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Solid silicon nanowires and their luminescent properties have been widely studied, but lesser is known about
the optical properties of mesoporous silicon nanowires (mp-SiNWs). In this work, we present a facile
method to generate greenish-blue photoluminescence (GB-PL) by fast scanning a focused green laser beam
(wavelength of 532 nm) on a close-packed array of mp-SiNWs to carry out photo-induced chemical
modification. The threshold of laser power is 5 mW to excite the GB-PL, whose intensity increases with laser
power in the range of 5-105 mW. The quenching of GB-PL comes to occur beyond 105 mW. The in-vacuum
annealing effectively excites the GB-PL in the pristine mp-SiNWs and enhances the GB-PL of the
laser-modified mp-SiNWs. A complex model of the laser-induced surface modification is proposed to
account for the laser-power and post-annealing effect. Moreover, the fast scanning of focused laser beam
enables us to locally tailor mp-SiNWs en route to a wide variety of micropatterns with different optical
functionality, and we demonstrate the feasibility in the application of creating hidden images.

he development of highly integrated optoelectronic circuits tends to impose a wide diversity of functions

onto the silicon-based electrical components, including lasers'?, waveguides’, light emitting diodes**, pho-

tovoltaic®?, and bio-imaging'®. Optoelectronic functions substantially require sufficient optical absorption,
in confliction with the indirect band gap and momentum reservation via phonon-assisted relaxation in silicon''*.
When shrinking silicon comparable to or below the bulk exciton Bohr radius of ~4 nm'?, it has been proposed
that quantum confinement (QC) tends to increase the band gap and tune it from indirect to direct, resulting in an
enhancement of optical absorption''*. One shrinking approach is to reduce silicon nanoparticles by surface
oxidation and subsequent removal of shell silica, producing PL engineerable over the full visible spectrum (from
red color with a diameter of ~3 nm to blue with ~1 nm)'*"”. Another method is to porosify silicon either by
electrochemical anodization to create porous silicon made of interconnected matrixes of nanocrystalline silicon
skeletons'®, or by metal-assisted chemical etching (MACE)" to generate mp-SiNWs>**".

PL denotes light emission under photon excitation, playing a significant role in optoelectronics. Since 1990’s
the PL of porous silicon has been widely studied*, reporting that porous silicon can emit blue (wavelength 4 of
400-500 nm)>~**, blue-green (A centered at 490 nm)*, red (560-860 nm)~~* and infrared (900-2000 nm)
light***>. However, the mechanism is under debate mainly among four models, including QC, surface states,
defects in oxides and specific chemical species®. As one-dimensional porous silicon, mp-SiNWs can be created by
MACE?*, and tend to attract increasing fundamental and technical attentions® . It was reported that mp-SiNWs
emit red PL centered at ~650 nm, ascribed to deep QC and/or surface/defect states®>*'. The red PL shows a shift
in intensity and center A with ambient temperature, attributed to either multiple-level transition*' or a combined
effect of temperature-assisted anti-trapping below 160 K and thermal quenching at 160-300 K**. The NW
porosity is determined by the MACE conditions, and increases with the doping level of as-etched silicon wafers,
concentration of etchants (e.g. H,O,), temperature and etching duration. For instance, when H,O, increases from
0.05 to 0.2 mol/L, the porosity rises from <47% to 66%, resulting in red shift of PL from 450 nm to 540 nm*. A
raise in the doping level of n-Si(100) also causes red shift from 560 nm* to 650 nm®. On the contrary, QC
predicts a blue shift with an increase of porosity*. Lin ef al. decomposed a broad PL peak into two centered at
750 nm and 850 nm*. The first peak was ascribed to the red-excitons localized at the Si/SiO, interfaces, and the
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second to the triplet-singlet transition related to the Si-H surface
states*®. Analogous to porous silicon, it is still ambiguous how mp-
SiNWs emit light under photon excitation.

