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Enhancing electroluminescence from metal-oxide–silicon tunneling
diodes by nano-structures of oxide grown by liquid-phase method
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Abstract

Significant enhancement of electroluminescence (EL) at Si bandgap energy is discovered from metal-oxide–semiconductor tunneling
diode on p-type Si with oxide grown by liquid-phase deposition (LPD). The LPD grown oxide has nano-structures with the grain size of
10–20 nm. The nano-structure of oxide causes the simultaneous localization of electrons and holes at the Si/SiO2 interface, similar to the
formation of excitons. This makes the process of the phonon-assisted radiative recombination of electron–hole pair more like two-particle
collision than three-particle collision, so increasing the probability of radiative recombination. The measured EL efficiency could be more
than 1× 10−6.
© 2002 Elsevier Science B.V. All rights reserved.
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1. Introduction

Si is the most important material for integrated circuit
(IC) industry. Because of the mature fabrication technol-
ogy based on Si, it is also highly desired to monolithi-
cally integrate electronics and optoelectronics in a single
Si IC chip. Unfortunately, this goal is hindered by the
difficulty of light emission from Si due to its indirect
bandgap nature. Thus many efforts had been devoted to
converting silicon to a light-emitting material. For exam-
ple, porous silicon-based devices [1–3], nanocrystalline Si
[4,5], Er-doped Si [6,7], and so on, had been attempted.
Recently, metal-oxide–silicon (MOS) structures with the
oxide grown by the well-controlled rapid thermal oxidation
(RTO) had also been discovered to exhibit significant elec-
troluminescence (EL) at Si bandgap energy [8,9]. Because
the structure and processing are completely compatible with
current ultra-large-scale integrated (ULSI) circuits technol-
ogy, it shows promise to achieve the practical silicon-based
optoelectronics ICs.

It had been theoretically predicted that the roughness can
enhance the visible light emission by a factor of∼10 in
the MOS structures [10]. Recent study with RTO oxide
grown at reduced temperature had indirectly proved that
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the roughness could also enhance the band-edge EL from
the MOS tunneling diode [11]. The roughness scale therein
is in the order of 0.5 nm. For such small roughness, its ef-
fect is mainly to scatter the carrier and change the carrier
momentum. Therefore, the condition for additional momen-
tum required for electron–hole recombination in the indi-
rect bandgap situation is relaxed. In this work, we provide
another direct evidence that the obvious roughness of the
oxide layer could significantly enhance the EL. The ox-
ide is grown by liquid-phase deposition (LPD). The lateral
roughness of the oxide is in the range of 10–20 nm, over
one order of magnitude larger than the previous one [11].
With this large-scale roughness, the EL enhancement is even
more prominent than the small roughness in the scale of
0.5 nm. The measured external quantum efficiency is more
than 10−6. Because the optical power is only measured from
the periphery of the MOS structure, the actual EL efficiency
should be more than 10−5. The large-scale roughness should
provide different mechanisms for enhancing EL on MOS
structure. The physics will be discussed.

2. Experimental

Although the oxide grown by LPD had been realized to
have good quality [12], the process is actually quite chemi-
cally dependent [13]. For the purpose of enhancing EL from
the MOS structure, our LPD process is as follows. First,
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excess silicic acid (SiO2·nH2O) powder was added into a
commercially available hydrosilicofluoric acid with 40% of
H2SiF6 in weight. The solution was stirred for 3 h to ensure
full saturation at room temperature. Then this supersaturated
solution passed through a no. 2 filter paper so that the un-
solved (SiO2·nH2O) particles were filtered out. Afterwards,
the solution was diluted with 39 times of de-ionized (DI)
water in volume. The diluted solution was again stirred for
50 min and then remained quiet for more than 10 min.

The (1 0 0) Si wafers used in the experiment were p-type
with the resistivity of 1–5� cm. The wafers were first
cleaned with standard processing techniques. Then the native
oxide on the Si wafers was removed by buffer-oxide-etchant
(BOE). Afterwards, they were put in the prepared solution
for the deposition of oxide. After a certain period of time,
the samples were taken out of the solution and rinsed with
DI water. Circular aluminum pads with thickness of 220 nm
were deposited on top of the oxide by evaporation. The
other side of those samples was also deposited with Al
metal for another electrode.

