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Abstract

A simple but effective passivation method for porous silicon (PS) has been developed. Immersion of as-etched PS in dilute
(NH,),S/C,H;OH solution followed by ultraviolet light irradiation in air can lead to an enhancement of photoluminescence
(PL) up to more than 20 times. Infrared absorption and Auger electron spectroscopic measurements show that the formation of
SiH(O,), Si—O-Si and Si—N bonds are formed during the post-treatment process. However, the PL intensity cannot be enhanced
if the solution-treated sample is exposed to the laser beam in vacuum. It is thus concluded, that the PL enhancement can be
attributed to the presence of compact passivation films consisting of the oxides and the nitride on both external and internal

surfaces of the sponge-like PS samples. © 2001 Elsevier Science B.V. All rights reserved.

PACS: 78.55.Mb; 81.65.Rv; 78.30.Ly
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1. Introduction

Since the discovery of room-temperature (RT) visible
light emission from porous silicon (PS) in 1990 [1],
tremendous efforts have been made to study the pho-
toluminescence (PL) and electroluminescence (EL)
from PS-based devices in hopes of optoelectronic inte-
gration. At the end of 1996, Hirschman et al. [2]
succeeded in integrating PS optoelectronic devices into
standard Si-based microelectronics circuits, preliminar-
ily realizing all Si-based optoelectronic integration in a
prototype. This progress was encouraging, yet problems
concerning the long-term operation of the devices re-
mained to be solved. It has been generally recognized
that the visible light emission from high porosity PS is
not stable in ambient air, especially under illumination
of ultraviolet (UV) light. To stabilize the luminescent
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behavior of a PS device, appropriate post-treatment
[3,4] is required to effectively passivate the internal
surface of the PS. The basic idea of passivation is to
replace relatively easy-broken Si—H bonds, which are
formed during the hydro-fluoride (HF) anodic etching,
by a compact SiO, or Si—N bonds on the surface of PS
particles. In previous work [5—-7], some post-treatment
methods were employed to passivate PS and PL emis-
sion from the treated samples was improved to a cer-
tain extent. In this work, we report a heating- or
plasma-assistance-free passivation technique that PS is
simply immersed in (NH,),S/C,H;OH solution and
then irradiated by UV light in air. The PL from the PS
samples so treated is enhanced by a factor up to more
than 20 times with an improved stability.

2. Experimental

The silicon substrates used were (100) oriented, p-
type wafers with the resistivity of 20 () cm. The PS
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samples were prepared by anodizing the wafer in HF
solution (50% HF/C,H;OH = 1:1) at a current den-
sity of 10 mA /cm? for 5 min. After being cleaned by
deionized water and dried by blowing N, over the
wafers, the samples showed a red color under UV light
illumination. The post-treatment process consisted of
two steps. (i) The as-etched PS samples were immersed
into a C,H;OH-dilute (NH,),S solution
[(NH,),S/C,H;OH = 1:200] at RT for 30, 60, 90, 120,
150 and 180 s, respectively. It was observed that a large
amount of tiny gas bulbs emerged from the PS surface
during the chemical treatment. After immersion, the
samples were cleaned by deionized water and blown
dry by N,. (ii) The immersed samples were exposed to
an UV lamp with wavelength of 365 nm. Compared
with the as-etched PS, luminescence from the treated
samples was strong at the beginning, further intensified
in several minutes and ultimately reached a maximum
and stabilized after irradiation with the UV light for
approximately 2 h.