In this work, a facile method is presented to locally modify PL of
mp-SiNWs by scanning a focused laser beam rapidly onto an array of
close-packed mp-SiNWs. The laser scanning quenches and slightly
redshifts the red PL of pristine mp-SiNWs, and generates greenish-
blue (GB) PL. The intensity of GB-PL is engineered with laser power
and post-laser annealing. Spectral characterizations are systematic-
ally carried out to study the laser-induced modification, and probe
the origin of GB-PL. Furthermore, we make use of this technique to
create a wide variety of micro-patterns with controllable optical
functionality. This can provide greater building blocks for photoelec-
tronics and other potential applications, e.g. creating hidden features.
To the best of our knowledge, this is the first report on tuning PL of
mp-SiNWs by focused laser beam with micro-scale spatial
resolution.

Results
Laser-induced greenish-blue PL of mp-SiNWs. MACE was carried
out to create an array of close-packed mp-SiNWs homogeneously
grown on a Si wafer in an area of 1.5 X 1.5 cm’. The as-grown mp-
SiNWs were subjected to the micro-patterning and micro-
modification using a typical optical microscope system that was
coupled with an external laser beam. Fig. 1 shows a schematic
diagram of the focused laser beam setup used in this work, and the
setup details are described in the experimental section. Parallel beam
from a diode laser was directed into an upright optical microscope via
two reflecting mirrors. Inside the microscope, the beam was directed
towards an objective lens via a dichroic filter, and then focused on a
sample by an objective lens. The sample was placed on a computer-
controlled, motorized stage. By moving the sample stage in a
programmable manner with respect to the focused beam, it is able
to create a wide variety of micropatterns on substrates. The same
objective lens was used to collect light reflected from the sample for
viewing. A CCD camera was used to capture the images of laser
trimming processes, so as to inspect the created structures
simultaneously through a TV monitor.

The fast laser scanning was carried out in ambient conditions, and
micro-patterns were constructed on the mp-SiNW arrays. When the

laser beam is focused upon the mp-SiNWs, the absorbed laser energy
may give rise to changes in the physical properties of mp-SiNWs, e.g.
notably in fluorescence. Fig. 2a-b show two fluorescence microscopy
(FM) images of micropatterns created with a laser power of 57.8 mW
on the as-grown mp-SiNW arrays, under the UV (330-385 nm)
excitation. FM shows that the as-grown and laser-treated mp-
SiNWs appear to be reddish and GB in color, respectively. The fea-
tures in the micropatterns are well defined by the focused laser beam,
and the boundaries between the as-grown and laser-modified regions
can be clearly identified. The spatial resolution depends on the size of
focused laser spot and laser power. Fig. 2c shows that the pristine mp-
SiNWs have a PL peak centered at ~750 nm, accounting for the
reddish FM. The focused laser treatment quenches the reddish PL
peak and make it slightly redshift, and distinctly creates a new peak
centered at ~550 nm, consistent with the GB-FM.

The dependence on laser power. In ambient conditions, micro-box
patterns were created by the fast laser scanning of as-grown mp-
SINW arrays with laser power in the range of 0-142 mW (Fig. 3a),
illuminating that the threshold to generate the GB fluorescence is
~5 mW (Fig. 3a-iii). Fig. 3b shows the corresponding PL spectra of
these micro-boxes, representing that the reddish PL is gradually
suppressed with laser power before reaching the threshold, followed
by a red shift and quenching beyond the power threshold. At a laser
power above 18 mW, the GB-PL centered at 530 nm clearly shows
up. No detection of the GB-PL at 5.3 mW may be attributed to
insufficient detection sensitivity in PL. We integrated the intensity
of PL spectra in 400-600 nm (Fig. 3b), and made a plot of the inte-
grated PL intensity versus laser power in Fig. 3c. It is illuminated in
Fig. 3c that beyond the threshold the GB-PL intensity generally
increases with laser power in the range of 5-105 mW, though there
is a slight reduction from 58 to 73 mW. Above 105 mW, the GB-PL
tends to be quenched.

The post-laser annealing effect. The GB-PL can be enhanced by the
post-laser annealing. Fig. 4a shows a FM image of a microbox created
atalaser power of ~73 mW. Then the sample was annealed at 300°C
for 1 hour, in vacuum of 107> Torr. The post-laser annealing causes a
significant increase in the intensity of GB fluorescence (Fig. 4b),
clearly illustrated by the PL spectra in Fig. 4c. Meanwhile, the fluor-
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Figure 1| Schematic of the optical microscope-focused laser beam set-up for micro-patterning. The box illustrates a zoom-in view of the laser

modification on a mp-SiNW array in ambient conditions.
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Figure 2| (a, b) FM images of micropatterns created by scanning the focoused laser beam on mp-SiNW arrays. (c) PL spectra of the as-grown and laser-

modified mp-SiNWs. The laser power was ~58 mW.

escence of the pristine mp-SiNWs turns from reddish to dark blue,
ascribed to the generation of a small hump in the GB region (500-
600 nm, Fig. 4d). The annealing also makes the reddish PL redshift
slightly.

