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Abstract
We report on the experimental demonstration of a technique for rapid fabrication of black silicon with enhanced absorption in 
the short-wavelength infrared (SWIR) region, directly in the ambient air, and at a standoff distance of about 1 m. Our approach 
is based on the irradiation of a surface of the crystalline silicon, coated by a 100-nm-thick aluminum film, by femtosecond 
laser pulses that are propagating in the air in the self-channeling regime known as laser filamentation. By adjusting the 
processing parameters, we achieve up to 50% absorptivity enhancement in the SWIR spectral range between 1.5 and 2.5 μm 
wavelength, compared to the case when no aluminum coating is applied prior to the laser processing under the otherwise 
same conditions. Microscopic and elemental analyses of the processed samples suggest that the absorptivity enhancement is 
due to both the changes in the morphology of the microstructures formed on the sample surface by the laser irradiation and 
the modification of the energy-band structure of silicon, as a result of aluminum implantation. Our technique could enable 
rapid and cost-effective fabrication of silicon-based opto-electronic devices for applications in the infrared spectral range.
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1 Introduction

Silicon is the most widely used semiconductor, forming the 
material foundation for microelectronics [1]. Applications 
of silicon in lasers and optoelectronics, however, are lim-
ited by its indirect band-gap structure and by the value of 
the energy bandgap of about 1.1 eV. The latter limitation 
precludes the use of pure silicon photodetectors and solar 
cells with light wavelengths above ~ 1.1 μm, e.g., in the tech-
nologically important near-infrared (NIR) and mid-infrared 

(MIR) spectral domains [2]. Another limitation is associ-
ated with the high value of refractive index of crystalline 
silicon, resulting in the high reflectivity of the silicon–air 
and silicon–vacuum interfaces, across a wide spectral range. 
Consequently, even when silicon is used with the light that 
it intrinsically absorbs, a large fraction of the incident radia-
tion is reflected from the silicon surface and does not pen-
etrate into the material.

Both the abovementioned shortcomings can be rem-
edied through the application of various silicon process-
ing techniques. Extension of silicon absorption into the 
short-wavelength infrared (SWIR) region can be achieved 
through hyper-doping silicon by ion implantation, fol-
lowed by annealing [3]. Dopants introduce impurity 
bands within the bandgap of silicon, enabling subband 
cascaded absorption channels [4]. Impurity elements com-
monly used for hyper-doping silicon are chalcogens [5] 
and transition metals [6]. High reflectivity of the surface 
of pure silicon can be essentially eliminated through the 
introduction of microstructures on the silicon surface, by 
either reactive ion etching [7–9], or wet chemical etching 
[10, 11], or electrochemical etching [12]. Microstructures 
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on the silicon surface trap incident light and force it to 
penetrate into the material over many rescattering events.

Little over a decade ago, it has been demonstrated that 
femtosecond-laser-assisted hyper-doping of silicon by 
chalcogens results both in the modification of the band 
structure, with the associated sub-band-gap photore-
sponse, and in the microstructuring of the silicon surface 
that results in very low surface reflectivity [13–15]. Thus, 
produced material, known as black silicon, is a very prom-
ising candidate for the fabrication of photodetectors and 
solar cells that are operative in a very broad spectral range, 
including NIR and MIR.

Originally, the fabrication of black silicon involved multi-
shot irradiation of the pure crystalline silicon sample, placed 
into a chemical reactor, with femtosecond laser pulses. The 
required high intensity of the laser beam on the sample’s sur-
face was achieved through tight focusing of the laser beam 
with an objective lens. This processing geometry has three 
major drawbacks: (1) limited processing speed, due to the 
small size of the tight focus for the laser beam on the moving 
sample; (2) the requirement to maintain precise working dis-
tance between the focusing objective and the sample; and (3) 
the inconvenience associated with conducting the processing 
inside a chemical reactor.

