ADVANCED
MATERIALS

'a\
e \lii"§

www.MaterialsViews.com

www.advmat.de

Light Emission from Nanocrystalline Si Inverse Opals and
Controlled Passivation by Atomic Layer Deposited Al,O;

Francisco Gallego-Gémez, Marta Ibisate, Dolores Golmayo, F. Javier Palomares,
Miriam Herrera, Jesiis Herndndez, Sergio I. Molina, Alvaro Blanco,* and Cefe Lépez

The discovery of photoluminescence (PL) in porous silicon!!
has triggered enormous interest in light-emitting silicon nano-
structures to realize CMOS-compatible photonics (in particular,
silicon lasers),>™* sensingl® and biology/medicine applica-
tions.[®) Light emission from silicon nanocrystals (Si-NCs) is
generally attributed to both quantum confinement of exci-
tons and localized defect states.”8! Surface species at the NC
interface can greatly affect the PL properties.>) Nonradiative
recombination at e.g. silicon dangling bonds causes emission
quenching, so PL is typically unstable, especially in air and
under light illumination.'*!3 In the last two decades, a wide
variety of techniques for nanocrystalline Si fabrication and
posterior surface stabilization have been investigated. Passiva-
tion by high-pressure water vapor annealing, thermal oxida-
tion, coating deposition, wet chemistry, etc., has been studied
(see e.g. Ref. 13 and references therein). However, a main dif-
ficulty for passivation is encountered as the nanocrystals are
hardly reachable in most structures. This is the case of porous
silicon films or Si-NC ensembles typically embedded in host
matrices, like silica, acting as supporting media®®!415 Here
we present a permeable, self-supported Si-NC structure, which
can be efficiently passivated by thin alumina layers to obtain
efficient and stable PL. The structure consists of an artificial
inverse opal formed by microporous walls of photoluminescent
Si-NCs obtained by low-temperature magnesiothermic reduc-
tion and posterior selective etching.’®! The morphology and
order of the starting silica structure are retained without further
processing!!®1° The three-dimensionally (3D) patterned volume
of the opal and the highly porous nature of the Si-NC assembly
maximize the accessibility of the nanocrystals, allowing opti-
mized manipulation of the silicon surface. As a result, the opal
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PL, which otherwise exhibited extreme photodegradation, was
preserved by accurate infiltration of alumina via atomic layer
deposition (ALD).

The fabrication steps are summarized in Figure 1. Silica
inverse opals, obtained from polystyrene (PS) opals, were
converted into a Si/MgO replica by magnesiothermic reduc-
tion (Figure 1la). The resulting inverse opal walls consisted of
bi-continuous, interpenetrating silicon and magnesia phases
with 35:65 volume ratio.'®) Magnesia was completely dissolved
by HCI etching, while silicon was retained as a highly porous,
interconnected structure preserving the original morphology
(Figure 1D). Rigorously, the opal was not only formed by silicon
but also by remnant silica (unreacted during magnesioreduc-
tion or formed during exposure of silicon to the water-rich HCI
solution). Silica content at this stage was estimated from energy-
dispersive X-ray (EDX) spectroscopy to be ~9 vol.% of the walls.
The structure was further retained by etching the silica with HF
(Figure 1c), obtaining a bare inverse opal exclusively formed
by self-supported nanocrystalline silicon. Finally, the opal was
infiltrated with alumina by ALD (Figure 1d). Among oxide
coatings, widely used for silicon passivation, alumina ALD has
been already proved to be effective on Si-NCs>?% and it allowed
us deposition with sub-nanometer precision. The high porosity
of the Si-NC opal and the absence of supporting matrix were
expected to facilitate the homogenous covering of the NCs sur-
face throughout the opal structure.

The fabrication process was monitored by scanning elec-
tron microscopy (SEM, Figure 1), optical, x-ray photoelectron
(XPS) and EDX spectroscopies. The persistence of the opal
photonic stop-band in the reflection spectra was confirmed
at every stage (not shown). Starting from 940 nm PS spheres,
the first-order stop-bands appeared at wavelengths higher
than 1700 nm. From the stop-band position after opal inver-
sion, a wall thickness of ~45 nm was estimated, which agrees
well with the SEM images. EDX confirmed the removal of Mg
and silica in opals (b) and (c), respectively. In the latter opal,
the formation of native silica by oxidation of silicon in air
was observed (~6 vol.%, measured by EDX 2 hours after HF
etching). High resolution transmission electron microscopy
(HRTEM) images show the ensemble of adjacent Si-NCs in the
inverse opal (d), in which different dimensions and orienta-
tions can be appreciated (Figure 2a). Among them, the exist-
ence of nanocrystals with size <4 nm (highlighted with circles)
was directly confirmed (Figure 2b), which is a decisive aspect
for the occurrence of visible PL. Previous studies on silicon
structures obtained by magnesiothermic reduction reported an
average size of the Si-NCs of ~13 nm,!'*"!8 based on Scherrer
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Figure 1. Fabrication process: Inverse silica opals were converted into Si/MgO replicas by magnesiothermic reduction (a). Magnesia and remnant silica
were removed by selective etching with HCI (b) and HF (c), respectively. Finally, alumina was infiltrated by ALD for silicon passivation (d; image after
10 ALD cycles). SEM images of (111) opal planes taken at every stage demonstrate the preservation of the structure. Tilted image of opal (c) show the
silicon foam-like walls forming the self-supported opal microstructure. Scale bar is 2 um.