Mechanism of the laser-induced GB-PL. Laser-induced oxidation of
mp-SiNWs (at a laser power of 55-105 mW). First of all, the laser-
induced change in the morphology of mp-SiNWs was studied by
SEM and TEM. SEM barely shows any significant laser-induced
change in the mp-SiNW morphology (Fig. 5a versus 5b, and 5¢
versus 5d). Upon closer inspection in Fig. 5d, the laser-treated mp-
SiNWs appear to be “rounded” and “fused” together. The “rounded”
features may stem from that high-power scanning of focused laser
gives rise to rapid heating which partially melts mp-SiNWs; when the

(a)

laser moves away, local heat rapidly dissipates leading to re-
solidification of the melted sections. The intense local heating may
promote local oxidation and create surface defects in mp-SiNWs.
TEM clearly shows that the laser irradiation at ~55 mW signi-
ficantly reduces the porosity of mp-SiNWs (Fig. 5e vs 5f), probably
ascribed to the laser-induced oxidation which facilitates oxygen
diffusion into the interfacial SiOy layers. Fig. 5g clearly shows that
the fast laser scanning does generate a thick layer of SiOy in mp-
SiNWs, and Fig. 5h illustrates that locally amorphous SiO, induced
by the laser oxidation completely surround the shrunk single cry-
stalline Si skeletons.

Spectral characterizations were systematically carried out to dem-
onstrate the laser-induced oxidation. Firstly, SEM-EDS shows that
the pristine mp-SiNWs have atomic oxygen percentage (O%) of
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Figure 3| (a) FM images of microboxes created by focused laser scanning, with laser power of (i) 2.7 mW, (ii) 4.9 mW, (iii) 5.3 mW, (iv) 18.8 mW,
(v) 23.9 mW, (vi) 57.8 mW, (vii) 72.9 mW and (viii) 105.2 mW. (b) PL spectra of the microboxes (i-viii) and that irradiated at 141.8 mW. (c) A plot of
the integrated PL intensity (400 nm—600 nm) versus laser power, divided into the region I, II, IITA and IIIB.
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Figure 4| (a) A FM image of a micropattern created at a laser power of ~73 mW. (b) A FM image of the micropattern (a) after 1-hr annealing in
vacuum (1072 Torr) at 300°C. (c) PL spectrac of the laser-treated region before (in red) and after annealing (in blue). (d) PL spectra of the pristine

mp-SiNWs before (in red) and after annealing (in blue).

Figure 5| Morphology characterization of the pristine (a, ¢, e) and laser-
modified (laser power of 55 mW) mp-SiNWs (b, d, f-h): (a, b) SEM
top-down views; (¢, d) SEM oblique views; (e-h) TEM images.

30.2%, increasing to 38.0% after laser irradiation at ~100 mW.
Secondly, it was reported that the transverse optical (TO)-phonon
stretching mode of interfacial Si-O, sensitively shifts with the sub-
stoichiometry x: x=1.5 at ~1050 cm™', and x=2 at ~1078 cm™' "
The pristine mp-SiNWs have the TO stretching at 1068 cm™, illus-
trating 1.5<x<<2 (Fig. 6). The laser modification at a power of
~73 mW makes it shift to 1076 cm™, illuminating the creation of
nearly stoichiometric oxides owing to the laser-caused oxidation.
Thirdly, bare Si wafers have a Raman vibration peak at
523.1 cm™, attributed to the first-order TO-phonon mode of silicon
(Fig. 7)**. The 1*-order TO-phonon mode downshifts to 522.0 cm™"
in the as-grown mp-SiNWs, since the porosification of SINWs sub-
stantially confines the phonon vibration in the shrinking silicon
skeletons*>. Laser irradiation causes a further downshift to
521.0 cm™, illustrating that the laser-induced oxidation results in
the shrinking of the porous Si skeletons to further confine the pho-
non vibration and reduce the porosity of mp-SiNWs (Fig. 5f vs 5e) to
introduce tensile stress®'. Fourthly, XPS shows that the as-grown mp-
SiNWs present core Si,, at 99.5 eV, and interfacial Si,,-O at
103.3 eV owing to the natural oxidation (Fig. 8a(i)). Laser irradiation
at ~90 mW mostly eliminates the core Si,, peak and enhances the
Sizp-O peak, as shown in Fig. 8a(ii). The laser-induced oxidation
makes the interfacial SiOy layer thicker, so that the Si,;, photoelec-
trons emitted from the underneath Si skeletons do not have sufficient
energy to penetrate the thickening SiOy layers, accounting for the
disappearance of the core Si,, peak. The laser-induced upshift of
both Si,,-O (Fig. 8a) and O, (Fig. 8b) towards higher binding energy
indicates an increase of sub-stoichiometric x in SiO,*.