Recently, we have demonstrated that black silicon can be 
produced directly in the air, at high speed, and at a standoff 
distance with extremely loose tolerance for the placement 
of the sample relative to the laser source [16]. The dem-
onstrated technique has the potential to alleviate all three 
shortcomings (1)–(3) of the original experimental geometry 
for the fabrication of black silicon mentioned above. It relies 
on the application of very loosely focused, millijoule-level, 
femtosecond laser pulses propagating in the air in the self-
channeling regime known as laser filamentation [17].

The formation of the femtosecond laser filament relies 
on the self-focusing of the laser beam, which requires the 
peak power of the laser pulse to exceed the self-focusing 
threshold. The value of this threshold power, in the air, is in 
the range from 3 to 10 GW, depending on the duration of the 
laser pulse—longer pulses generally have lower values of the 
threshold. As the beam propagates towards the sample, the 
transverse collapse of the beam profile due to self-focusing 
is stopped and balanced, in a dynamic sense, by nonlinear 
losses to ionization of air molecules and by defocusing of 
the laser beam by the generated electron plasma. As a result, 
the laser beam creates a nonlinear waveguide for itself and 
propagates sub-diffractively over many Rayleigh ranges cor-
responding to the size of the intense filament core, which is 
on the order of 100 μm. The sample can be placed anywhere 
within the range of this nonlinear waveguide, which can be 
as long as several meters, and where the peak laser intensity 
is clamped to the relatively constant value on the order of 
100 TW/cm2 [18].

The challenging aspect of material processing with 
femtosecond laser filaments is that the exact value of the 
clamped intensity depends on the focal length of the optic 
used to weakly focus the beam. The use of an external 
weak focusing is inevitable if we want to confine the inter-
action zone to the reasonable range on the order of 1 m. As 
the f-number of the focusing optic changes from ~ 100 to 
~ 500, the value of the clamped intensity decreases from 
about 200 TW/cm2 to about 55 TW/cm2 [19]. Clamped 
intensity inside the filament core is determined by the 
strength of the focusing optic and is largely independent 
of the energy of the laser pulse. Intensity clamping in the 
self-channeled laser filament makes the processing insen-
sitive to the exact position of the sample relative to the 
laser source, but the intensity may be clamped not at the 
level optimal for the processing.

To address the above challenge, we note that only the 
~ 100 μm—wide filament core has the clamped high inten-
sity. The surrounding part of the beam, commonly referred 
to as ``the photon bath” or ``the filament reservoir”, propa-
gates essentially linearly and has lower intensity, primarily 
determined by the linear beam focusing [20]. As we show, 
by correctly partitioning the processed sample’s surface 
between the filament core and the reservoir, the fabri-
cation process can be optimized and samples with high 
absorption well below the bandgap of pure silicon can be 
fabricated. Such a partitioning can be realized by varying 
the distance between the individual lines produced, on the 
moving sample, by the laser beam comprising the fila-
ment core with high clamped intensity, and the surround-
ing energy reservoir, with much lower intensity.

In the present study, we experimentally demonstrate 
that the absorptive properties of black silicon produced in 
the ambient air by filament processing, as demonstrated 
in [16], can be further significantly improved through the 
introduction of an additional straightforward processing 
step: coating the silicon sample with a 100 nm-thick layer 
of aluminum. As we show, under certain processing con-
ditions, the laser beam completely removes the aluminum 
coating through multi-shot ablation. However, the intro-
duction of this sacrificial aluminum layer results in an up 
to 50% enhancement of the absorptivity of the processed 
sample in the wavelength range from 1.5 to 2.5 μm when 
the partitioning of the sample between the filament core 
and the reservoir is optimized. As our microscopic and 
elemental analyses show, the enhanced absorptivity is due 
to both the modifications of the morphology of micro-
structures formed on the sample’s surface by multi-shot 
laser irradiation, and the laser-assisted implantation of 
aluminum into the sample. Our findings could potentially 
enable rapid, standoff fabrication of silicon optoelectronic 
devices for the use in the SWIR spectral range.
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2  Experimental setup

