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Introduction

Silicon (Si), pioneer of the current information age, keeps
competitive in high-performance integrated devices. Because of its
unique structure,'” intriguing physicochemical properties,** and
potential applications in a vast array of fields,”™
dimensional Si nanostructures have been actively investigated in
the past two decades. Among these, porous silicon Si NWs have
received significant attention due to their strong quantum
confinement,'* electrical and luminescent nature,"*** and simple
fabrication.” To date, much effort has been devoted to realize their
morphology control,*'” understand their photoluminescence (PL)
origin,”"®" and achieve performance improvements.”*** Previ-
ously, we have demonstrated the feasibility of tuning PL of porous
Si nanowires by morphology control,”® revealed interesting
temperature-dependent PL properties,” and managed lumines-
cence and sensing stability enhancement by surface passivation.*

Moreover, research on SiO,—Si interface is always a classical
topic from both technological and scientific aspects.>**” Oxida-
tion of Si to form Si-SiO, (usually SiO,) interface occurs easily on
the surface of Si NWs either during synthesis or exposure to air.
As an excellent insulator, the SiO, layer passivates the surface of
Si, not only by creating a brilliant barrier against a variety of
harsh environments (i.e, impurity diffusion), but also by
affecting the physicochemical properties of Si NWs. Generally,
oxidation of Si NWs is accompanied by a large component of
expansion, and large mechanical stress is generated if the
expansion is restrained.***® Segregation behavior of the dopant
atoms in Si NWs under stress is different during thermal oxida-
tion:*' B atoms preferentially segregate on the surface oxide layer,
whereas P atoms tend to accumulate in the Si region around the
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photoluminescence even under mild oxidation conditions. However, their PL stability in both air and
ethanol achieves significant improvement after proper thermal oxidation.

Si0,-Si interface. Moreover, luminescence mechanism of
oxidized Si NWs is more complex. These SiO,-Si hybrid struc-
tures exhibit luminescence at different wavelengths from ultra-
violet to orange-red due to the presence of surface states, defects,
as well as the encapsulated quantum-confined Si crystallites.?>*
For instance, Liu et al.*” studied the effect of thermal oxidation on
the luminescence properties of electroless and chemically etched
Si NWs and anodic porous Si. They found intense visible lumi-
nescence from thermally oxidized Si NWs and porous Si and
observed two luminescence bands that exhibited different
responses with variation in absorption coefficient upon Si and O
core-electron excitation.

As abovementioned, effect of oxidation on Si NWs is a major
focus of research interest. However, most of these studies stick
to Si NWs oxidized vigorously at high temperatures®** (usually
above 600 °C and sometimes as high as 1000 °C to obtain fully
oxidized Si NWs). By contrast, to the best of our knowledge,
slightly oxidized Si NWs have rarely been studied. Mild oxida-
tion conditions result in a thin SiO, coating layer, which may
play an effective role in surface passivation while inducing little
mechanical stress. Furthermore, rapid thermal oxidation is
a wonderful method to realize mild oxidation because of its
ultrafast heating rate. Therefore, studying the effect of mild
oxidation on Si NWs is worthwhile.

In this study, we investigated the effect of thermal oxidation
on PL performance of porous Si NWs fabricated via metal-
assisted chemical etching. After rapid thermal oxidation, the
oxidized Si NWs exhibit a similar porous morphology while
losing their original efficient luminescence. Obvious PL
quenching appears in Si NWs oxidized above 250 °C, a much
lower oxidation temperature than that reported for most porous
Si. Moreover, proper thermal oxidation contributes to high
stability. The oxidized Si NWs achieve remarkable enhancement
in their PL stability in both air and ethanol. The combination of
the quenching behavior and PL stability enhancement in these
oxidized porous Si NWs will be useful in the field of semi-
conductor optoelectronic applications.
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Experimental
Wafer cleaning

Commercially available p-(100) Si wafers with the resistivity of
0.001-0.01 Q cm were cut to ~1 cm” and cleaned in a boiling
RCA solution of NH;3-H,0/H,0,/H,0 (1 : 1 : 5 v/v/v) for 20 min.
After the cleaning step, the wafer pieces were rinsed with excess
deionized water and ultrasonicated for another 20 min.

