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Origin of the visible emission of black silicon microstructures
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Silicon, the mainstay semiconductor in microelectronics, is considered unsuitable for optoelectronic
applications due to its indirect electronic band gap that limits its efficiency as light emitter. Here, we
univocally determine at the nanoscale the origin of visible emission in microstructured black silicon
by cathodoluminescence spectroscopy and imaging. We demonstrate the formation of amorphous
silicon oxide microstructures with a white emission. The white emission is composed by four
features peaking at 1.98 eV, 2.24¢eV, 2.77 eV, and 3.05eV. The origin of such emissions is related to
SiOy intrinsic point defects and to the sulfur doping due to the laser processing. Similar results go in
the direction of developing optoelectronic devices suitable for silicon-based circuitry. © 2015
AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4926912]

Developing efficient silicon light emitters is crucial for
integrating optoelectronic devices into silicon-based circuits.
However, bulk cubic silicon has an indirect band gap of
1.1eV and poor infrared light emission efficiency. Recent
reports demonstrate room-temperature visible light emission
in silicon in low-dimensional system, such as wurtzite silicon
nanowires,'” nanocrystals,>* nano-pillars,” porous sili-
con,®® and silicon/insulator superlattices.”'® In addition, a
simple femtosecond-laser (fs-laser) processing technique can
drastically change the optical properties of silicon. In partic-
ular, the fs-laser processed silicon (black silicon) has gained
increased interest due to the peculiar optical properties,
including the enhanced sub-bandgap absorption''™"® and
visible light emission.'*!3

In this work, we carry out cathodoluminescence spectros-
copy and imaging in the scanning electron microscope (SEM-
CL) and in the scanning transmission electron microscope
(STEM-CL) to determine the black silicon light emission prop-
erties from the microscale to the nanoscale. We demonstrate
that an intense visible emission comes from amorphous SiOy
microstructures, as inferred from structural and compositional
analyses carried out using transmission electron microscopy
(TEM) based techniques. Cathodoluminescence spectroscopy
and imaging have two main advantages: the high energy elec-
tron probe excites even insulator materials as silicon oxide,'®
and the high spatial resolution allows mapping at the nano-
scale.!” The possibility of a controlled formation of SiO
microstructures can open a scenario in the development of
optoelectronic devices suitable for silicon-based circuitry.

We irradiated n-type silicon (100) wafers by 88
Ti:sapphire fs-laser pulses (800-nm wavelength, 80-fs pulse
duration, and 700—um spot size) at a fluence of 4 kJ/m?>. This
process dopes silicon with sulfur due to the presence of SF¢
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(500 Torr) in the atmosphere.”’lz’18 Cross-sectional TEM
samples were prepared using a tripod polisher followed by a
brief Ar*-ion mill at 5kV.

SEM-CL spectroscopy and imaging were carried out in a
S360 Cambridge SEM equipped with a commercial Gatan
MONOCLII system. The spectra are collected at an accelerat-
ing voltage of 10keV with an injection power density equal
to 2 x 10° W/em ™. STEM-CL investigations were performed
in a JEOL JEM-2011 equipped with a commercial Gatan
MONOCL3 system'® using the accelerating voltage of
80keV and a spot size of 5 nm. We perform all the CL experi-
ments at room temperature. However, we note that the
comparison between SEM-CL and STEM-CL spectra is non-
trivial. The SEM-CL analysis was carried out at 10keV in
plan-view, with a corresponding generation-recombination
volume of about 3.6 x 10° nm>, evaluated by means of a
Monte Carlo simulation.’® In the case of STEM-CL, the
generation-recombination volume is about 1.2 x 10 nm?,
estimated from a TEM lamella thickness of about 150 nm and
an accelerating voltage of 80keV. The difference in the
generation-recombination volume leads to a largely different
release of the electron beam energy in the specimen.
Therefore, different spectral sensitivity and component inten-
sity from SEM-CL and STEM-CL depend on different set-up
and injection power conditions used in the SEM and STEM
modes, respectively. The CL spectra were deconvoluted using
a standard Levenberg-Marquardt algorithm to minimize the
chi-square. As a result of the fitting, all peak positions are
affected by an error of 0.01eV, which is less than the error
from the spectral resolution of the measurement (0.05eV or
5nm). A and w have an approximate error of 5%.