Our experimental setup is shown in Fig. 1. A Ti:sapphire 
laser system (Spectra-Physics, Spitfire ACE) generates 
35 fs—long laser pulses, at 800 nm center wavelength, at 
the pulse repetition rate of 500 Hz. The laser beam is linearly 
polarized. The energy of the laser pulses is controlled by the 
combination of a half-wave plate and a polarizer. The laser 
beam is focused in the air by a 25.4 mm—diameter, fused-
silica lens with the focal length of 100 cm. The resulting 
laser filament is formed near the focal plane of the lens. 
The filament has a length of about 3 cm and an estimated 
diameter of the filament core of about 100 µm. In all fabri-
cation experiments reported here, the laser pulse energy is 
fixed at 1.6 mJ. Under these conditions, the laser pulse forms 
a single filament, and thus, the effects associated with the 
interactions between multiple filaments [21–23] are avoided. 
The estimated clamped intensity inside the core of the laser 
filament is between 150 and 200 TW/cm2 [19], while the 
intensity in the surrounding reservoir portion of the beam 
is smaller by a factor between 3 and 4. The corresponding 
beam fluence is above the single-shot ablation threshold for 
aluminum, for both the filament core and the reservoir por-
tions of the beam [24].

Black silicon with enhanced absorption in the SWIR 
region is fabricated from 20 mm × 20 mm, 500-µm-thick, 
N-type silicon (111) wafers, polished on both sides. The 
wafer is first cleaned, successively, with acetone, ethanol, 
and deionized water. It is then coated with a 100 nm-thick 
Al film by a vacuum thermal evaporation technique. For 
laser processing, the sample is mounted on a three-dimen-
sional moving platform, with the minimum step along both 
directions within the sample’s plane of 2.5 μm and the 
maximum translation speed of 125 mm/s. The sample is 
placed within the 3 cm-long laser filament, so that the 
laser beam strikes the surface of the sample at normal 

incidence. Black silicon is then produced by moving the 
sample in the beam, line-by-line. Under optimum process-
ing conditions, that we discuss below, the aluminum sur-
face is completely ablated away from the surface of the 
sample, both in the filament and in the reservoir portions 
of the beam. The remnants of the aluminum coating are 
then cleaned off by placing the sample into a hydrochloric 
acid solution. As the last processing steps, the sample is 
cleaned with ethanol and deionized water and dried.

The optical properties of the processed silicon surfaces 
are measured using a spectrophotometer (UV-3600, Shi-
madzu Company) equipped with an integrating sphere 
(LISR-UV), so that both the reflectance (R) and transmit-
tance (T) in the spectral range from 240 nm to 2.5 μm 
are determined. The absorptance (A) is calculated from 
the measured data according to the relation A = 1−R−T. 
Note that our spectrometer setup collects all the light scat-
tered by the microstructured surface, both in reflection 
and in transmission. The absorptance obtained that way 
equals the absolute fraction of the incident light absorbed 
within the sample [13, 25]. It should be pointed out that 
the microstructures processed on the surface of the sample 
make it impossible to deduce the value of the complex 
refractive index from the measured reflectance and trans-
mittance spectra.

Following optical characterization, the samples are sub-
jected to microscopic and chemical analyses. The mor-
phology of the microstructures on the silicon surface is 
analyzed with the help of a field emission scanning elec-
tron microscope (SEM model JSM-7500F by JEOL). The 
type of the solid phases on the surface of the processed 
samples is analyzed by a Raman spectrometer (model 
LabRAM HR Evolution by Horriba Scientific), with a 
532 nm laser as the excitation light source. The elemental 
composition analysis is performed using an energy-dis-
persive spectrometer (EDS model EDAX by AMETEK).

