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a  b  s  t  r  a  c  t

An  alternative  approach  for femtosecond  laser  induced  black  silicon  in  ambient  air is  proposed,  in which,
black  silicon  is fabricated  on  a  tellurium  coated  silicon  substrate  via  femtosecond  laser  irradiation  in
ambient  air,  and  selectively  etching  with  hydrofluoric  acid  is  employed  to  remove  the  incorporated
oxygen.  Results  of energy  dispersive  X-ray  spectroscopy  analysis  and  absorption  measurement  show  that
oxygen  is effectively  eliminated  via  etching,  and  the  optical  absorption  of  the  black  silicon  is enhanced.
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mbient air

. Introduction

As one of the most popular materials in semiconductor industry,
ilicon has extensive applications in silicon based solar energy cells
nd optoelectronic detectors. However, the band gap of silicon is
.12 eV (�g = 1100 nm), incident photons with wavelength longer
han 1100 nm cannot be absorbed, which limits the applications of
ilicon in the infrared region. Reducing the reflection of silicon is
n effective way to enhance its optical absorption; therefore, more
nd more research interests have been concentrated on this topic
1–4].

Since Mazur and co-workers firstly reported the femtosecond
aser induced black silicon in SF6 or Cl2 [5],  the near-unity below-
and-gap absorption of this novel microstructure has inspired more
nd more researchers [6–8], and this silicon structured via fem-
osecond laser irradiation has potential applications in silicon based
hotovoltaics [9–12], photodetectors [13], terahertz emitter [14]
nd superhydrophobic devices [15,16]. As the incorporation of oxy-
en (O) species into the irradiated silicon may  have influences on
he material and structural characteristics of silicon, most of the
urrent reports on the femtosecond laser induced black silicon are

onducted in ambient gases [17–20] or vacuum [21,22]. Mean-
hile, recent investigations suggest that the chalcogen species

sulfur, selenium, and tellurium) doped silicon prepared by pulsed
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laser irradiation or ion implantation also exhibits enhancement of
absorption in the near-infrared region [23–26].  However, up to the
date, there have not been reports on direct fabrication of black
silicon with enhanced near-infrared absorption in ambient air.

In this paper, we  propose an alternative approach for the black
silicon produced in ambient air. The advantages of this approach
include the simplification for the experimental devices and the fea-
sibility for the post-treatment of the samples. In the experiments,
chalcogen tellurium (Te) was  chosen as the dopant precursor on
the silicon substrates, and the reasons are below: firstly, there have
been reports on the incorporation of chalcogen species such as sul-
fur (S) or selenium (Se) into silicon by laser irradiation [9,19,26],
but reports on that of tellurium (Te) are absent; secondly, the bulk
diffusivity of Te in crystal silicon (c-Si) is the smallest among the
three kinds of chalcogen species [24], which would be beneficial
for enhancement of the absorption of the sample which bears ther-
mal  annealing; finally, the melting point of Te is the highest among
the three kinds of chalcogen species, which would be convenient
to control the film thickness in the process of thermal evapora-
tion. The black silicon was produced on a tellurium (Te) coated
silicon substrate with a femtosecond laser irradiation. The irradi-
ated sample was first annealed in ambient air and then selectively
etched by hydrofluoric acid (HF) respectively. Results of energy dis-
persive X-ray spectroscopy (EDS) analysis show that Te and O are

incorporated into silicon after irradiation and thermal annealing;
when the sample is selectively etched with HF, the O species is
effectively removed. Furthermore, the optical absorptance of the
black silicon reaches to approximately 90% and 80% in the visible

dx.doi.org/10.1016/j.apsusc.2012.08.087
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Fig. 1. Schematic illustration for the fabrication of black silicon in ambient air.

nd near-infrared regions respectively, after thermal annealing the
bsorptance decreases to 80% and 60% respectively. What is more,
he absorption of the black silicon in the visible region is enhanced
nd that in the near-infrared region keeps almost invariant after
tching, which is important to the practical applications of the black
ilicon fabricated in ambient air.