To testify the effect of laser-induced oxidation, it was carried out
rapid thermal annealing (RTA) of the prinstine mp-SiNWs (supple-
mentary information, Fig. S1-4). It was found that the reddish PL is
eliminated by RTA at the annealing temperature over 600°C, but
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Figure 6 | ATR-FTIR spectra of the pristine (in solid black) and laser-
modified (in solid red) mp-SiNWs. Laser power was ~73 mW. The
pristine and laser-modified mp-SiNWs were etched in 2% HF for 30 s, in
dash black and dash red, respectively.

there is no slight redshift of the reddish PL and generation of GB-PL.
This could be ascribed to the fact that RTA is still very different from
the laser treatment. Firstly, the heating and cooling rate of RTA is far
slower than the laser scanning, and the cooling process in the laser
modification is a very extreme quenching process. Secondly, RTA
was carried out in a furnace to heat the air around the sample,
whereas the laser only locally heats a small area of the sample as
defined by the laser spot. Compared to the laser modification, the
oxygen concentration will be highly reduced during the RTA-
induced oxidation of the whole samples. This shows from another
angle the uniqueness of laser modification in producing very bright
GB-PL in a controlled pattern on mp-SiNWs.

Proposed mechanisms. Focused laser scanning oxidizes mp-SiNWs;
hence it is natural to ask whether the GB-PL originates from the
laser-induced oxidation. A micro-box was patterned at a power of
~70 mW (Fig. 9a), and then immersed in 2% HF for 5 seconds. As a
result, the reddish PL emitted from the pristine mp-SiNWs is nearly
intact; however, the GB-PL completely vanishes (Fig. 9b). As char-
acterized by ATR-FTIR, the TO-phonon mode of SiOy in both pris-
tine and laser-treated mp-SiNWs disappears after the HF treatment
(the dashed lines in Fig. 6), indicating the removal of SiO, by HF. As
treated by HF, evidently the as-grown mp-SiNWs are intact but
become more densely packed together, probably due to the capillary
force during the drying process after the HF etching (Fig. 9c versus
9d). The laser-treated mp-SiNWs become withered after the HF
etching, which is consistent with the laser-induced oxidation. The
volume ratio of oxides increases under the laser-caused oxidation, so
that the removal of SiO, produces significant volume shrinkage in
the laser-treated mp-SiNWs. The removal of SiO, by HF eliminates
the GB fluorescence, indicating the origin of GB-PL from the oxide-
related species®, including SiO,, O-h™ (oxygen holes in the Si-O-Si
bridging structures), and local oxide defects”****. Oxide defects may
stem from the rapid annealing/quenching process by rapidly scan-
ning the high-power focused laser beam on the samples.

The laser-induced oxidation creates nearly-stoichiometric SiO,
oxides (Fig. 6), which has a band gap larger than 8 eV**. The PL
excitation energy (A=325 nm, i.e. 3.8 eV) is far below the oxide band
gap, so as to exclude the contribution from the oxides. To further
explore the GB-PL mechanism, the laser modification as function of
laser power (i.e. Fig. 3) was characterized by Raman scattering in
Fig. 10a. It should be emphasized that the penetration depth in Si is
~300 nm at Raman excitation A of 532 nm*, only one tenth of the
length of mp-SiNWs. Although there are voids in the array of mp-
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Figure 7 | Raman spectra of bare Si wafer (in green), the pristine mp-
SiNWs (in red) and laser-modified mp-SiNWs (in blue). Laser power was
~73 mW.

