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1. Introduction

Nanocrystalline Si materials are increasingly important,
because of their potential in optoelectronic functions such
as visible light emission[1,2] and optical gain[3] effects.
The EL characteristics of nanocrystalline porous Si (PS)
have been significantly improved in the past few years.
Electrochemical oxidation has led to unprecedented high
external quantum efficiencies (EQEs) and power efficien-
cies of 1.1 % and 0.4 %, respectively [4,5]. The efficiency
should be further improved for practical use. In addition,
the operation stability needs to be significantly enhanced.
The key issue is how to passivate the nanocrystalline Si
(nc-Si) surfaces with stable bonds [6].
We propose a treatment based on high-pressure water vapor
annealing (HWA) of PS for improvement in both the EQE
and stability of the PL and EL. In poly-crystalline Si films,
the HWA is very effective to decrease the interfacial trap
density at the grain boundaries and to enhance the carrier
mobility [7]. It is shown that the HWA drastically improves
the PL and EL characteristics of PS. The mechanisms in-
volved in the PL and EL enhancements are also discussed.

2. Experimental

The substrates used for PL studies were (100)-oriented
and B-doped p-type (4 Qcm) silicon wafers. For EL, the
same substrates were used, but they were implanted with P
atoms (150 keV; dose: 5.10"° ¢cm™) in order to get a super-
ficial n" layer of about 500 nm. The PS layers were formed
by anodization in ethanoic HF in galvanostatic condition.
The layers grown from p-type substrates were formed in
dark, whereas layers formed from implanted substrates
were formed under illumination, in order to anodize the
superficial n"-type Si layer. The layers were 5 um-thick.
For HWA treatment, PS samples were heated in water va-
por at a temperature of 260 °C for 3 h, and then cooled
down to room temperature. The water vapor pressure in the
container was 1.3 MPa.
A 200 nm-thick indium tin oxide (ITO) layer was deposited
onto the PS layers used for EL investigation. Thus, EL de-
vices consisted in p-Si/p-PS/n"-PS/ITO junctions. The EL
operations were conducted in N, atmosphere. The PL meas-
urements were carried out separately by using a 325 nm
He-Cd laser as an excitation source.

3. Results and discussion
Figure 1 shows the PL spectra of a PS layer before and
after HWA. It can be seen that the PL intensity is very
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much increased, while the PL emission band is not much
changed by HWA. The PL band remains similar to that of
conventional luminescent PS in which the luminescence
originates from recombination of excitons concerted with
surface states [8]. EQE as high as 23 % has been obtained
using the HWA treatment. This is much higher than the
highest values reported to date (3-4%) [9,10]. Furthermore
the PL is very much stabilized by the HWA.

FTIR and ESR measurements have shown that the sur-
face of HWA-treated PS is oxidized and passivated by
high-quality (with a very low defect concentration) thin
SiO, films. The enhancement in EQE and stability is then
attributed to a drastic reduction of the rate of non-radiative
recombinations and an efficient protection of Si nanocrys-
tals against further oxidation.

These highly luminescent and stable PS layers have
been used in order to get enhanced EL characteristics. Fig-
ure 2 shows the EL intensity and the current density as a
function of the voltage for (i) a device including a
HWA-treated PS layer, and (ii) a device including the same
PS layer but untreated. The current flows under forward
bias as well as under reverse bias due to the presence of the
highly-doped n-type superficial PS layer. The characteris-
tics of the treated device are much better than that of an
untreated device with a limited EL emission even at much
higher current densities. The current density is reduced be-
cause of surface oxidation during the HWA. Obviously the
higher EL emission and EQE is due to the high lumines-
cence efficiency of the HWA-treated PS.

Figure 3 shows the EL intensity as a function of time
for the treated device. After an initial aging where both the
current density and the EL intensity increase, the device
becomes very stable, as expected from PL data. In contrast,
non-treated device exhibited very poor stability: both the
driving current and EL intensity only significantly deterio-
rates during operation.

4. Conclusions

The HWA improves drastically the PL EQE and stabil-
ity of appropriately produced PS. A record PL EQE of 23%
was obtained. Both the PL and EL exhibit very high stabil-
ity. The HWA method enables almost complete passivation
of nc-Si surfaces with high-quality thin oxides. It is a very
practical and promising low temperature approach for pro-
ducing highly efficient and stable luminescent nc-Si mate-
rials and devices.



Acknowledgements

This work has been partially supported by a
Grant-in-Aid for Scientific Research (A), Young Scientists
(B), and 21th COE project from the Japan Society for the
Promotion of Science (JSPS).

References

[1] B. Gelloz and N. Koshida, in The Handbook of Elec-
troluminescent Materials, edited by D. R. Vij (Institute of
Physics Publishing, Bristol and Philadelphia, 2004), Chap.
10, pp. 393-475

[2] B. Gelloz and N. Koshida, in Handbook of Lumines-
cence, Display Materials, and Devices, edited by H. S.
Nalwa and L. S. Rohwer (American Scientific Publishers,
Stevenson Ranch, 2003), Vol. 3, Chap. V, pp. 128-156

[3] L. Pavesi, L. Dal Negro, C. Mazzoleni, G. Franzo and F.
Priolo, Nature 408 (2000) 440

[4] B. Gelloz, T. Nakagawa and N. Koshida, Appl. Phys.
Lett. 73 (1998) 2021

[51 B. Gelloz and N. Koshida, J. Appl. Phys. 88 (2000)
4319

[6] B. Gelloz, H. Sano, R. Boukherroub, D. D. M. Wayner,
D. J. Lockwood and N. Koshida, Appl. Phys. Lett. 83
(2003) 2342

[7] T. Sameshima, M. Satoh, K. Sakamoto, K. Ozaki and K.
Saitoh, Jpn. J. Appl. Phys., Part 1 37 (1998) 4254

[8] M. V. Wolkin, J. Jorne, P. M. Fauchet, G. Allan and C.
Delerue, Phys. Rev. Lett. 82 (1999) 197

[9] J. C. Vial, A. Bsiesy, F. Gaspard, R. Herino, M. Ligeon,
F. Muller, R. Romestain and R. M. Macfarlane, Phys. Rev.
B 45 (1992) 14171

[10] V. A. Skryshevsky, A. Laugier, V. I. Strikha and V. A.
Vikulov, Mat. Sc. and Eng. B 40 (1996) 54

5————————
2
c
=
o 10+ .
8
>
=
o
= e fAs anodmed“y\. i
= K X 100 "(‘\
o o ,

Y

500 600 700 800 900
WAVELENGTH (nm)

Fig. 1. PL spectra of a PS layer before and after
HWA. The HWA was performed at 260 °C for 3 h
at 1.3 MPa.
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Fig. 2. EL intensity and current density as a func-
tion of the aplied voltage for two EL devices with
as-anodized PS layer and HWA-treated one.
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Fig. 3. EL intensity and current density as a
function of operation time for the device with a
HWA-treated PS layer shown in Fig. 2. The
applied voltage was -20 V.
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