The samples were characterized by PL, temperature
dependence of PL, Auger electron spectroscopy (AES)
and Fourier transform infrared (FTIR) measurement.
The PL spectra were excited at RT either in air of in
vacuum by a 441.6-nm He—Cd laser with a spot size of
~1 mm at a power of 40 mW. The temperature
dependence of PL was performed in a rapid—
thermal—annealing furnace with the heating rate of
40-50°C/s under the N, flow of 6 1/min. The AES
measurements were carried out by a PHI 550-electron
spectrometer with a primary electron beam energy of 3
keV. The FTIR spectra were measured in a wavenum-
ber range of 400-4600 cm ™! by an FTIR 5DX spec-

trometer with a resolution of 4 cm ™!,

3. Results
3.1. PL spectra

Fig. 1 shows the PL spectra of the as-etched sample
(a) and the treated samples (b—g) subjected to immers-
ing time for 30, 60, 90, 120, 150 and 180 s, respectively,
followed by exposure to the 365-nm UV light for 2 h in
air. Comparing curves (b—g) with (a), it can be seen
that both intensities and peak positions are changed for
the treated samples. The enhancement in the PL inten-
sity can be as high as more than 20 times and the peak
position is 20 nm blue-shifted. For the as-etched PS
sample in this work, the optimal immersing time was
120 s (i.e. curve (e) in Fig. 1) under the condition of a
fixed content (1:200) of the (NH,),S/C,H;OH solu-
tion. In addition, for another as-etched larger porosity
sample with higher PL intensity (anodized with a higher
current density of 50 mA /cm? for 5 min), a similar PL
enhancement is also observed by adopting an appropri-
ate solution concentration or immersing time. There-
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Fig. 1. PL spectra of an as-etched sample (a) and the samples
immersed in the (NH,),S solution for 30 (b), 60 (c), 90 (d), 120 (e),
150 (f) and 180 s (g), respectively, followed by UV light irradiation for
2 h in air.

fore, these experimental results have shown that the
proposed post-treatment method is straightforward and
effective in the enhancement of PL from PS.

Moreover, in a series of trial experiments, the sig-
nificant decays of PL intensity from the treated sam-
ples were observed when the concentrate of (NH,),S
solution in the solution was much higher than 1:200. It
implied that (NH,),S had a dominant influence on the
PL characteristics of the treated samples and C,H;OH
in the solution was only for dilution.

3.2. FTIR spectra

Curve (a), (b) and (¢) in Fig. 2 show the FTIR spectra
measured from samples of: (1) as-etched PS; (2) 120 s
immersion in the 1,200 (NH,),S solution; and (3) 120
s immersion followed by 2-h UV irradiation, respec-
tively. The absorption peaks are essentially related with
Si—Si (at 619 cm™!) and Si—H bonds [8] for sample (1).
They are the deformation mode of SiH (665 cm ™) [8],
the scissors mode of SiH, (906 cm ™) [9], the stretching
modes of SiH (2090.6 cm™!) and SiH, (2116.4 cm™')
[10] and another stretching mode of SiH; (a shoulder
at 2140 cm~'). The absorption peak at 1105 cm~"' can
be ascribed to Si—O stretching, which is relatively weak
in curve (a).

The (NH,),S immersion results in significant changes
of the spectrum. Accompanying intensity reduction of
the Si—Si and Si—H related peaks, some new peaks
emerge in curve (b). Table 1 lists the variations observed
along with assignments of the new peaks [11-17]. The
symbols *, 1 and |, in the first column represent the
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Fig. 2. FTIR spectra of the PS samples of: (1) the as-etched PS; (2)
PS immersed in the (NH,), S solution for 120 s; and (3) PS immersed
in the (NH,), S solution for 120 s followed by UV light irradiation for
2 hin air.

newly-produced, increased- and decreased-intensity
peaks, respectively, and no symbol means little signifi-
cant change in comparison with curve (a). Emergence
of the peaks at 878.12 and 2258.2 cm ™' is an evidence
of the formation of HSi(O;) (back-bond oxidation of
Si—H). The strong absorption feature in the wavenum-
ber range of 980-1250 cm™! originates surely from
asymmetric stretching of Si—-O-Si and can be at-
tributed to oxidation of PS. The 837.69 cm™' peak
results from the formation of Si—N bonds. Some
physisorbed states of nitrogen (NH; or NH}) could be
ruled out because their adsorptions (peaked in the
regions 3200 and 1500 cm ') are not produced here.
It is thus concluded, PS is passivated not only by
the oxides [HSi(O;) and Si—O-Si] but also by the
nitride (Si-N bonds) upon immersion in the
(NH,),S/C,H;OH solution.