SiNWs on a Si wafer, the Raman vibrations detected in Fig. 10a
mainly stem from the thick layer of mp-SiNWs instead of the under-
neath wafer. The 1*-order TO-phonon mode of Si varies with the
laser power, with respect to the peak shape and position. The TO-
mode is modeled by the Fano line shape, given by>

I(w):AEiIIiz) (1)
(w0 — )
o= 070 @

where I is Raman scattering intensity, o is Raman shift, w, is the TO-
mode peak position, and A is a pre-constant. g is the asymmetry
parameter, and 1/q represents the coupling strength. I is the line-
width, and 1/I” represents the phonon lifetime. The Fano-fitting
results are summarized in Fig. 10b, in terms of e, 1/q and 1/I". It
is illuminated in Fig. 3 and Fig. 10b that there are three regions (I-III)
defined by two transition points, i.e. ~5 mW and ~55 mW. The
first transition point is the threshold to excite GB-PL (Fig. 3a), and
the second is the threshold to cause a significant change in the three
Fano parameters (Fig. 10b). Herein, the power range of <5 mW, 5-
55 mW and >55 mW are denoted as the region I, I and III, respect-
ively. The as-grown mp-SiNWs emit the reddish PL in the region I,
and the emission turns to be GB dominantly in the region II-III. In
the region III, w, and (1/q) have a monolithic change with laser
power, but (1/I") reaches its maximum at ~105 mW. So the region
II1 is further differentiated as the region IIIA (55-105 mW) and IIIB
(>105 mW). The downshift of w, in the region III is attributed to
that laser irradiation oxidizes mp-SiNWs to confine the phonon
vibrations of Si skeletons. As comparison w, barely alters in the
region II, indicating no oxidation due to relatively low laser power
less than 55 mW. Above 55 mW, the laser scanning effectively trig-
gers the oxidation of mp-SiNWs, leading to the creation of O-h™ and
oxide defects in the thickening SiOy layers covering the Si skeletons.
The coupling (1/q) refers to the interference of Si phonons with the
interfacial states (i.e. oxide defects and/or O-h*), and the monolithic
increase of (1/g) in the region IIT is ascribed to the increasing amount
of the interfacial states. Fig. 6 illuminates the stoichiometric oxida-
tion (ie. SiO,) is nearly achieved at 73 mW, as marked by a dash
black circle in Fig. 10b. Above 73 mW, the stoichiometric oxidation
can significantly diminish the interfacial concentration of O-h™*, but
continuously increase that of oxide defects due to the faster heating/
quenching processes at high laser power. It is notable that phonon
lifetime (1/I) is elongated in the region IITA due to the constructive
interference, and reduced in the region IIIB owing to the destructive
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Figure 8 \ XPS spectra of the as-grown (i) and laser-modified (ii) mp-SiNWs: (a) Si2p, and (b) O1s. Laser power was ~90 mW.

interference. The phonons couple to O-h™ constructively but to
oxide defects destructively, accounting for the non-monolithic
change of (1/I) in the region III. With increasing laser power, the
destructive interference of oxide defects tends to overbalance the
constructive interference of O-h*. As a result, (1/I") reaches its max-
imum at 105 mW, beyond which the destructive interference dom-
inates to deteriorate the phonon lifetime in the region IIIB. Both
constructive and destructive coupling contribute to enhancing the

(a) (b)

Figure 9 \ FM images of mp-SiNWs before (a) and after (b) 2% HF
etching for 5 s. The middle micro-box in (a) and (b) was the area exposed
to the focused laser irradiation at ~70 mW. SEM top-down views of as-
grown mp-SiNWs before (c) and after (d) HF etching, and laser-modifed
mp-SiNWs before (e) and after (f) HF etching. Note that the scale bars in
(c—f) all represent 1 pm.

interference strength (1/g), leading to a monolithic increase with
laser power in the region III. Note that the discussion in Figs. 4-9
refers to the region IIIA. In the region II, the lack of laser-induced
oxidation causes little change in either (1/q) or (1/1).