. Experimental details

An amplified Ti: sapphire femtosecond laser system (Coherent
nc., U.S.A.) was employed to provide laser pulses with 50 fs pulse
uration, 800 nm wavelength, and 1 kHz repetition rate. The spatial
rofile of the laser beam was Gaussian. Fig. 1 shows the schematic

llustration for the fabrication of black silicon in ambient air. The
nergy of the incident laser pulses could be continuously varied by
otating a variable neutral density filter (NDF), and the access of
he laser was controlled via a mechanical shutter connected to a
omputer.

The n-type Si (1 1 1) wafers, with a thickness of 300 �m and a
esistivity of 3000 �cm,  were previously ultrasonic cleaned in ace-
one, ethanol and de-ionized water for 15 min  respectively, then

 thin Te film (about 500 nm)  was deposited onto the silicon sub-
trates at a rate of 2–3 nm/s via thermal evaporation in vacuum.
fter that the Te coated wafers were mounted on a computer con-

rolled three-dimensional translation stage (ProScan IITM) with a
tep resolution of 40 nm at x, y and z-axis respectively. The linearly
olarized laser beam was focused onto the silicon surface by a 5×
icroscope objective (Nikon) with a numerical aperture (NA) of

.15. The size of the laser spot (approximately 30 �m)  was deter-
ined by measuring the diameters of the photoinduced craters via

 single laser pulse (at the same average laser power and z position
s used in the experiments) attacked the substrate, and the accu-
acy of the calculated laser fluence was guaranteed by calculating
he average diameter of more than ten induced craters. The inset
mage in the upper right corner of Fig. 1 illustrates the scanning
ath of the laser beam on the substrate; in this image L is the length
f the scanning lines, and D is the interval between two  adjacent
canning lines. Furthermore, the scanning direction was  parallel to
he polarization direction of the incident laser.

A CCD camera was used to monitor the fabrication progress,
nd an optical fiber lamp was employed to assist the observa-
ion. After irradiation, the wafers with a structured 12 mm × 12 mm
rea were firstly annealed at a temperature of 775 K for 45 min  in
mbient air and then selectively etched with 10% HF for 10 min
espectively. The morphology and chemical composition of the

lack silicon were characterized by scanning electronic microscopy
SEM) equipped with an energy dispersive X-ray spectroscopy
EDS) (JEOL JSM-6390A series). The reflectance (R) and transmit-
ance (T) of the black silicon at the wavelengths ranging from
ence 261 (2012) 722– 726 723

400 nm to 2500 nm were measured at an increment of 2 nm
respectively via a UV-vis-NIR spectrophotometer equipped with an
integrating sphere (JASCO Corp., V-570, Rev. 1.00), then the absorp-
tance (A) was calculated by the formula: A = 1 − R − T.

3. Results and discussion

The black silicon was  produced at the laser fluence (E) of
0.85 J/cm2, the scanning velocity (�) of 500 �m/s, and the scanning
interval (D) of 10 �m.  Fig. 2 shows the SEM images of the black sili-
con. As is evident from Fig. 2, the black silicon is composed of many
independent spikes distributed quasi-uniformly on the substrate.
The height of the spikes is about 8–10 �m,  the scale of the top is
about 2–3 �m,  and the average space between two  adjacent spikes
is about 4–5 �m.  Meanwhile, the surface of the spikes is mantled
with many nano-particles. The formation of the spikes could be
attributed to the solidification driven extrusion (SDE): the material
melt under the laser irradiation, then nucleation occurred at the
gas–solid interface and the frozen mantle grew inward from the
surface. Because of the expansion of the liquid material, the freez-
ing mantle placed the liquid material under pressure. When the
pressure built up sufficiently, the weakest position in the mantle
gave way and the liquid material was forced out, then the spikes
formed [27–29].  The size of the spikes depends on the processing
parameters such as the incident laser fluence, the scanning veloc-
ity, the interval between two adjacent scanning lines and the laser
polarization.