Exposure of the (NH,),S-immersed sample to the
UV light leads to an overall enhancement of the PL
intensity. In order to find out the changes of chemical
bonds on the surface of sample (2) after the UV
illumination, the FTIR spectrum of sample (3) [sample
(2) subjected to 2-h UV irradiation in air] is measured

Table 1

and shown by curve (¢) in Fig. 2. Comparing curve (c)
with (b), one can see that a shoulder appears at the
lower energy side of the Si—Si (619 cm™') peak and the
intensities of the oxygen-related peaks get slightly
higher while the Si—H, peaks become weaker. This
indicates that, after the UV irradiation in air, the
(NH,),S-immersed sample is further oxidized and the
enhanced PL results from the improved quality of the
passivation film [18].

3.3. AES spectra

The existence of oxygen- and nitrogen-containing
compounds on the treated sample surface has been
further confirmed by AES measurements. Fig. 3 shows
AES depth profile of the (NH,),S-immersed and UV-
irradiated sample [sample (3)]. Curves (a), (b), (c) and
(d) in the figure correspond to the concentration dis-
tributions of Si, O, N and S (C and F ignored) with the
Ar* sputtering time, respectively. Comparing from the
curve (a), (b), (¢) and (d), the content of Si, O, N and S
in the treated sample surface is approximately 65, 25, 8
and 2%, respectively, which means that the compounds
[HSi(O;), Si—O-Si, nitride shown in FTIR] containing
O, N and less S are formed after the post-treatment. It
can be clearly seen that, while the content of nitrogen
decreases steadily till its complete disappearance after
approximately 3-min sputtering, the oxygen signal does
not disappear ultimately, though it reduces rapidly at
the beginning. Obviously, the after-treatment in the
(NH,),S/C,H;OH solution promotes oxidation of the
surface, probably due to the presence of the S~ and /or
HS™ ions, which may catalyze the reaction in the
solution. It is also noticeable that the nominal thick-
ness of the passivation film is far beyond monolayer
region as 3-min sputtering may remove a much thicker
overlayer. In the case of S-passivation of GaAs [19],
where the surface GaS film was produced by direct
reaction between (NH,),S and bulk GaAs, the passiva-
tion layer was much thinner (one monolayer approx.).
This can be ascribed to the structural difference of the

The oscillation frequencies of the PS immersed in the solution (NH,),S/C,H;OH for 120 s [sample (2)]

Absorption peak (cm ™~ b Bond groups Oscillation mode Reference
1619 Si-Si [8]
665.43 SiH,, Deformation [8]
*837.69 Si-N Stretching [11-13]
[14,15]
*878.12 HSi(0;) Bending [13,16]
1906.25 SiH, Scissors [10]
11104.9 Si—O-Si Stretching [17]
*1157.6 Si-O-Si Stretching [17]
12090.6 SiH, Stretching [9]
12116.4 SiH Stretching [9]
*2258.2 HSi(O;) Stretching [13,16]
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two systems: the sponge-like PS sample has a much
higher surface-to-volume ratio; and both of its external
and internal surfaces can be terminated by foreign
atoms. Further prolonging Ar* etching time, the con-
tent of O is originated from the oxide passivation films
on the internal surface of the treated PS. Therefore, we
regard the enhanced PL intensity shown in Fig. 1 as a
result of termination of both the external and internal
surfaces of the sponge-like PS by HSi(O;), Si—O-Si
and Si—N bonds.