Energy filtered TEM (EFTEM) maps, energy disperse
X-ray (EDX) spectroscopy, and electron energy loss spec-
troscopy (EELS) analyses were carried out in a Schottky
emission gun JEOL JEM-2200FS equipped with an Omega
filter. Relative thickness maps were derived as /A = In({//I),
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where /; is an unfiltered image (approximately containing all
scattered intensity) and I, is an elastic (or zero-loss) filtered
image obtained using a 10eV slit, and therefore is given in
units of electron mean free path in the material (7).

Figures 1(a) and 1(b) show the large area survey of the
black silicon microstructure (BSMS) by SEM and panchro-
matic CL imaging, respectively. The inset of Figure 1(a)
presents the morphology of the sample imaged at a 30° view-
ing angle. The large area CL panchromatic survey (Figure
1(b)) reveals the presence of BSMS with a high CL contrast.
We define the CL contrast as

I oc -1 ver
C(%) :%, (1)

where the [;,. is the local CL intensity, and the /,,,, is the
average CL intensity of the background. The bright CL con-
trast is evaluated to be between the 188% and 213%, for the
area reported in Figure 1(b). A statistical study on a 0.5 cm?’-
sample reveals that 4% of the BSMS have a CL contrast
between 150% and 250%.
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FIG. 1. (a) SE survey of black silicon; inset: 30° tilted SE image of the same
sample. (b) Panchromatic SEM-CL map. (¢) SEM-CL spectrum, taken from
the area highlighted by the green square.
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To further evaluate the origin of the bright emission, we
obtained SEM-CL spectrum in the area highlighted by the
green square in Figure 1(b). The CL spectrum shows a broad
band in the visible range that can be deconvoluted into 4
Gaussian peaks centered at 3.05eV, 2.77eV, 2.24eV, and
1.98 eV. The sum of the four components gives rise to the re-
sultant white light emission. To investigate the structural ori-
gin of the visible emission, we identified one of the bright
CL contrast regions of the sample and investigated it using
TEM and CL-STEM. STEM-CL spectrum, reported in
Figure 2(a), shows a similar lineshape to the SEM-CL spec-
trum of Figure 1(c), therefore it is used as benchmark for the
recognition of bright CL contrast BSMS. Figures 2(b) and
2(c) show the bright field STEM image and the STEM-CL
panchromatic map of the region with bright CL contrast. The
panchromatic CL map reveals bright CL contrast areas in the
BSMS.

Figures 3(a) and 3(b) show the zero loss image and the
thickness map of the same area analyzed in STEM-CL. The
zero-loss image shows the interruption of the strain induced
lines, due to BSMS amorphization during femtosecond
pulsed laser irradiation. The comparison between the zero-
loss image (Figure 3(a)) and the CL-STEM panchromatic
map (Figure 2(c)) reveals that the area with a bright CL-
contrast does not show any strain induced lines and the crys-
talline areas do not present any light emission. This effect
demonstrates that the visible light-emission is strictly related
to the amorphization of the BSMS. The CL-STEM intensity
is strongly dependent on the sample thickness; the inhomo-
geneous thinning of the sample is probably related to the
interface between amorphous silicon oxide and crystalline
silicon. In addition, [110] zone axis diffraction patterns
(Figures 3(c) and 3(d)) were taken in the area without the
strain-induced lines (blue circle) and on the crystalline sili-
con (red circle), respectively. The diffraction pattern from
the substrate (Figure 3(d)) shows good crystallinity with
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FIG. 2. (a) STEM-CL spectrum. (b) bright-field STEM of the BSMS/silicon
interface area. (c) Panchromatic STEM-CL map.
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FIG. 3. (a) Zero-loss filtered image of the BSMS/silicon interface area. (b)
Thickness map obtained from filtered and unfiltered images (in the map
bright regions are thicker). (c) and (d) Selective area diffraction patterns
from the BSMS (blue circle) and from the substrate (red circle). (¢) EDX
spectra taken in the BSMS (blue circle) and from the substrate (red circle).
The EDX counts between 2keV and 3keV are multiplied by 5, in order to
highlight the sulfur peak.

meanwhile, the BSMS diffraction pattern (Figure 3(c))
shows only weak spots from the (111) and (200) planes on a
diffused background, confirming the amorphization of the
BSMS. TEM-EDX spectra (Figure 3(e)) of the BSMS and of
substrate were taken in spot mode in the same areas high-
lighted in Figure 3(a), revealing the stoichiometry and the
presence of sulfur in the BSMS. In fact, the EDX quantita-
tive analysis reveals that the BSMS is composed by SiOj,
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with x = 1.7 and the sulfur concentration, close to the resolu-
tion limit of the EDX system, is about 1%.