Fig. 3 shows SEM images of the irradiated silicon after thermal
annealing (Fig. 3(a) and (b)) and chemical etching (Fig. 3(c) and
(d)). In comparison with Fig. 2(b), there is little change in mor-
phology after thermal annealing to the resolution of the SEM (see
Fig. 3(b)); meanwhile, the number of the nano-particles decreases
after etching with HF (see Fig. 3(d)).

In order to measure the chemical composition of the black sil-
icon, EDS analysis was  conducted at the positions (means points
A–H) marked in Figs. 2 and 3, results of which were illustrated
in Fig. 4. We  can see in Fig. 4 that the chemical composition of
the irradiated Te coated silicon are Te, O and Si, while that of the
uncoated silicon are O and Si. For the coated sample, the maximum
atomic percentage of Te incorporated into the black silicon reaches
0.69%, while that of O reaches 44.84%. We  employ the following two
mechanisms to explain the incorporation of Te and O respectively.
Firstly, when the coated silicon is irradiated by the laser pulses with
a fluence far beyond the ablation threshold of silicon, the substrate
is ablated due to the energy transfers to the cold lattice through
electron-photon coupling, then the chalcogen Te is trapped in the
plume of laser ablated material, and the redeposition is responsible
for the small amount of Te that is incorporated into silicon (just as
S or Se is incorporated into silicon in the work of Mazur and co-
workers) [19,24]. Secondly, with the femtosecond laser irradiation,
some crystal silicon (c-Si) transforms to amorphous silicon (a-Si)
[30]. As we know, the atoms in amorphous silicon (a-Si) do not
arrange as regularly as those in crystal silicon (c-Si), thus dangling
bonds appear in the silicon lattice. These bonds would trap the O
atoms in ambient environment into the interior of silicon. This is
known as the laser induced trapping effect of the dangling bonds
[31–33].

We can also see in Fig. 4 that the content of Te decreases
while that of O increases after thermal annealing. The content
of Te decreased due to the diffusion of Te in the annealing pro-
cess; meanwhile, annealing was  conducted in ambient air, silicon

would be oxidized at the temperature of 775 K, thus the content
of O increased. As we  know, the incorporated O may  influence
the material and structural characteristics of silicon substrates;
therefore, in order to remove the incorporated O species, a simple
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ig. 2. SEM images of the irradiated silicon. (a) Te coated silicon; (b) detailed mor
one  marked in (c). The fabrication parameters: E = 0.85 J/cm2, � = 500 �m/s, L = 12 m
mages were taken at an angle of 45◦ from the silicon surface.

pproach, selective etching with HF, was employed; and mecha-

ism of which could be explained as the following chemical reactive

ormula [34,35]:

iO2(s) + 6HF(aq) → H2SiF6(aq) + 2H2O(aq)

ig. 3. SEM images of the Te coated silicon wafers with different post-treatments. (a)
orphology of the zone marked in (a); (c) etching with 10% HF for 10 min; (d) the detailed
arked in (b) and (d). These images were taken at an angle of 45◦ from the silicon surface
gy of the zone marked in (a); (c) uncoated silicon; (d) detailed morphology of the
 = 10 �m.  EDS analysis was conducted at the positions marked in (b) and (d). These

Then the etched sample was  ultrasonically rinsed in de-ionized

water for 15 min  to remove the reactants such as HF and H2SiF6.
Results of the EDS analysis show that O was  effectively elimi-
nated, and the Te content was not decreased but rather relatively

 Annealing at a temperature of 775 K for 45 min in ambient air; (b) the detailed
 morphology of the zone marked in (c). EDS analysis was  conducted at the positions
.
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Fig. 4. Atomic percentage of (a) Te and (b

ncreased (the absolute number of Te atoms certainly does not
ncrease but the concentration relative to Si increases) after etch-
ng with HF (see Fig. 4(b)), which means that the chalcogen Te
as been preferentially captured in the predominant Si rather
han the SiO2 containing regions. What is more, no additional
mpurities were introduced; however, the influence of chemical
tching on the optical property of black silicon needs to be further
nvestigated.