Si NW preparation

The porous Si NW arrays were prepared through a two-step metal-
assisted chemical etching method. To entirely remove organics
and form a thin oxide layer, the RCA-cleaned silicon pieces were
first immersed in an oxidant solution containing H,SO, (97%)
and H,0, (35%) in a volume ratio of 3 : 1 for 10 min at room
temperature. Then, they were etched with a dilute HF aqueous
solution (HF/H,O 1 : 10 v/v) for 3 min at room temperature such
that fresh H-terminated Si surfaces were obtained. Silver nano-
particles (Ag NPs) were coated on the substrates by immersing Si
pieces in an aqueous solution of 4.65 M HF and 0.02 M AgNO; for
approximately 1 min at room temperature. After this, the
substrates were washed with deionized water to remove the extra
Ag" ions and then immersed in an oxidizing HF etching solution
for 1 h. The etching solution was composed of 4.65 M HF acid
and 0.25-0.75 M H,O0,. After etching, the samples were trans-
ferred into a dilute HNO; solution (HNO3/H,O 3 : 1 v/v) for at
least 1 h to remove the extra Ag nanostructures. Finally, the
samples were cleaned with deionized water and dried under a N,
flow.

Si NW oxidation

The oxidation was carried out by rapid thermal oxidation. For
comparison, the as-prepared Si NW sample was cut into two
pieces and one piece was oxidized in air for several minutes
using RTP-300 equipment at a heating rate of 160 °C. The
oxidation temperature ranged from 150 to 450 °C.

Characterization

The as-synthesized and oxidized Si NWs were characterized by
scanning electron microscopy (SEM, Hitachi S-4800) and
transmission electron microscopy (TEM, JEOL JEM 1230). X-ray
photoelectron spectroscopy (XPS) was used to determine the
oxide layer thickness of the oxidized Si NW arrays through Ar"
etching. The measurements were carried out via an Axis Supra
spectrometer using Al Ko radiation as the excitation source
(1486.6 eV), and the etching rate was about 1 nm min~". Pho-
toluminescence performance was analyzed by an FLS 920 fluo-
rescence spectrometer (Edinburgh Instrument). The excitation
source was 325 nm light from a 450 W xenon lamp. The ethanol
sensing behavior of the oxidized Si NW arrays was studied based
on the PL quenching effect. The sensor response was measured
by continuously obtaining the PL intensity; during this process,
ethanol was added on and naturally volatilized from the sample
surface repeatedly. The PL intensity quickly decreased when
ethanol was added and recovered when ethanol volatilized.
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Results and discussion
Maintained porous morphology

Freshly synthesized Si NWs are distinguishable and almost
perpendicular to the p-(100) substrate despite several gathered
bundles at the tips with a uniform length of ~13 pm (Fig. 1a). In
general, NW arrays fabricated on Si-(100) substrates by metal-
assisted chemical etching possess [100] orientation since the
[100] direction is the preferred etching direction. However,
gathered bundles may appear at the tips of the Si NWs, making
Si NW arrays seem not so much aligned. The possible reason is
that strong forces, such as dangling bonds and electrostatic
charges on the freshly formed surfaces, lead to the formation of
bundles at the tips.** Based on previous literature,*>*%* Si NWs
obtained from highly doped Si wafers exhibit high porosity
while retaining their original crystalline structure. These porous
Si NW arrays exhibit strong and broad orange luminescence at
room temperature, which can be directly observed with a naked
eye upon excitation. It should be noted that there is also
a study®® reporting luminescent Si NWs obtained from lightly
doped Si wafers. After thermal oxidation, as clearly illustrated in
the TEM image (Fig. 1b), the oxidized Si NWs maintain similar
rough surfaces and remain porous. Note that their porous
morphology seems stable such that it can be maintained even
when the NWs are completely oxidized to SiO, (inset of Fig. 1b).
However, the obtained porous SiO, NWs are almost non-
luminescent in the wavelength range between 600 and
800 nm (Fig. S1 in the ESIY}).

Anomalous luminescent quenching

Generally, the porous nature of Si NWs is widely believed'* to
contribute to their efficient photoluminescence. For instance,
Canham et al."*” claimed that visible light emission of porous
silicon resulted from the quantum confinement effect and had
a close relationship with the amorphous phase contained in the
porous structures. In addition, during the experimental
process, a thin oxide layer is commonly capped on the surface of
chemically etched Si NWs. The layer passivates the defects (e.g.,
the oxide-related centers on the surface of the NWs) and may
thus affect emission. As abovementioned, PL of porous Si NWs
quench entirely when majority of Si is converted to SiO,.
Coincidentally, significant PL quenching also appears in Si NWs

Fig. 1 (a) Cross-sectional SEM image of the porous Si NW arrays
prepared through a two-step 1 h reaction using heavily doped p-(100)
Si wafers in etching solutions composed of 4.65 M HF and 0.25 M
H,0,. (b) TEM images with the SAED pattern of a single nanowire after
thermal oxidation under 900 °C for 3 h.