Accordingly, a GB-PL mechanism is proposed in Fig. 11 with
respect to the power-dependent region I-III. To generate the GB-
PL, electrons are excited to a PL excitation state, non-irradiatively
relax to the GB band (1.9-2.5 eV above the VB-valence band of SiO,,
as marked by an orange band), irradiatively transit to VB and then
emit the GB-PL. From the energy point of view, it is prerequisite that
there is energy state within the GB band. Furthermore, if electrons
were excited to a virtual excitation state, the possibility to generate
the GB-PL would be greatly reduced. In this work, the PL excitation
has an energy of 3.8 eV, too low to excite electrons over the band gap
of SiOy (1.5<x<C2) in the as-grown mp-SiNWs. Consequently, it is
proposed there is no density of states in either the GB band or PL
excitation state to account for the lack of GB-PL in the pristine mp-
SiNWs or the region I, even though there may be a few surface states
out of the GB band. In the region II, although without laser-induced
oxidation, the quick melting/re-solidification induced by the fast
laser scanning most likely affects the surfaces of mp-SiNWs and
creates some surface states in the GB band (Fig. 11-II), leading to
the generation of GB-PL having an intensity increasing with laser
power (Fig. 3c-II). The focused laser commences to oxidize mp-
SiNWs at 55 mW, and creates oxide defects and O-h* leading to
an increase in density of states in the GB band and/or the PL excita-
tion state (Fig. 11-IITA). It accounts for the continuous enhancement
in the GB-PL intensity with laser power. In the region IIIB, the
interfacial concentration of oxide defects increases with laser power,
accompanied with the reduce in that of O-h*. Given that O-h* has
density of states in the GB band as proposed in the IITA, the reduce of
O-h™ gives rise to a decrease of density of states in the GB band. With
an increase of laser power, the laser-induced oxidation becomes
stoichiometric, resulting in an energy upshift of the interfacial oxide
layers. The emerging oxide defects in the layers increase density of
states above the GB band. As a net result, density of states in the GB
band tend to reduce (Fig. 11-IIIB), resulting in an unexpected reduc-
tion in the GB-PL intensity. As derived from the experimental data,
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Figure 10 | (a) Raman spectra of mp-SiNWs modified by focused laser beam with laser power in a range of 0-142 mW, as shown in Fig. 3. For
comparison, the Raman spectrum of a bare Si wafer was added as the color-filled peak in each spectrum. (b) The Fano line shape fitting to the Raman
spectra of (a), using eq. 1-2. The dash black circle indicates the nearly-stoichiometric laser-induced oxidation at a laser power of 73 mW. The plot is

divided into the regions as same as Fig. 3c.

the proposed laser-modification mechanism need to be further veri-
fied by more advanced surface-characterization techniques.

The proposed mechanism can account for the annealing effect, as
shown in Fig. 4. The annealing at 107> Torr and 300°C leads to mild
oxidation of both pristine and laser-modified mp-SiNWs. As a result,
the laser-modified mp-SiNWs emit the GB-PL with enhanced
intensity (Fig. 4c), and a weak GB-PL was detected in the as-grown
mp-SiNWs (Fig. 4d). After the in-vacuum annealing, the reddish PL
of the pristine mp-SiNWs tends to redshift toward the near infrared
region (Fig. 4d), making the reddish PL fade. The generation of weak
GB-PL and the fading of the reddish PL make the as-grown mp-

SiNWs appear to have blue fluorescence after the in-vacuum anneal-
ing, as shown in Fig. 4b.

It is shown in Fig. 2c and 3b that focused laser scanning effectively
suppresses the reddish PL of the as-grown mp-SiNWs and makes it
redshift. If the reddish PL originated from QC of the Si skeletons, the
laser-induced oxidation shrinks the Si skeletons and should make it
blueshift. So it is highly probable that the reddish PL stems from the
defects at the SiO,/Si interfaces?'. The laser-induced oxidation alters
the nature of the interfacial defects, accounting for the redshift.
Under the PL excitation, there may be a competition in the optical
absorption between the laser-induced oxide states and the interfacial
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Figure 11 | Schematic energy diagram to account for the laser-induced emission of greenish-blue (GB) PL. “VB” and “CB” are denoted as valence and
conduction band, respectively. The set of CB of non-stoichiometric oxides are arbitrarily positioned between the CB of SiO, and PL excitation state. The
orange energy band is the GB band, and the irradiation transition from the GB band to VB creates the GB-PL. The laser-induced regions (I-IIIB) are

referred to those in Fig. 3¢ and Fig. 10b.
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defects. The GB-PL deteriorates the reddish PL, probably because the
absorption cross-section of the laser-induced states overbalances that
of the interfacial defects. Another exploration is that the incoming
photons induce the interband absorption in the interfacial defects,
and then the energy transfers to the laser-induced oxide states.