We measured the optical absorptance of the irradiated Te
oated silicon with different post-treatments, results of which are
hown in Fig. 5. In comparison with flat silicon (see Fig. 5 curve
a)), the irradiated Te coated wafer shows enhanced absorption
t the measured wavelengths ranging from 400 nm to 2500 nm.
fter irradiation, the absorptance of the Te coated silicon reaches

o approximately 90% and 80% in the visible and near-infrared
egions (see Fig. 5 curve (b)) respectively. As for the enhance-
ent of the optical absorptance for the irradiated Te coated

ilicon, two mechanisms have been proposed to explain it: in the
avelength range of � < �g, the geometry light trapping, which

esults from the multiple reflections of the incident light due to

he formation of micrometer-sized silicon spikes, contributes to
he enhancement of the absorption [9],  and the parameters of
he spikes (such as height, space, and subtended angle) deter-

ine the extent of the absorption enhancement in this region;

ig. 5. Dependence of optical absorptance on wavelength of the irradiated silicon
ith  different post-treatments. (a) Flat silicon; (b) Te coated silicon, no annealing;

c) Te coated silicon, after annealing at a temperature of 775 K for 45 min in ambient
ir;  (d) Te coated silicon, etching with 10% HF for 10 min; (e) uncoated silicon, no
nnealing.
 the positions marked in Fig. 2 and Fig. 3.

in the wavelength range of � > �g, the incorporation of inter-
mediate band into the band gap of silicon, which decreases the
absorption threshold of the material to the incident photons (this
means incident photons with wavelength longer than 1100 nm
could be absorbed by the material), is the main reason for the
enhancement of the absorption [9,24–26], and the state density
of the intermediate band determines the extent of the absorp-
tion enhancement in this region. When the sample is annealed,
the state density of the intermediate band gap decreases due
to the diffusion of Te to the crystalline grain boundary. There-
fore, the optical absorptance in the near-infrared region decreases
(see Fig. 5 curve (c)). We  can also see curve (d) in Fig. 5 that
the absorptance of the etched black silicon enhances slightly in
the visible region and that in the near-infrared region keeps
almost invariant. This could be well explained by the mechanisms
depicted above. After selective etching with HF, the spikes become
smoother and sharper due to the decrease in the nano-particles,
the height, space and subtended angle of the spikes increases;
therefore, the incident angle of the light increases and then the
incident light could be effectively trapped due to the multiple
reflections at the silicon–air interface; meanwhile, the incorpo-
rated Te is nearly not influenced by the selectively etching with
HF, the state density of the immediate band gap changes little,
thus the absorptance in the near-infrared region keeps almost
invariant.

Additionally, we can also see from Fig. 5 (curve (d)) that the
near-infrared absorptance of the black silicon keeps nearly invari-
ant after the removing of the incorporated O via the selectively
etching with HF. This indicates that the incorporated O contributes
little to the enhancement of the near-infrared absorptance. Two
additional observations support what we  speculated above is rea-
sonable. Firstly, for the unannealed sample, the content of O is much
larger than that of Te coated sample (see Fig. 4(b)), but the near-
infrared absorptance of the Te coated sample is higher than that
of the uncoated sample (see curves (b) and (e) in Fig. 5). Secondly,
for the Te coated sample, the content of O increases after anneal-
ing (see Fig. 4(b)), but the near-infrared absorption decreases (see
curves (b) and (c) in Fig. 5).

Because of the absorption enhancement of the femtosec-
ond laser induced black silicon in the visible and near-infrared
regions, it may  find some potential applications in silicon based
intermediate band gap solar cells [36] and photodiodes [37].

Related investigations such as photo-current, current–voltage
characteristics and responsivity of femtosecond laser microstruc-
tured solar cells and photodiodes will be the subject of future
research.
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. Conclusions

We fabricated black silicon on Te coated silicon substrate in
mbient air. Both Te and O were incorporated into silicon after irra-
iation. By selective etching with HF, the incorporated O species
as effectively removed. The absorptance of the black silicon was

nhanced in the visible (reaches 90%) and near-infrared regions
reaches 80%). This is an alternative approach for the femtosecond
aser induced black silicon in ambient air.
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