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Reduced temperature dependence of luminescence from silicon
due to field-induced carrier confinement
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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 Physic§DOI: 10.1063/1.1339842

Si is the most important material for electronics due toof EL, compared to the PL, remains unexplained.
the mature technology of integrated circuit fabrication on Si.  In the MOS structure, EL occurs near the Si/SiO
Unfortunately, its difficulty of light emission as a result of interface’ where either electrons or holes tunnel from the
indirect-band gap characteristics makes it much less usefuhetal side for MOS, depending on the MOS @8i or n-Si
for optoelectronics. Therefore, many efforts had been atsubstrate. One argument may say that the tunneling effect is
tempted to overcome the indirect-band gap obstacle. Thodasignificantly dependent on temperature, so EL is less tem-
efforts include porous-silicon-based devi¢éspanocrystal- perature dependent. However, for PL, carriers are generated
line Si2* Si*-implanted SiQ,® Er-doped SFP and so on. We by laser illumination. The amount of photo-excited carriers is
had also recently discovered electroluminesceifite from not temperature dependent either. Therefore, the difference
metal—oxide—semiconductéMOS) on Si’ Different from  of temperature dependence for EL and PL should not be due
other reports on EL of S$¥° the EL in our experiments cor-
responds well with the band gap energy of Si. Phonon-
assisted radiative recombination of electrons and holes coulc
explain such luminescence well and the emission spectrurr
could also be well fitted by the model of electron—hole
plasma for a wide temperature randé! From the model of
electron—hole plasma, it appears that the EL and photolumi-
nescencdgPL) involve very similar mechanisms except the
way of excitation. In this letter, we will report the difference
of temperature dependence between EL and PL and explait
the reason for the difference. Such a difference may give one
a hint for enhancing luminescence efficiency on Si. 0.0

The investigation is made on the comparison of PL on Si
and EL from the MOS structure. The MOS structure has a (@) photon energy (eV)
very thin oxide for significant current to tunnel through. The
ultrathin gate oxide was grown by the RTO at 900 °C with 4.0x107
the gas flows of 500 sccm nitrogen and 500 sccm oxygen al
the pressure of 500 mbar. Aluminum metal pads were then
immediately deposited by evaporation on the oxide. Figures
1(a) and Xb) show EL and PL spectra at different tempera-
tures, respectively. In the experiments, the heat generatior
causes the spectra to correspond to a temperature higher the
the sample holder. The temperatures indicated in Figs. 1
and 1b) are estimated by the theoretical fit to the measured
spectra using the electron—hole plasma model. Although the
temperature-dependent electron—hole plasma model explain 0.0
the EL spectra well, the much less temperature dependenc
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FIG. 2. Intensity of PL vs applied voltage.
to the way of carriers being generated. The field applied in E
v

MOS structure could be most likely the reason. To further
confirm such an argument, PL is also measured from the
MOS structure onp-Si with the gate metal replaced with (b)
transparent indium tin oxide. When the MOS has no bias, the
PL measurement is similar to the case of bulk Si. As th&!G. 3. Schematic for the effect of potential well and carrier confinement on
MOS is under bias, the_ P_L intensity sign@ficar}tly incre_asesEgencéhocrt'igzoézr:zfoETP?jgg?;) t‘;‘g;hd'(b) without carrier confinementEc:
Figure 2 shows the variation of PL intensity with the biased
voltage for MOS onp-Si. Because the PL was measured o ) )
only at the chopped frequency of illuminated laser light, the!S the sum of those radiatively recombined with holeg) (
measured PL intensity did not contain the possible EL wher@'d those transiting through impurity states;)( as de-
the sample is under dc forward bias. scribed by the following equation:
Several important features are revealed by such mea-
surement shown in Fig. 2. First, luminescence is increased Nex=Nr+N;. @
no matter when the sample is under forward or reversed bias.
The PL intensity increases more than five times for the gatd his equation is also valid for excess holes because a pair of
voltage increases from 0 to 4 V. Second, for reversed biagin electron and a hole is generated or annihilated simulta-
PL remains low for a range 0f0.8 V. In this range, the neously. Because radiative recombination occurs for the an-
Fermi level of Si is in the band gap and far from both thenihilation of an electron and a hole, the strength of band-
conduction band and the valence band, leading to less acc8dge emission is proportional to the product of the numbers
mulation of carriers at the Si/SiOnterface. Thus, radiative Of excess electrons and holes,
recombination is reduced. Third, when the device is under ~The impurity states that could serve for electron transi-
extremely reversed biaS, the PL drops again because tﬁ@n to valence band are those ionized atomS, so their number
strong field rapidly sweeps the carriers out of the interfac&lepends on temperature according to expifkT), whereEi
before they recombine. Forth, under forward bias, the PLis the energy difference between the impurity level and the
eventually saturates because almost all of the photo-excitegPnduction-band edge. Therefone, is proportional to
carriers are accumulated near the interface for sufficient@XP(—EI/KT). If there is no carrier confinement, as shown in
large voltage. When MOS is under either forward or reversedig. 3b), many ionized atoms in a very large volume could
bias, band bending leads to the formation of a potential welPe used for electron transition to valence band. At a very
at the Si/SiQ interface. This results in the confinement of large temperature, their numbers are numerous, so almost all
electrons or holes in a thin sheet of region. Therefore, th®f the excess electrons transit to valence band through them.
accumulation of carriers in a small region is critical for en-At low temperatures, very few ionized atoms exist, so the
hanced luminescence no matter the carriers are photo excit€&¥cess carriers could mostly recombine radiatively. Thus, the
or injected through tunneling. temperature dependence of the number of radiatively recom-
According to this discussion, a simple model is proposedined carriers can be expressed as
to explain the reduced temperature dependence of EL when .
the electric field is applied to the MOS structure so that car- Ny =Ne(1—e E/KT). (]
riers are confined in a small region. As excess electrons,
more than thermal equilibrium, are generated either by photo  On the other hand, with carrier confineméRtg. 3a)],
excitation or tunneling effect, they could transit to valenceonly a limited amount of ionized atoms in the region of
band through radiative recombination or impurity states. Fig<arrier confinement could be used for electron transition to
ures 3a) and 3b) schematically shows the situations with valence band. Then, the maximumis only a portion ofn,,.
and without the carrier confinement, respectively. Therefore,
Because the excess electrons will eventually transit to
the valence band, the total amount of excess electrog ( Ny =nNg(1— ye EVKT), ©)
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10 the possibility of electron transition through the shallow lev-
=) els. On the other hand, exciton radiative transitions may oc-
& os} cur in Si for temperatures up to 1000 In this caseFEi
%‘ means the energy difference between the impurity level and
S o6} the exciton level, while the exciton level is about 15 meV
€ below the conduction-band ede.
B o4l re) In conclusion, EL of MOS on Si was experimentally
® 1 found to be much less temperature dependent than PL of Si.
§’ 02k The reason is attributed to the field-induced potential well
£ that causes the carrier confinement in a thin region. A simple
0.0 . ) , model is proposed to explain the reduced temperature depen-
0 100 200 300 400 dence as a result of the field-induced carrier confinement.
temperature, T(K) From this model, the number of electrons transiting to va-

lence band through highly temperature-dependent impurity
states is reduced because of carrier confinement. Thus
electron—hole recombination by radiation emission instead

) _ . of through impurity states is increased. The temperature de-
where y=n;/ne,<1. The normalized band-edge emission hendence is well explained by this model.

then has the following temperature dependence

FIG. 4. Temperature dependence of EL and ®L: EL experimentx: PL
experiment; solid line: theoretical prediction.
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