analysis from X-ray diffraction that probably underestimated  directly confirmed the simultaneous formation of Si and MgO
the contribution of small crystallites. From TEM observations, = nanocrystals of ~5 nm during the exposure of a silica structure
Hatton et al. reported a Si-NC size of 5-10 nm.[""l Cai et al.?!]  to magnesium gas.

Figure 2. HRTEM images of the Si-NC ensemble in opal (c). Fast Fourier transforms (insets) emphasize the NC periodicities. Silicon atomic planes
{113}, {222} and {404} are identified (corresponding to 6.1, 6.4 and 10.4 nm~" inverse distances, respectively).
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Figure 3. PL emission from opals (a)—(d), as described in Figure 1. Opal
(d) was infiltrated with 10 ALD cycles. Maximum and steady-state (after
irradiating for 800 ms) PL intensities are shown (solid and open symbols,
respectively). PL was induced by a 488 nm laser, ~2 W/cm? (spectra were
normalized for comparison). Inset: optical image (1.5 mm x 1.5 mm) of
a photoluminescent spot (appearing as a bright spot in the image-yellow-
orange in reality). Opal monolayers (from 1 to several) are observable at
the lower left corner of the image.

The silicon-based inverse opals at every fabrication stage,
exposed to ambient air at room temperature and without further
processing, emitted in the visible-NIR range (Figure 3) under
488 nm photoexcitation (with intensity of ~2 W cm™, which is
fairly low in this kind of systems since irradiances in the range
of kW cm™ have been employed in many studies—see e.g. Refs.
2, 11, 12, 22). PL emission, similarly intense in all opals, was
even detectable with the naked eye (inset in Figure 3). The broad
emission spectrum, typical for ensembles of silicon NCs having
a size distribution (see e.g. Refs. 1, 14-16), can be attributed to
excitonic emission of NCs of diameter ~2-5 nm,®°23] although
radiative recombination at oxide-related surface defects might
also be at play.>”! Note that the opal photonic stop-band did not
overlap with the emission spectrum, so that PL was not influ-
enced by any photonic effect of the structure. Thus, the opal is
here designed just as suitable scaffold for nanostructuring self-
supported Si-NCs. By comparing the PL spectra at the different
fabrication steps (Figure 3), the emission, centered at ~750 nm
in the Si/MgO structure (opal (a)), progressively shifted to
shorter wavelengths (up to ~680 nm) upon removing the mag-
nesia and the remnant silica (opals (b) and (c)). By contrast,
the emission shifted back upon infiltration with alumina (opal
(d)). The notable shape difference of PL between (b) and (c),
although having comparable silica contents, evidences the dis-
similar nature of silica in both opals.

As a critical drawback, PL in opals (a)-(c) exhibited pro-
nounced photodegradation in the ms range under continuous
photoexcitation, from 30% of the maximum value in the Si/
MgO opal to 96% after magnesia etching. By contrast, Al,0;
deposition in opal (d) drastically prevented the PL degrada-
tion, as intended, and the emission signal stabilized after
a small decrease. The different covering of the Si-NCs also
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Figure 4. (a) Time evolution of PL intensity of inverse opals (a—d) upon
uninterrupted photoexcitation (Ar* laser was switched on at t = 0). Opal
(d) was infiltrated by a different number of alumina-ALD cycles. Inset:
zoomed-in view of the early stages. (b) Stabilization of the PL intensity
(quantified by the ratio of PL at t = 800 ms to its maximum value) by
alumina infiltration. Opal (d) (open triangles) and a Si-NC non-structured
film (solid diamonds) were passivated by a varying number of ALD cycles.
For comparison, alumina was also infiltrated in opal (b), i.e., without HF
etching (open circles).

