig. 2. First, luminescence is increa
no matter when the sample is under forward or reversed b
The PL intensity increases more than five times for the g
voltage increases from 0 to 4 V. Second, for reversed b
PL remains low for a range of;0.8 V. In this range, the
Fermi level of Si is in the band gap and far from both t
conduction band and the valence band, leading to less a
mulation of carriers at the Si/SiO2 interface. Thus, radiative
recombination is reduced. Third, when the device is un
extremely reversed bias, the PL drops again because
strong field rapidly sweeps the carriers out of the interfa
before they recombine. Forth, under forward bias, the
eventually saturates because almost all of the photo-exc
carriers are accumulated near the interface for sufficie
large voltage. When MOS is under either forward or rever
bias, band bending leads to the formation of a potential w
at the Si/SiO2 interface. This results in the confinement
electrons or holes in a thin sheet of region. Therefore,
accumulation of carriers in a small region is critical for e
hanced luminescence no matter the carriers are photo ex
or injected through tunneling.

According to this discussion, a simple model is propos
to explain the reduced temperature dependence of EL w
the electric field is applied to the MOS structure so that c
riers are confined in a small region. As excess electro
more than thermal equilibrium, are generated either by ph
excitation or tunneling effect, they could transit to valen
band through radiative recombination or impurity states. F
ures 3~a! and 3~b! schematically shows the situations wi
and without the carrier confinement, respectively.

Because the excess electrons will eventually transi
the valence band, the total amount of excess electrons (nex)

FIG. 2. Intensity of PL vs applied voltage.
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is the sum of those radiatively recombined with holes (nr)
and those transiting through impurity states (ni), as de-
scribed by the following equation:

nex5nr1ni . ~1!

This equation is also valid for excess holes because a pa
an electron and a hole is generated or annihilated simu
neously. Because radiative recombination occurs for the
nihilation of an electron and a hole, the strength of ban
edge emission is proportional to the product of the numb
of excess electrons and holes,nr

2.
The impurity states that could serve for electron tran

tion to valence band are those ionized atoms, so their num
depends on temperature according to exp(2Ei/kT), whereEi
is the energy difference between the impurity level and
conduction-band edge. Thereforeni is proportional to
exp(2Ei/kT). If there is no carrier confinement, as shown
Fig. 3~b!, many ionized atoms in a very large volume cou
be used for electron transition to valence band. At a v
large temperature, their numbers are numerous, so almo
of the excess electrons transit to valence band through th
At low temperatures, very few ionized atoms exist, so
excess carriers could mostly recombine radiatively. Thus,
temperature dependence of the number of radiatively rec
bined carriers can be expressed as

nr5nex~12e2Ei/kT!. ~2!

On the other hand, with carrier confinement@Fig. 3~a!#,
only a limited amount of ionized atoms in the region
carrier confinement could be used for electron transition
valence band. Then, the maximumni is only a portion ofnex.
Therefore,

nr5nex~12ge2Ei/kT!, ~3!

FIG. 3. Schematic for the effect of potential well and carrier confinemen
electron–hole recombination:~a! with ~b! without carrier confinement.~Ec:
conduction band; Ev: valence band.!
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where g5ni /nex,1. The normalized band-edge emissi
then has the following temperature dependence

I 5~12e2Ei/kT!2 ~4!

for the case of no carrier confinement and

I 5~12ge2Ei/kT!2 ~5!

for the case of carrier confinement. The theoretical predic
of temperature dependence withEi59.46 meV and g
50.505 is plotted in Fig. 4 for both cases. Figure 4 a
shows the experimental temperature dependence of the
strength of luminescence integrated over the wavelen
taken from Figs. 1~a! and 1~b!. For EL, the normalized lu-
minescence strength decreases to about 0.5 when the
perature varies from 10 to 300 K. In comparison, the norm
ized PL luminescence drops to less than 0.1 for tempera
increasing from 10 to 300 K. Both theoretical curves fit t
experimental results pretty well.

The fitting parameterg,1 indicates that less ionize
atoms in EL are involved in the electron transition than
PL. Therefore, the carrier confinement near the Si/SiO2 in-
terface due to the applied field well explains the reduc
temperature dependence.Ei59.46 meV indicates that sha
low levels are involved in the electron transition. Althoug
deep levels are better irradiative recombination centers,12 the
indirect-band gap characteristics should make the rate
electron–hole radiative recombination very small and lead

FIG. 4. Temperature dependence of EL and PL.~s: EL experiment;x: PL
experiment; solid line: theoretical prediction.!
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the possibility of electron transition through the shallow le
els. On the other hand, exciton radiative transitions may
cur in Si for temperatures up to 1000 K.13 In this case,Ei
means the energy difference between the impurity level
the exciton level, while the exciton level is about 15 me
below the conduction-band edge.14

In conclusion, EL of MOS on Si was experimental
found to be much less temperature dependent than PL o
The reason is attributed to the field-induced potential w
that causes the carrier confinement in a thin region. A sim
model is proposed to explain the reduced temperature de
dence as a result of the field-induced carrier confinem
From this model, the number of electrons transiting to v
lence band through highly temperature-dependent impu
states is reduced because of carrier confinement. T
electron–hole recombination by radiation emission inste
of through impurity states is increased. The temperature
pendence is well explained by this model.
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