The EFTEM maps of silicon, oxygen, and sulfur are
reported in Figures 4(a), 4(b), and 4(c), respectively. Silicon
and oxygen maps have an inverted contrast, indicating a high
concentration of oxygen in the amorphous area, which dem-
onstrates the occurrence of an oxidation of the BSMS. The
sulfur EFTEM map from the S-L, 5 edge indicates a segrega-
tion at the interface between amorphous and crystalline sili-
con. However, the large average thickness of the sample
lowers the precision in quantification or mapping,”' making
the detection of the low amount of sulfur impractical.
Moreover, the thicker regions in the sample look dark in the
elemental maps due to wrong background extrapolation, a
common limitation of EFTEM in the case of thick specimens.

We have demonstrated that the BSMS with the bright
CL contrast are composed of SiOy; therefore, we can assign
the different components to the visible emissions of this ma-
terial.”> The 2.77-eV and 1.98-eV bands are attributed to
intrinsic radiative recombination of amorphous silicon oxide:
the silicon oxygen deficiency center (SiODC-II) and the sur-
face non-bridging oxygen hole center (NBOHC).?* The attri-
butions of such bands are supported by the stoichiometry
evaluation, carried out by TEM-EDX analysis. The origin of
the 2.24-eV band is still under debate. Recent works suggest
that a 2.3-eV emission is related to carbon-doping of under
stoichiometric silicon oxide'® or to silicon clustering related
E; center.”” However, the most probable attribution of this
band is the understoichiometric silicon oxide self-trapped
exciton,?* considering that no carbon is found in EDX analy-
sis and no silicon clustering effect is reported in the EFTEM
mapping. Considering the previous work on black silicon lu-
minescence,'* the 2.3-eV (540-nm) and the 1.98-eV (630-
nm) emissions are attributed to silicon oxide defects and to
the confined exciton in silicon nanoclusters, respectively. As
for the 1.98-eV emission, the EFTEM analysis carried here
does not reveal any silicon clustering effect. Finally, the
peak at 3.05eV is ascribed to the presence of sulfur dopant
in the silicon oxide matrix, as demonstrated by previous
works reporting CL spectroscopy of sulfur ion implanted
SiO, films.?>*® The presence of sulfur in the SiO, micro-
structure is confirmed by the EDX spectroscopy (Figure
3(e)) and EELS mapping (Figure 4(c)).

The formation of the amorphous silicon oxide BSMS
can be ascribed to the possible structural instabilities induced
by femtosecond pulsed laser processing'®*’?° and to the
high concentration of sulfur atoms, used for the silicon dop-
ing over the limit of solubility."* Recent work demonstrates

FIG. 4. (a)-(c) EFTEM maps of sili-
con, oxygen, and sulfur.
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that the structural instabilities can depend on the number of
laser pulses, pressure of the dopant precursor, and the pres-
ence of silicon native oxide.’® Similarly as reported for bo-
ron doping, the formation of amorphous silicon areas is
promoted by doping at high concentration.”’ In addition,
doping segregation at the interface between amorphous sili-
con oxide and crystalline silicon was reported for arsenic
doping,*® in agreement with sulfur segregation reported in
Figure 4(c).

In conclusion, we determined the origin of the visible
light emission of black silicon microstructures. The bright
CL contrast microstructures are found to consist of amor-
phous silicon oxide microstructures, as demonstrated by the
structural and compositional measurements. CL-SEM pan-
chromatic mapping reveals the presence of 4% microstruc-
tures with a bright CL contrast (between 188% and 213%).
The broad visible emission is composed by four features,
peaked at 1.98eV, 2.24eV, 2.77¢eV, and 3.05¢eV, related to
intrinsic or extrinsic radiative centers of silicon oxide.
Inducing a visible emission is promising for the development
of silicon-based white-light emitting devices. These would
permit easy integration with silicon-based circuits.
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