This journal is © The Royal Society of Chemistry 2017
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oxidized above 500 °C (Fig. S2t), which seems a proper oxida-
tion temperature for Si.*”** This dramatic PL quenching
possibly results from the barrier effect of excessively thick oxide
layers.**?* Therefore, to gain more insight into the quenching
effect, mild oxidation condition is considered to be necessary.

Thermal oxidation is performed immediately after metal-
assisted chemical etching synthesis of Si NWs. Since the
surface of Si NWs is H-terminated, oxidation treatment of the
freshly prepared Si NWs becomes easier. On the other hand, the
porous structure offers large specific surface area, promoting
the oxidation process as well. Since the oxide layer can be
formed under mild oxidation conditions (Fig. S3t), lower
oxidation temperature and shorter oxidation time are used in
porous Si NWs for systematic optical studies, and their corre-
sponding PL spectra are displayed in Fig. 2 and 3, respectively.
With quite a short oxidation time (1 min), the efficient orange
emission around 650 nm maintains its original intensity at low
oxidation temperatures until a feeble quenching (~10%) occurs
at 250 °C. After this, PL quenching becomes increasingly
obvious as the oxidation temperature increases. With a thicker
oxide layer (Fig. S3ct), the emission intensity decreases to 43%,
19%, and 11% of its original value at 300, 350, and 400 °C,
respectively, and achieves complete quenching at 450 °C.
Moreover, extended oxidation time benefits PL quenching even
at a very low oxidation temperature of 250 °C (Fig. 3). The slight
PL quenching effect exhibits no obvious difference for the
oxidation time within 20 min, whereas a ~50% sharp decrease
occurs in the 30 min-oxidized sample. As a result, in the case of
our porous Si NWs, the proper oxidation conditions need to be

312 »; 12

- = As-prepared (a) 3 b

< 10 150°C E 10] @ ./.\ ®)

z —200°C 2z ] Y

g 0.84—250°C g 0.8 As-prepared

= 300°C S

35 061 ——3s0°c £ 06

[ 04 —3400"C =

E 1—as0c : 04 .\

3z 02 ] 02

£ e e

500 600 700 800 7z 100 200 300 400 500
Wavelength (nm) Oxidation Temperature (degree C)

Fig. 2 (@) Room-temperature steady-state PL emission spectra of

porous Si NWs oxidized at different thermal oxidation temperatures for
1 min. (b) Corresponding normalized maximum PL emission intensity
comparison from (a).
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Fig. 3 (a) Room-temperature steady-state PL emission spectra of
porous Si NWs oxidized at 250 °C with diverse thermal oxidation times.
(b) Corresponding normalized maximum PL emission intensity
comparison from (a).
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controlled in the temperature range from 250 to 400 °C as well
as within an oxidation time of 30 min.

The effect of thermal oxides on the PL properties of porous Si
has been studied for a long time. It has been found that PL
intensity from p-type porous Si tends to increase with oxidation
degree,””** whereas porous Si derived from n-type wafers tends
to lose its PL intensity. In our experiments, however, we
observed quenching of the PL from p-type porous Si NWs after
oxidation, contrary to the reported results. The mechanism of
the dopant dependency as well as the discrepancy between our
results and those reported is not clear to date. To obtain more
information, PL lifetime measurements were performed. PL
decay spectra of Si NWs before and after thermal oxidation
treatment (400 °C, 1 min) are plotted in Fig. 4. Obviously, the PL
lifetime shows a slight decrease after oxidation. The curves are
fitted by the bi-exponential decay (Fig. S47):

I(t) = A, exp(—tlt) + Ay exp(—t/ty,) (1)

where I is the PL intensity, A is the weight factor, and r is the
lifetime (z, represents radiative recombination lifetime and t,,,
represents nonradiative recombination lifetime). Effective life-
time (te) is calculated as follows:

Teff = (Ar‘L'r2 + Anrrnrz)/(ArTr + Aannr) (2)

As described in Fig. 4, PL lifetime for porous Si NWs
decreases from 32.0 us to 20.9 us after thermal oxidation. The
weight ratio A,,/A, obtained from the best fit (yellow line in
Fig. S4t) is 2.218 for the original Si NW, whereas it increases
to 4.248 after oxidation. Moreover, the nonradiative lifetime
T, decreases from 16.3 to 8.0 pus. Furthermore, similar PL
lifetime tendency is observed at all temperatures (Fig. S57).
The results indicate markedly increased recombination rate
of nonradiative channels after oxidation, leading to PL
quenching.