3.4. PL vs. the laser exposure time

In order to study the influence of laser illumination
on PL, the continuous change of PL from sample (2) vs.
the illumination time has been measured and the re-
sults are shown in Fig. 4. No discernible peak shift
could be observed when discrete PL spectra were mea-
sured, indicating that the integrated intensity and the
individual peak intensity had the same time depen-
dence. Curve (a) was measured in the atmosphere. To
detect the oxygen influence on the PL from sample (2)
when illuminated under laser light, its PL was also
measured in vacuum (~ 107 torr) and is shown by
curve (b). The two curves show a rapid decay at the
very beginning of illumination. Completely different
behaviors are then observed in the two cases. In case
(a) (measured in air), the PL intensity rises steadily and
finally saturates at a value much higher than initially
reached, but in case (b), the PL intensity decreases
monotonically and finally reaches a very low value.
Moreover, the PL intensity does not decrease but
slightly increases on the base of the stabilized value
when the same tested spot on the sample (2) is mea-
sured again after 2 h, as shown in curve (a). This
demonstrates that the enhanced PL is not the result of
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Fig. 3. AES depth profile of sample (3), (PS immersed in the (NH,),S
solution for 120 s followed by UV light irradiation for 2 h in air). (a),
(b), (¢) and (d) are for concentration distribution of Si, O, N and S,
respectively.
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Fig. 4. Evolution of PL intensity (peaked at 700 nm) vs. the laser
illumination time from sample (2) (immersed in the (NH,),S solu-
tion for 120 s) measured in air (a) and in the vacuum (~ 1073 torr)
(b), respectively.

the heat effect due to the long-time illumination of
laser light and is stable when it saturates. Comparing
curve (a) with (b), the PL enhancement measured in
the vacuum is not observed, which indicates the depen-
dence of PL enhancement on oxygen in the atmo-
sphere, that is, a process of oxidation induced by light
(including laser beam and ultraviolet light). The de-
crease of PL from the as-etched PS sample (1) was
observed upon illumination with a laser beam in air, so
the enhancement of PL from sample (3) should be
closely relative to the proposed post-treatment. From
the curve (b) and (¢) in Fig. 2, the absorption peaks
relative with oxygen become slightly higher when sam-
ple (2) is exposed under the UV light. This shows that
the quality of the passivation film [for example, HSi(O),,
Si—O-Si] is improved by the light illumination. We
speculate that UV or laser beam irradiation in air after
the (NH,),S immersion stimulates further oxidation of
the passivation layer and a higher compactness is then
achieved. In addition, the structure of passivation film
becomes more stable with longer exposure time until
the PL intensity has reached a maximum value.

3.5. PL vs. the rapid thermal annealing temperature

Fig. 5 shows the dependence of the integrated inten-
sity [curve (a)] and the peak wavelength [curve (b)] of
PL from sample (3) vs. the temperature of the rapid
thermal annealing in N, gas, respectively. All the tested
samples are cut from a same sample. The results shown
in curve (b) are somewhat the same as that of rapid
thermal oxidation (RTO) method [5]. That is, the peak
shifts little below 500°C, while there is an obvious
blue-shift above 500°C. Nevertheless, from curve (a),
when the temperature rises from RT to 600°C, the
intensity first increases and then reaches a maximum at
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Fig. 5. Temperature dependence of PL from sample (3) (immersed in
the solution (NH,), S for 120 s followed by UV light irradiation for 2
h in air). Curve (a) and (b) represent the PL intensities and peak
wavelengths vs. the temperature of the rapid thermal annealing in N,
gas, respectively. The inset illustrates the discrete PL spectra of the
treated sample (3) subjected to the rapid thermal annealing tempera-
ture of RT (a), 100 (b), 150 (c), 200 (d), 250 (e), 300 (f), 400 (g), 500
(h) and 600°C (i), respectively.