The thickness was measured on the area without metal
pads by ellipsometry. For the sample dipped in the solu-
tion for 10 min, the LPD oxide has an average thickness
of 1.2 nm, measured by ellipsometry. This oxide layer has
nano-structures with a feature size of 10–20 nm. Its photo
of field-emission type scanning electron microscopy (SEM)
is shown in Fig. 1 and photo of atomic force microscopy
(AFM) is shown in Fig. 2. The lateral feature size on AFM
photo is about three times the one on SEM photo. Since the
resolution of AFM photo is limited by the size of the tip,
the lateral feature size shown in SEM photo is more reli-
able. This layer of oxide with nano-structures turns out to
be helpful for EL from MOS structure, as will be explained
later. The nano-structures are probably formed due to the
local crystallization of the LPD oxide. Two reasons might
account for the local crystallization. First, in the prepara-
tion of the LPD solution, very tiny particles of unsolved
SiO2·nH2O could pass through the pin holes of the filter
paper and so are left in the solution. Those particles then di-

Fig. 1. The SEM photo of the LPD grown oxide, showing the nano-
structures.

Fig. 2. The AFM photo of the LPD grown oxide, showing the vertical
deviation.

rectly deposit on the Si substrate. The crystallization starts
from those unsolved SiO2·nH2O particles and results in a
non-uniform thickness of the LPD oxide layer. Secondly, af-
ter the removal of native oxide, the surface of Si wafer is
chemically influenced. The top surface probably has either
residual oxygen or missing Si atoms, causing non-uniform
crystallization of LPD oxide on the Si surface.

3. Results and discussion

Due to the nano-structures, the oxide layer should have
varied thickness. The lateral variation is in the range of
10–20 nm based on SEM photo and the height variation is
in the range of 4–5 nm as shown by the AFM photo. Al-
though the oxide layer has varied thickness, the MOS tunnel-
ing diodes still have good rectification characteristics. Fig. 3
shows a typicalJ–V curve of the devices. At the 2 and−2 V,
the magnitudes of the tunneling current density are 0.62 and
1×10−6 A cm−2, respectively. Such low reverse-biased cur-
rent is comparable to the MOS tunneling diode with RTO

Fig. 3. J–V characteristics of the MOS tunneling diode with LPD grown
oxide (dashed line for RTO sample).
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Fig. 4. The measured spectrum (dashed line for RTO sample).

oxide [11], as evidenced by comparison between the solid
and the dashed lines. This indicates that the LPD oxide could
be as good as the RTO oxide. As a result, there are very
small amounts of impurity states and surface states; so the
reverse-biased current is very small.

Band-edge EL is observed when the device is forward-
biased. No luminescence is observed for the device under
reverse bias. The EL spectrum is shown in Fig. 4. The spec-
trum is measured by the following way. Light from the top of
the device is focused by two collimators into monochorma-
tor. An InGaAs detector is put at the exit of the monochro-
mator to detect light signal. For comparison, EL spectrum
from MOS tunneling diode with RTO oxide is also shown
in the dashed line. Their spectral shapes are almost identi-
cal except with different power. The comparison of the two
spectra shows that similar to the measurement for MOS tun-
neling diodes with RTO grown oxide, the EL of MOS tun-
neling diode with LPD oxide corresponds to the bandgap
energy of Si. The peak of spectrum is slightly below the
bandgap energy of Si at room temperature. This is due to
the participation of optical phonon in the radiative recom-
bination [9]. The spectrum could be explained by models
including optical phonon, interface roughness, and localized
carriers [8,9,11,14].

TheL–I curve of the device is shown in Fig. 5. Large-area
InGaAs detector is placed very close to the device to measure
optical power. The external quantum efficiency at 120 mA
of the injection current is 1.9 × 10−6. This efficiency is

Fig. 5. The measuredL–I curve (dashed line for RTO sample).

estimated from the optical power measured from the periph-
ery of the bonding pad on the MOS structure. Most of power
is still blocked by the silver bonding pad. If the optical power
generated from the entire Si/SiO2 interface is collected, the
actual EL efficiency should be more than 10−5. The mea-
sured efficiency is over two orders of magnitude more than
the previous value for the MOS with the oxide grown at
1000◦C [11]. In the previous study, the reduced tempera-
ture at 900◦C for RTO grown oxide was proved to increase
the surface/interface roughness and so enhance the EL effi-
ciency. In comparison, the efficiency (solid line) shown in
Fig. 5 is even more than the value (dashed line) for RTO
oxide grown at the reduced temperature [11].

Although both the roughness of the LPD oxide and the
roughness caused by reduced RTO temperature lead to the
enhancement of EL efficiency from the MOS structure, their
scales are very different. In [11], the RTO oxide grown at re-
duced temperature has the roughness at the scale of around
0.5 nm. The lateral feature of roughness created by the LPD
oxide is in the scale of 10 nm, which is more than two or-
ders of magnitude larger. For such large scale of roughness,
the momentum change due to the scattering is less than
one-tenth of the value in [11], so it is unlikely to provide
significant compensation for the large momentum mismatch
between electrons and holes in Si. Therefore, the significant
enhancement of EL from the 10 nm roughness should be due
to other reasons.