Fig. 1  Schematic diagram of 
the experimental setup for fem-
tosecond filament processing. S 
shutter, HWF half-wave plate, 
P polarizer, L fused-silica lens 
with f = 100 cm, HR high-reflec-
tion mirrors for 800 nm. Inset: 
photograph of the produced 
black silicon surface with an 
area of 15 mm × 20 mm taken 
by a digital camera
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3  Results and discussion

In our experiments, the processing parameters, such as the 
translation speed of the sample within the laser beam and 
the distance between the individual processed lines, have 
been varied to maximize the absorptivity of the processed 
samples over a wide spectral range. At a fixed repetition 
rate of the laser pulses, the translation speed determines 
the number of laser pulses hitting the same spot on the 
sample’s surface, while the distance between the individ-
ual lines defines the partitioning of the processed surface 
between the filament and the reservoir portions of the laser 
beam.

The absorption spectra for three different inter-
vals between the adjacent processed lines are shown in 
Fig. 2a–c, for the cases with and without the aluminum 
coating applied prior to the laser irradiation. The absorp-
tion spectra are computed from the measured reflection 
(Fig. 2a’–c’) and transmission (Fig. 2a”–c”) spectra using 
the relation A = 1 −R − T. The processing parameters 
are specified in the figure caption. It is evident from the 

absorption spectra that (1) there appears to be an optimum 
with respect to the spacing between the individual process-
ing lines, for both cases with and without aluminum coat-
ing and (2) aluminum coating significantly improves the 
performance of black silicon in the SWIR spectral range.

In Fig. 2b, which shows data for the case of nearly opti-
mum processing with respect to the sample translation speed 
and the separation between the individual processed lines, 
the absorption efficiency of the Al-coated sample reaches 
90–96% in the spectral range from 240  nm to 1.0  μm, 
65–74% in the range 1.2–1.8 μm, and 60–65% in the range 
2.0–2.4  μm. As the line separation is increased above 
~ 400 μm, the absorptivity declines, as shown in Fig. 2c. 
This is because in that case, there are completely unpro-
cessed areas left on the sample in between the well-separated 
individual processed lines.

For all three cases shown in Fig. 2a–c, which correspond 
to different partitioning of the processed sample between 
the filament and the reservoir parts of the laser beam, the 
application of aluminum coating prior to the laser irradia-
tion improves the absorptivity, most notably in the SWIR 
spectral range. Interestingly, in the SWIR above ~ 1.7 μm 

Fig. 2  a, b, c Absorption spectra of the fabricated black silicon com-
puted from (a’, b’, c’) reflection and (a”, b”, c”) transmission spec-
tra, under different processing conditions, and for the cases with and 
without the aluminum coating applied prior to the laser irradiation. 
Scanning speed is 2.5 mm/s in all cases, corresponding to about 20 

laser shots consecutively hitting the same spot on the sample. The 
distances between individual processed lines are 100 μm (a, a’,’a”), 
300 μm (b, b’, b”), and 500 μm (c, c’, c”). The data for bare (unpro-
cessed) silicon are also shown, for comparison
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wavelength, the laser processing, both with and without 
Al coating, increases the reflectivity of the samples. At the 
same time, the measured transmissivity of the samples is 
reduced significantly, relative to the transmissivity of unpro-
cessed silicon, so that the overall absorption is increased. 
For the case of Fig. 2b, which shows the data for nearly 
optimal processing conditions, the maximum improvement 
of absorption, relative to the case of laser-processed sample 
without Al coating, is by as much as 50%. The maximum 
improvement occurs in the wavelength range between 2.0 
and 2.5 μm.

To understand the physical mechanisms behind the 
absorptivity improvement by aluminum coating, we con-
duct microscopic and elemental analyses of the samples 
processed under various conditions. SEM images under 
moderate magnification, shown in Fig. 3, do not reveal any 
significant differences in the morphology of the microstruc-
tures formed on the samples produced with and without the 
application of aluminum coating. In the case of large sep-
aration between the processing lines, parts of the sample 
between the lines are left entirely unprocessed, as evident 
from the images shown in Fig. 3c, f. These untreated areas 

contribute to large reflection from the sample’s surface in 
the UV–visible–NIR range (see Fig. 2a’–c’), corresponding 
to decreased absorption, as shown in Fig. 2c.