100°C and gradually decays till it disappears, which is
different from the results of RTO. The RTO tempera-
ture at the peak of integrated intensity is 900°C, how-
ever, the temperature for our experiment is approxi-
mately 100°C. In addition, as shown in curve (a), the PL
intensity from sample (3) is higher than that of the
as-etched sample (1) at RT, although the sample (3) is
heated to 400°C. So, the proposed post-treatment
method could also be effective for the future potential
application in PS device development.

4. Discussion

Although hydrogen can effectively saturate dangling
bonds and hence contribute to the formation of a
stable passivation film SiH, on flat surfaces of crys-
talline Si [20]. SiH , is not stable on the pore surface of
as-etched PS, where H is easily desorbed or oxidized,
leading to the creation of a large amount of non-radia-
tion recombination centers and an unstable PL. There-
fore, it is highly desired to find more effective passiva-
tion methods. For microelectronic application, the ox-
ides or nitrides of Si (for example, SiO, and Si—N) have
been currently considered as the most practical passi-
vation films. As we know, there are several results of
the oxidation influence on PL from PS: one causes
non-radiation recombination centers on the pore sur-
face of porous Si grains that results in the reduced and
unstabilized PL [21-23], the other leads to enhanced
PL [7,18,24]; and in another case, initially PL decays,
then it increases and finally decreases again [5]. These

results are directly relative with the PS formation
processes and the post-treatment methods of PS. De-
monstrated by Chen et al. [24], who had achieved the
enhanced PL from a PS post-treated with wet thermal
oxidation method, HSi(O;) is stable under the laser
illumination. This is due to the back-bond oxidation of
Si—H, the interatomic distance between Si and H be-
comes shorter and the interatomic force between them
becomes stronger in comparison with that of the SiH
bonds on the surface of an as-etched PS. From the
FTIR spectra shown in Fig. 2, the absorption peaks of
HSi(O;) (at 2258.2 and 878.12 cm™ ') and Si—-O-Si
(ranged from 980 to 1250 cm ') are similar to that of
the PS treated by the oxygen incorporation method
with utilizing the remote-plasma treatment proposed by
Xiao et al. [7], who attained the enhanced PL from the
post-treated PS, too. Therefore, as mentioned above,
the passivation films of HSi(O;) and Si-O-Si could
enhance the intensity and stability of PL from the
as-etched PS. The dangling bonds density on the sur-
face of the PS treated by RTN [6] with SiN, are very
low so as to stabilize the PL. Therefore SiN, is a good
passivation film not only for bulk crystal Si but also PS.
Based on the FTIR shown in Fig. 2, the HSi(O,),
Si—O-Si and Si—N bonds have grown on the surface of
PS treated by the proposed method. So, the enhance-
ment of PL from the treated sample should be the
results of the ensemble actions of the several passiva-
tion films.

The absorption peaks relative to sulfur is seldom
found on the surface of the treated sample from the
FTIR spectra shown in Fig. 2. Meanwhile, there were
many absorption peaks relative with oxygen (e.g.
HSi(O;) and Si-O-Si), whose intensities are much
higher than others. Based on this fact, we assume that
the ions S*~ or HS™ in the (NH,),S solution act as a
catalyst for the oxidation reaction:for the formation of
HSi(O;) and Si-O-Si passivation film. A similar result
could be concluded from the concentration distribution
of O and S in the AES measurement illustrated in Fig.
4.

5. Conclusion

We have reported the enhancement of the PL inten-
sity and stability due to the formation of the passiva-
tion film of HSi(O;), Si—O-Si and Si-N on the surface
of PS immersed in the solution (NH,),S/C,H;OH
and then illuminated under UV light. The PL intensi-
ties from the treated PS are several to more than 20

2- .
H,0 + it ——2 55 si0. 1, + H,

2- .
IS"—rHS, SiO, + H,O
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times higher than that of the as-etched PS. Moreover,
the PL is quite stable even illuminated by laser beam
for several hours. Therefore, the proposed method
could be considered as a straightforward and effective
technique for achieving intense and stable light emis-
sion from porous silicon.
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