Enhanced PL stability

On account of the strong electrochemical reaction during
fabrication, porous Si nanostructures are widely accepted to
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Fig. 4 PL decay traces of porous Si NWs before and after thermal
oxidation at 400 °C for 1 min.
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possess various complex surface states and defects. As one of
the main viewpoints of the luminescence origin of porous Si,
the surface defect model attributes the PL to oxygen-related
defect centers at the interface between the Si core and the
native oxides or host matrix. Prokes et al.'® claim that the
presence of oxygen shallow donors shows distinct correlation
with the orange emission intensity observed in porous Si.
Moreover, surface states generally result in carrier trapping and/
or surface recombination, which are harmful for luminescence
efficiency. As a consequence, PL performance of porous Si
nanostructures is extremely sensitive to the surface. Indeed, the
native hydride surface of porous Si is too reactive to provide
a stable PL response in atmospheric or aqueous environments
since a variety of molecules have been found to quench pho-
toluminescence from porous Si.** In this case, it is not
surprising that porous Si NWs synthesized through metal-
assisted chemical etching exhibit low PL stability.

Agreeing well with several previous studies,”>** presence of
ethanol results in a loss of PL intensity from porous Si NWs.
This PL quenching can occur at very low analyte concentrations:
for the as-prepared Si NW sample, its PL intensity decreases to
approximately half of the original value even when only a drop
of ethanol is added (Fig. 5). Moreover, very interestingly,
removal or volatilization of ethanol gives rise to the recovery of
PL,>**¢ and this reversible effect occurs with almost any
nonaqueous liquid at very low vapor concentrations.** Apart
from liquids, detectable PL loss of porous Si NWs takes place in
air as well. The emission intensity diminishes upon continuous
excitation both before and after the addition of ethanol. PL
quenching can be regarded as a linear attenuation, and the
slope for the decline line is calculated to be 1.3 x 1073 s~ in air
and 2.2 x 10~ s~" in ethanol (annotated in Fig. 5 with green
color). As clearly shown in Fig. 5, PL stability of porous Si NWs
achieves significant improvement after proper thermal oxida-
tion (300 °C, 1 min). The thin oxidation layer passivates the
reactive surface of the porous Si NWs and thus stabilizes
luminescence. After oxidation, slopes of the decline line, both
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Fig. 5 PL stability analysis for porous Si NWs with and without proper
thermal oxidation when exposed in air and ethanol. The black arrow
indicates the addition of ethanol, and the slope for every line is
provided.
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before and after ethanol addition, become very close to zero (4.0
x 107% and 2.6 x 107> 57", respectively, as indicated in Fig. 5
with blue color), nearly two orders smaller than the original
values.

Note that all Si NWs oxidized at temperatures between 150
and 450 °C present better PL stability in air when compared
with the original Si NWs, especially at 400 and 450 °C (shown in
Fig. S6T). As for PL stability in ethanol, although not much
enhancement is observed in samples oxidized at low tempera-
tures (150 and 200 °C), samples oxidized at higher temperatures
(above 250 °C) exhibit obvious enhancement. Therefore,
thermal oxidation (above 250 °C) contributes to the enhance-
ment of the PL stability in both air and ethanol. Considering the
significant PL quenching at high oxidation temperatures (400
and 450 °C), temperature between 250 and 350 °C is considered
as the proper oxidation condition.

From the abovementioned results and discussion, proper
thermal oxidation can significantly improve the PL stability of
porous Si NWs in both air and ethanol. We believe that the
remarkable enhancement in PL stability may provide a simple
processing approach for their high-performance applications,
especially in the field of PL sensing.

Conclusions

In summary, a systematic PL study is presented on oxidized
porous Si NWs obtained under various thermal oxidation
conditions. The oxidized Si NWs maintain a rough surface and
porosity even when they are completely oxidized to SiO,. By
contrast, the efficient orange emission of the original porous Si
NWs can be easily quenched with a very low ultimate oxidation
temperature of 250 °C within a short oxidation time of 20 min.
These thermal oxidation parameters are much milder than those
in most of the reported studies on porous Si. Furthermore,
proper thermal oxidation (e.g., 300 °C, 1 min) can significantly
improve PL stability in both air and ethanol, providing a simple
processing approach for their high-performance applications
(e.g:, PL sensing). Both luminescence quenching behaviour and
remarkably improved PL stability in this mildly oxidized porous
Si NWs may open new opportunities in the field of semi-
conductor optical applications.
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