The nano-structure shown in SEM photo reveals that the
thickness of the oxide layer between Al and Si is not uni-
form. It could lead to the following two effects. First, the
thin oxide region has a stronger voltage gradient than the
thick oxide region, so the band bending of Si toward the thin
oxide is more severe than the thick oxide for forward-biased
condition [15]. This leads to the formation of the potential
well along the interface plan in addition to the normal di-
rection. Therefore, in the accumulation region, more holes
accumulate in the area where the oxide is thinner. Secondly,
more electrons tunnel to Si through the thin oxide layer
than through the thick oxide layer. As a result, electrons
and holes are coincidentally localized within the same re-
gion of around 10 nm, similar to the formation of excitons.
The localization of electrons and holes also possibly helps
the formation of excitons. Radiative recombination is then
enhanced because the process is more like two-particle
(phonon vs. electron–hole pair) collision than three-particle
(electron, hole, phonon) collision. This also explains why
phonon participation is shown in the EL spectrum.

4. Conclusion

Significant enhancement of EL at Si bandgap energy is
discovered from MOS with LPD oxide. The oxide could be
very thin with an average thickness of 1.2 nm to make the
MOS structure behave like a diode with good rectification.
Also, the oxide has nano-structures with the lateral variation
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of 10–20 nm and the height variation of 4–5 nm. The en-
hanced EL efficiency is estimated to be more than 10−5.
The enhancement is discussed and attributed to the simulta-
neous localization of electrons and holes as a result of the
nano-structure of the oxide. This causes the process to be
more like two-particle collision than three-particle collision,
so increase the probability of radiative recombination.

Acknowledgements

This work is supported in part by National Science
Council, Taipei, Taiwan, ROC, under the contract nos.
89-2215-E-002-059 and 89-2112-M-002-076.

References

[1] L.T. Canham, Appl. Phys. Lett. 57 (1990) 1046.
[2] N. Koshida, H. Koyama, Appl. Phys. Lett. 60 (1992) 347.
[3] S. Lazarouk, P. Jaguiro, S. Katsouba, G. Masini, S. La Monica, G.

Maiello, F. Ferrari, Appl. Phys. Lett. 68 (1996) 2108.

[4] S. Schuppler, S.L. Friedman, M.A. Marcus, D.L. Adler, Y.-H. Xie,
F.M. Ross, Y.J. Chabal, T.D. Harris, L.E. Brus, W.L. Brown, E.E.
Chaban, P.F. Szajowski, S.B. Christman, P.H. Citrin, Phys. Rev. B
52 (1995) 4910.

[5] D.B. Geohegan, A.A. Puretzky, G. Duscher, S.J. Pennycook, Appl.
Phys. Lett. 73 (1998) 438.

[6] G. Franzo, F. Priolo, S. Coffa, A. Polman, A. Carnera, Appl. Phys.
Lett. 64 (1994) 2235.

[7] M. Matsuoka, S. Tohno, Appl. Phys. Lett. 71 (1997) 96.
[8] C.-F. Lin, C.W. Liu, M.-J. Chen, M.H. Lee, I.C. Lin, J. Appl. Phys.

87 (2000) 8793.
[9] C.W. Liu, M.-J. Chen, I.C. Lin, M.H. Lee, C.-F. Lin, Appl. Phys.

Lett. 77 (2000) 1111.
[10] Y. Uehara, J. Watanabe, S. Fujikawa, Ushioda, Phys. Rev. B 51

(1995) 2229.
[11] C.W. Liu, M.H. Lee, M.-J. Chen, C.-F. Lin, M.Y. Chern, IEEE

Electron Device Lett. 21 (2000) 601.
[12] H. Nagayama, H. Honda, H. Kawahara, J. Electrochem. Soc. 135

(1988) 2013.
[13] P.-H. Chang, C.-T. Huang, J.-S. Shie, J. Electrochem. Soc. 144 (1997)

1144.
[14] C.W. Liu, M.H. Lee, M.-J. Chen, I.C. Lin, C.-F. Lin, Appl. Phys.

Lett. 76 (2000) 1516.
[15] C.W. Liu, W.T. Liu, M.H. Lee, W.S. Kuo, B.C. Hsu, IEEE Electron

Device Lett. 21 (2000) 307.


	Enhancing electroluminescence from metal-oxide-silicon tunneling diodes by nano-structures of oxide grown by liquid-phase method
	Introduction
	Experimental
	Results and discussion
	Conclusion
	Acknowledgements
	References