The difference in the surface morphology between the 
samples processed with and without aluminum coating 
applied becomes evident in the SEM images at higher mag-
nification, as shown in Fig. 4. Here, panels (a), (a’), (a”) are 
for the case shown in Fig. 3b—optimum laser processing 
conditions, with aluminum coating, and panels (b), (b’), (b”) 
are for the case shown in Fig. 3e—optimum laser processing 
conditions, without aluminum coating. In both cases, the 
morphologies of the microstructures produced by the fila-
ment portion of the beam are very similar: The structures 
are of the mountain-valley type, with the average size of the 
structures of about 10 μm. The major difference is evident in 
the areas processed with the reservoir part of the laser beam: 
in the case with aluminum coating 4(a”), there are relatively 
large microstructures, with the average size of ~ 2 to 3 µm, 
covered by much smaller microstructures, with the average 
size of ~ 0.5 to 0.8 µm. Only the smaller microstructures 
are present in the sample without aluminum coating shown 
in 4(b”). The relatively larger microstructures shown in 

Fig. 3  SEM images of the silicon surfaces, processed with a–c and 
without d–f Al coating, under moderate magnification. The vertical 
spacing between the adjacent processed lines is 100 µm a, d, 300 µm 
b, e, and 500 µm c, f, corresponding to the same three cases as those 
shown in Fig.  2. The areas on the samples that are processed with 
the filament and the reservoir parts of the laser beam, as well as the 
unprocessed area on the sample with large separation between the 
individual processing lines, are marked with rectangles on the indi-
vidual images

Fig. 4  a Top view of the processed sample with aluminum coating. 
a’ and a”: zoomed-in views at 30° view angle, for the areas indicated 
with rectangles in Fig. 4a. The processing conditions are the same as 
those used in Fig. 3b. b, b’, b” Same for the processed sample with-
out aluminum coating applied prior to the laser irradiation. The pro-
cessing conditions are the same as those used in Fig.  3e. The mor-
phology of the microstructures formed on the sample’s surface and 
processed in the reservoir part of the laser beam is strongly affected 
by the Al coating
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Fig. 4a’’ may be due to a combined effect of multi-pulse irra-
diation and Al coating. In Fig. 5, we show the SEM images 
of the samples processed with the reservoir zone of the beam 
for the cases with (a–c) and without (d–f) Al coating, at 
different scanning speeds of 2.5 mm/s (a, d), 5 mm/s (b, e) 
and 10 mm/s (c, f). It can be clearly seen from Fig. 5a–c 
that as the scanning speed increases from 2.5 to 10 mm/s, 
corresponding to 20 laser shots and 5 laser shots hitting the 
same position on the sample, respectively, the multi-layer 
microstructures gradually disappear, confirming the multi-
pulse effect. In addition, no multi-layer microstructures are 
formed on the sample without Al coating, as evident from 
Fig. 5d–f, confirming that the Al film plays an essential role 
in the formation of the hierarchical microstructures.

Based on the reflectivity data shown in Fig. 2a’, b’, the 
observed difference in the morphology of the surface micro-
structures is sufficient to cause significant reflectivity inhibi-
tion in the case of the samples with Al coating. The micro-
structures formed on the Al-coated sample in the reservoir 
portion of the laser beam have better light-trapping ability 
than those made from the samples without Al coating, which 
may be ascribed to the hierarchy of the multi-layer micro-
structures in the former case that causes a larger fraction of 
the light to be scattered into the substrate [25]. Although 
the same effect as the processing by the reservoir part of 
the filament can be achieved simply by reducing the energy 
of the laser. However, in that case, the advantage of long-
range propagation in the self-guiding filamentation regime 
will be lost.