affected the dynamics (Figure 4a). PL in the opal (a) showed
a relatively slow buildup (half-time, i.e., time needed to reach
half the maximum, was ~8 ms) and degraded along the next
1000 ms, approximately. After removing the magnesia, the
dynamics (both buildup and fade out) were much faster and
the PL degradation even increased. Dynamics further acceler-
ated after etching of the remnant silica. It must be pointed out
that no significant change was observed in the PL behavior in
opal (c) within 1 hour and 5 months after HF etching. This sug-
gests that the growth of native silica in air rapidly stabilized, in
accordance with the high porosity of the system. The dynamic
properties demonstrate, on the one hand, that the abundant
presence of MgO contributed to partial stabilization of the PL
emission, probably by physical hindering of the NC-air contact.
On the other hand, PL stabilization was much more effective
with low amounts of alumina (less than 11 vol.% of the wall
after 10 ALD cycles, as estimated by EDX). The presence of
remnant silica (opal (b)) or native silica (opal (c)) did not pre-
vent almost complete PL photodegradation.
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Alumina deposition on the Si-NCs was accurately controlled
by selecting the numbers of ALD cycles. We found that the PL
stabilization strongly depended on the degree of infiltration.
This feature was investigated on different pieces of a Si-NC
inverse opal by varying the number of ALD cycles between
0 (bare opal) and 60 (Figure 4). The PL temporal evolution
(Figure 4a) exhibited similarly fast buildups (half-times of
~2 ms) followed by a rapid decrease after the maximum, inevi-
table in all cases. The emission intensity was stable after a few
tens of ms. The PL remainder (percentage of the maximum
value after 800 ms) clearly improved with increasing alumina
deposition, from 4% in the bare opal up to ~80% after only
10 ALD cycles (Figure 4b). PL photostability did not further
improve above 10 ALD cycles, which suggests that the alumina
effect did not consist only in NC encapsulation (which would
be proportional to the amount of deposited alumina). In this
regard, the passivation effect was observable even after one
single ALD cycle, and the steady-state PL intensity improved in
one order of magnitude after 2 ALD cycles.

The chemical composition of the outermost surface layers
of the samples was investigated by XPS, with emphasis on
the influence of the alumina deposition on the surface species
(Figure 5). Prior to ALD, both oxide (native SiO,) and bulk (Si%
silicon 2p peaks were well separated in opal (c), similarly to what
is observed in a silicon wafer (with native oxide). The 2p spin-
orbit splitting, p/, and p;,, was clearly resolved for the crystal-
line bulk silicon but not for the amorphous oxide layer. The Si/
Si-oxide interface basically consisted of Si*' state (at ~104 eV),
as commonly observed in oxidation of silicon surfaces.?*! After
alumina deposition (opal (d)), among the increase of SiO, emis-
sion, the formation of large amount of Si intermediate oxida-
tion states (suboxides) at the Si-NCs surface was evident. The
formation of Si** (at ~102.3 eV) shifted the SiO, emission to
lower binding energy due to its balance with Si*. The fitting
of the spectrum after a Shirley background subtraction (not
shown) revealed also large amounts of Si'* and Si** (at 100.7
and 101.6 eV, respectively). On the contrary, the deposition of
alumina on the silicon wafer did not lead to shift of the SiO,
emission or to appearance of suboxides. Such behavior might
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Figure 5. Si and Al 2p photoelectron spectra (XPS) of the Si-NC inverse
opal and a silicon wafer (both having native silica) before and after alu-
mina deposition (30 ALD cycles).
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be attributed to the variety of dangling bonds (or facets) in
the Si-NCs surface, unlike the single orientation in the silicon
wafer, leading to highly disordered Si/Si-oxide interface in opal
(d). The latter fact agrees with the broadening of the bulk Si
emission in the opal (and not in the wafer). By contrast, the line
shape analysis of the Al 2p core level showed only one sharp
and strong peak located at the characteristic binding energy of
a completely oxidized Al,0;, without any sign of aluminum
suboxides or even metallic Al. This fact confirmed the good
chemical stability of the deposited alumina layer. Again, the
broader peak in the opal case indicates higher disorder in the
alumina grown on the Si-NCs. The results demonstrate chem-
ical changes at the Si-NCs interface, with formation of abundant
suboxides, that might play an essential role in the efficient pas-
sivation of the opal by ALD alumina.

Besides, the high penetrability of the Si-NC opal was intended
to enhance the accessibility to the nanocrystals, enabling sur-
face passivation throughout the whole sample. Thus, among
the high porosity of the silicon structure obtained by magne-
sioreduction, the 3D-nanostructuring of the thin (<50 nm)
inverse opal walls would decisively improve the passivation. As
a direct experimental verification of this thesis, we evaluated the
PL stabilization by alumina in an equivalent Si-NCs ensemble
forming, though, a bulky, non-structured film (see the Experi-
mental Section). The passivation effect of alumina was much
less effective and the PL could only be preserved up to 20% of
its maximum after 60 ALD cycles (Figure 4b). Since the porosity
of the Si-NC assembly in the film was identical to that in the
inverse opal, the open, well-ordered volume distribution in the
inverse opal was critical for the efficient NCs passivation. It is
worth noting that, without alumina passivation (0 cycles), the
PL degradation in the non-structured film is lower than that
measured in the bare Si-NC opal (Figure 4b). This suggests
that the bulky character of the film provided some protection
against quenching, although it simultaneously hindered poste-
rior passivation.