A prospective application in creating hidden images. Once
establishing the control over the optical properties of mp-SiNWs
by the focused laser scanning, we could engineer functional
components with interesting applications, e.g. creation of hidden
images as shown in Fig. 12. Firstly, the boundary of a box was
created at a laser power of 92 mW, which is visible under the
bright field optical microscopy (Fig. 12a and 12c). Then reduce the
laser power to ~18 mW to create two different micropatterns within
the boxes. The laser power is too low to make the micropatterns
visible under the bright field optical microscopy. However, the
hidden micropatterns were revealed very readily under FM
(Fig. 12b and 12d), demonstrating the feasibility of the creation of
hidden images.

Conclusions

MACE was carried out to generate mp-SiNWs emitting the reddish
PL, ascribed to the porosification-generated defects at the SiO,/Si
interfaces. Fast scanning mp-SiNWs by a focused green laser
(532 nm) generates the GB-PL together with the significant quench-
ing and slight redshift of the reddish PL. With respect to the laser
power, the laser modification is divided into three regions: 0-5 mW
(the region I), 5-55 mW (the region II), >55 mW (the region III).
The threshold to generate the GB-PL is ~5 mW, and the laser modi-
fication is negligible in the region I. In the region II, the fast scanning
with relatively low laser power gives rise to quick melting/re-solidi-
fication on the surfaces of mp-SiNWs, and consequently creates
surface states in the GB band to facilitate the emission of the GB-
PL. In the region III, the laser scanning with high laser power effec-
tively oxidizes mp-SiNWs, as fully confirmed by EDS, ATR-FTIR,
Raman scattering and XPS. The laser-induced oxidation substan-
tially thickens the interfacial SiOy layers with an increase of x towards
2, and creates oxide defects and O-h* in the oxide layers. O-h*
constructively couples with Si phonons to elongate the phonon life-
time; on the contrary, the phonon lifetime is reduced by the destruct-
ive interference of oxide defects. At a laser power above ~70 mW,

Figure 12 | mp-SiNW arrays were scanned by focused laser beam in two
different patterns, imaged by bright-field optical microscope (a, ¢) and
FM (b, d). Two microscopies image the same sample: (a) versus (b), and (c)
versus (d).

the laser-induced oxide layers turn to be stoichiometric, leading to a
diminishment in the interfacial concentration of O-h*. Meanwhile,
the quick heating/quenching process at high laser power effectively
increases the amount of oxide defects. The destructive interference of
oxide defects becomes dominant at >105 mW, so the region III can
be further divided into IIIA (55-105 mW) and IIIB (>>105 mW). In
the region IIIA, the laser-induced generation of oxide defects and O-
h* effectively increases density of states in the GB band and PL
excitation  state, resulting in the magnification of
the GB-PL intensity with laser power. In the region IIIB, however,
the further generation of oxide defects magnifies density of states
above the GB band and the diminishment of O-h* reduces density of
states in the GB band, accounting for the quenching of GB-PL. In
addition, the in-vacuum annealing can effectively enhance the GB-
PL in both the pristine and laser-modified mp-SiNWs. It is demon-
strated that the micropatterns created at a low laser power (e.g.
<20 mW) are invisible under the bright-field optical microscope
but become apparent under fluorescence microscope, indicating
the feasibility in the creation of hidden images.