To elucidate the absorption enhancement due to the 
application of Al coating, we conduct chemical and spec-
troscopic analyses of the processed samples. The exami-
nation of Raman spectra of the samples, shown in Fig. 6, 
indicates that a phase transformation of silicon occured 
near the sample surface for both cases of processing with 
and without Al film. The processing conditions correspond 

to those used in Figs. 2b and 3b, e. The pronounced spec-
tral peak at 520 cm− 1 is assigned to the Si-I diamond 
structure of the crystalline silicon, and the broader peaks 
at 485–495 cm− 1 and at 280–300 cm− 1 are assigned to the 
amorphous α-Si silicon structure. It is evident from the 
Raman spectra that the Si-I peak of the crystalline silicon 
in the processed samples, both with and without aluminum 
coating, is strongly suppressed. The spectrum is dominated 
by the peaks assigned to the α-Si, amorphous silicon, sug-
gesting that a partial phase transformation took place near 
the sample’s surface, as a result of the interaction with 
femtosecond laser pulses. However, although the struc-
ture defects in α-Si related to the Urbach states can affect 
the infrared absorption of black silicon [26], the Raman 
spectra of black silicon fabricated from the samples with 
and without aluminum coating are essentially identical, 
suggesting that the difference between the optical absorp-
tion spectra of coated and uncoated samples is not due to 
the laser-enabled amorphization.

Fig. 5  SEM images of the areas 
on the sample processed by 
the energy-reservoir part of the 
beam, for the cases with a–c 
and without d–f Al coating, and 
at different scanning speeds of 
2.5 mm/s (a, d), 5 mm/s (b, e), 
and 10 mm/s (c, f)

Fig. 6  Raman spectra of the unprocessed silicon, and for the silicon 
processed with and without aluminum coating
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We further study the chemical composition of the samples 
by energy-dispersive spectroscopy (EDS). The EDS spectra, 
shown in Fig. 7, show about 3% content of oxygen in the 
processed samples, which is indicative of the formation of 
 SiOx compounds, as a result of laser irradiation in the natural 
air atmosphere [15, 16]. In the case of the laser-processed 
sample with aluminum coating, the EDS spectrum shows a 
small peak at 1.486 eV, which is assigned to aluminum. All 
aluminum left on the surface of the sample was completely 
removed by the hydrochloric acid solution. Thus, the obser-
vation of aluminum content in the EDS spectrum indicates 
that the filament processing results in aluminum implanta-
tion into the sample, which may result in the modification of 
the energy-band structure of silicon. Aluminum implantation 
is the likely cause for the absorption enhancement relative 
to the case of laser processing without Al coating applied. 
A similar effect of absorption enhancement in chemically 
etched, Al-coated silicon films has been recently reported 
in [27].

4  Summary

In summary, we have investigated a technique for the fabri-
cation of black silicon by the irradiation of the silicon sam-
ple by femtosecond laser pulses propagating in the air in 
the self-channeling (filamentation) regime. We found that 
when the surface of the silicon sample is coated with an 
Al film prior to the laser irradiation, the absorptivity in the 
SWIR spectral range is significantly enhanced. The dem-
onstrated absorption values, under the close-to-optimum 
processing conditions, are 90–96% in the spectral range 
240 nm–1.0 μm, 65–74% in the spectral range 1.2–1.8 μm, 
and 60–65% in the spectral range 2.0–2.4 μm. By analyzing 
the processed samples with SEM, we show that the addi-
tion of Al coating affects the morphology of the surface 

microstructures, resulting in the improved light-trapping 
ability of the black surface. Analyses with the aid of Raman 
spectroscopy and EDS indicate that the observed absorptiv-
ity improvement in the samples prepared with Al coating is 
likely to be due to the laser-assisted aluminum implantation, 
which may cause changes in the energy-band structure of sil-
icon through the introduction of defect and impurity bands.
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