Finally, two further aspects must be noted. First, alumina
passivation of opal (b), i.e., without HF-etching of remnant
silica, was clearly less effective than that measured in opal (d)
(Figure 4b). This indicates that remnant silica, adjoining to the
formed Si-NCs, hindered the access to their surface rather than
native silica did. Second, aging was dramatic in non-passivated
opals: PL emission strongly reduced its intensity (~20-fold) and
blue-shifted (center at 570 nm) in opals (b,c) after 12 months.
By contrast, aging was largely prevented by the presence of
MgO in opal (a) or by deposited alumina in opal (d), so that PL
barely changed within 18 months after fabrication.

In conclusion, we have prepared 3D-nanostructured
ensemble of Si-NCs forming inverse opals by a straightfor-
ward magnesiothermic process. Si-NCs opals exhibited light
emission, even observable with the naked eye, in a broadband
ranging from 500 to 1050 nm. The photoluminescence, which
strongly diminished under photoexcitation, could be preserved
to a large extent by engineering the interface of the NCs (or
their ensembles) with direct deposition of alumina, accurately
controlled by ALD. The formation of abundant silicon suboxides
was confirmed, probably contributing to the chemical passiva-
tion of Si-NCs surface. The high accessibility of the nanocrystals
throughout the whole structure was a key factor for the efficient
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PL stabilization. Si-NCs here prepared are self-supported and
nanostructured in a single procedure, which is advantageous in
terms of fabrication and incorporation in potential photonic or
sensing devices.?’! Further, future investigation should explore
light emission enhancement at the opal stop-band, profiting of
the high refractive index contrast and tunability of such silicon/
air photonic structures.2¢!

Experimental Section

PS opals, made by 940 nm spheres (Duke Scientific) on silicon substrates,
were infiltrated by SiO, chemical vapor deposition and PS calcination to
obtain silica inverse opals®?”l with (45 + 5) nm thick walls (filling fraction
of ~70% of the pore). Opal magnesiothermic reduction was carried
out in a stainless steel reactor constituted by two chambers separated
10 cm, one having magnesium powder; the other one, the silica opals.
The reactor was then sealed under Argon (4 N) atmosphere in a glove
box and introduced into a muffle furnace, ramped to 700 °C in 1.5 h
and then held at this temperature for 2 h. Opals were then immersed
in a 1 M HCl aqueous solution for 6 h to remove the magnesia. HF
etching during 5 min, followed by water/ethanol rinsing, removed the
remnant SiO, to obtain a bare Si-NC inverse opals. Outside the starting
PS opals (where no structure was present), the fabrication process led to
formation of non-structured Si-NC thin films.

Alumina infiltration was performed with an ALD system (Savannah
100 & 200, Cambridge NanoTech Inc.). Reactants for alumina growth, i.e.,
trimethylaluminum (TMA) and water, were kept at room temperature.
The sample, in the ALD vacuum chamber at 350 °C, was exposed to an
initial TMA pulse followed by alternating TMA and water pulses (10 ms
long each) in this order. Each TMA-water cycle was followed by a waiting
time of 5 s, to ensure complete diffusion through the sample, and by
chamber evacuation for 5 s. The rate of alumina growth was about
0.1 nm per cycle, as estimated by ellipsometry measurements.

Field emission SEM and EDX analysis were performed with a FEI
Nova NANOSEM 230. HRTEM images were obtained with a JEOL 2011
microscope at 200 kV in samples previously thinned down to <200 nm
by focused ion beam (FEI Quanta200 3D). Optical characterization
was performed in a Fourier transform infrared spectrometer (IFS 66S
Bruker) with an IR microscope attached. XPS spectra were recorded
with a hemispherical electron spectrometer (SPECS Phoibos 150) using
monochromatic Al Ko radiation (1486.74 eV). The photoelectron take-off
angle was 90°. High resolution spectra were acquired with 10 eV pass
energy providing an overall resolution of 0.40 eV.

PL was recorded by an Ocean 2000+ spectrometer under
photoexcitation by a 488 nm Ar* laser beam focused to a spot of about
0.05 mm? (~2 W cm™2). The external incidence angle of the beam was
40° (about 20°, internal) with respect to the normal of the sample in
order to avoid the reflected laser light reaching the spectrometer.
Scattered laser light was further blocked with an edge filter placed before
the spectrometer. The time acquisition of the spectra was 2 ms, which is
shorter than the response time of our system.
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