Methods

Fabrication of mp-SiNWs. mp-SiNWs were fabricated by MACE of n-Si(100)
(doped with As, electrical resistivity of 1-5 mQ-cm, Semiconductor Wafer, Inc.). The
wafers (1.5 X 1.5 cm?) were subsequently degreased in acetone, ethanol and Piranha
(98% H,S04/30% H,0,=3/1, v/v) at room temperature, and dipped in 5% HF for
15 min to completely remove native oxides. Then the treated wafers were transferred
into a Teflon beaker, which held an aqueous solution containing 2.4 mol/L HF and
0.02 mol/L AgNO; to carry out MACE. A piece of aluminum foil shielded the beaker
from solar illumination in order to uniformly create SiNWs on the whole wafers, and
the etching was ambiently operated without control over temperature. It took 1 hour
in MACE to create mp-SiNWs as long as roughly 3.5 pm. When the etching was over,
the wafers were covered with a thick layer of Ag dendrites, which was dissolved in 68%
HNO; immediately.

Focused Laser Beam micropatterning. The focused laser beam system comprised of
a simple upright optical microscope that was coupled with an external laser beam
(Fig. 1). A SUWTECH LDC-2500 diode laser (A = 532 nm, maximum power
~300 mW) was used, and the parallel emitted laser beam was directed into the
upright optical microscope via two reflecting mirrors (M1 and M2). Inside the
microscope, the beam was directed towards an objective lens (L) via a dichroic filter
(DC). The laser beam was then focused by the objective lens with a magnification of
50X, a numerical aperture of 0.55 and a long working distance of 8.7 mm. Beam waist
of the focused laser, i.e. the spot size, was ~4 pm. The power of the laser beam focused
onto a sample was measured at the position between the objective lens and sample.
The samples were placed on a computer-controlled, motorized stage (MICOS VT-80
System) with a minimum step size of 100 nm in the x-y plane. By moving the sample
stage in a programmable manner with respect to the focused beam, we were able to
create a wide variety of micropatterns on substrates. During the laser beam
modification process, the scanning speed was 50 pm/s. The same objective lens (L)
was used to collect light reflected from the sample for viewing purposes. A CCD
camera was used to capture the images of the laser trimming process, hence we could
visually inspect the structures created simultaneously through a TV monitor.

Morphology Characterization. Si wafers with pristine or laser-modified mp-SiNWs
were mechanically split, leaving the freshly split cross sections to study morphology
by field emission scanning electron microscopy (FESEM, JEOL JSM-6700F). The
chemical composition was analyzed by energy-dispersive X-ray spectroscopy (EDS,
equipped with FESEM). For transmission electron microscopy (TEM, Tecnai G2 20
S-TWIN, HKBU) analyses, mp-SiNWs were scratched off from the wafers and
transferred to isopropanol. After 5-min sonication to well disperse mp-SiNWs in
isopropanol, several drops of the mixture were applied to a lacey carbon film on a grid
structure (Electron Microscopy Sciences). The grid was dried and then inspected by
TEM.

Spectral Characterization. Si wafers with pristine or laser-modified mp-SiNWs were
directly characterized by diverse spectral techniques. Fluorescence microscopy (FM)
was carried out with a Olympus BX51 Fluorescence Upright Microscope, and a
mercury light source system (U-HGLGPS light source) serves as the fluorescence light
source. The Olympus BX51 was fitted with a few fluorescence mirror units. In this
work, all the FM images presented were obtained when the mp-SiNW arrays were
subjected to the UV excitation whereby fluorescence mirror unit with a wide UV
excitation band of 330-385 nm was utilized. X-ray photoelectron spectroscopy (XPS)
was carried out using a VG ESCALAB 200i-XL X-ray photoelectron spectroscopy
system. A monochromatic Al Ko (1486.6 eV) X-ray with a diameter of 700 pm was
employed while the photoelectrons were collected at a normal take-off angle (with
respect to surface plane). Cls peak from adventitious carbon at 285.0 eV is used as a
reference for charge correction. Photoluminescence microscopy was carried out using
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a Renishaw inVia system with a Kimmon 1K Series He-Cd laser with a wavelength of
325 nm which was focused by a 40X UV objective lens onto the mp-SiNW arrays. The
room-temperature micro-photoluminescence (Renishaw inVia) were collected in a
backscattering geometry. Micro-Raman measurements were carried out via the same
setup, except for the excitation by a 532 nm laser focused onto the mp-SiNW arrays
with a 50X objective lens. ATR-FTIR (PerkinElmer Spectrum Two, with a Horizontal
ATR accessory from PIKE Technologies, germanium crystal, DTGS detector) was
operated at an incident angle of 45°.
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