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As the foremost semiconductor, silicon (Si) is the ‘lifeblood’ of the modern microelectronics and opto-
electronics industries. The development of Si infrared (IR) photodetectors is of great significance for Si-
based optoelectronic integration and communication. The use of black Si, which can extend the ab-
sorption edge of the Si bandgap to IR wavelengths below the bandgap, is a promising strategy to make IR
detectors directly integrated on Si wafers for optical communication and detection. To produce black Si,
ultrafast laser pulses in an ambient atmosphere or an atmosphere including precursors are used to
fabricate periodically arranged micro-nanostructures and induce various defects on Si surfaces. This
phenomenon leads to a ‘black’ color because of a strong absorption from visible light to IR light. In this
review, the surface morphology, crystalline structures, hyperdoping, IR absorption properties, and op-
toelectronic devices of black Si fabricated by ultrafast lasers over the past 20 years are systematically
summarized, focusing especially on its most important application for IR photodetectors. Finally, future
prospects and strategies for improvement are suggested. It is expected that black Si can be a competitive
candidate for IR optoelectronics in the future if thermostable IR absorption, a low concentration of free

carriers, and a high photoelectric conversion efficiency of black Si can be achieved.

© 2020 Elsevier Ltd. All rights reserved.

1. Introduction

Silicon (Si)-based microelectronic technology has produced
remarkable achievements in the past half-century and has greatly
promoted the development of information technology. However, as
microelectronics are developed at a smaller scale, their quantum
features gradually emerge. Moore’s law, which has successfully
described the development trend of integrated circuits (ICs) over
the past 50 years, is also approaching its limit [1]. If Si-based op-
toelectronic integration using photons and electrons as carriers
could be truly realized, then information transmission with an
ultralarge capacity, a high transmission rate, and low heat dissi-
pation could be realized. This will have a revolutionary impact on
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future communication and computer technologies [2]. As the core
unit of Si-based optoelectronic integration, infrared (IR) photode-
tectors (PDs) with good optical response characteristics have
become a current research focus. The goal in this field is to produce
high-response, high-speed, low-dark-current, near-IR (NIR) PDs
with wavelengths in the communication band of 1.31-1.55 pm.
However, because the bandgap of Si is 1.12 eV, Si is transparent to IR
light with wavelengths above 1.1 um [3]. Therefore, crystalline Si (c-
Si) cannot be used for the IR detectors required for Si-based opto-
electronic integration. At the present stage, IR PDs based on the
[lI-V group semiconductors have been commercially applied
because of their high absorption coefficients at 1.31 and 1.55 pm.
However, III-V semiconductor materials are expensive, and their
manufacturing process is not compatible with the current mature
complementary metal—oxide—semiconductor (CMOS) technology,
greatly limiting their use in integrated optoelectronics [4,143]. In
recent years, micro-nanostructured black silicon (black Si, see the
real image in the inset of Fig. 1a), which is obtained by ultrafast
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Fig. 1. (a) Schematic diagram of the apparatus used for black silicon PD with ultrafast laser pulses, which is integrated on Si-based Optic Electronics Integrated Circuit (OEIC) chip.
Inset pictures are the real sample of black silicon [140] and SEM of hyperdoped black silicon with sulfur, respectively. Reproduced with permission. Copyright 2008, SPIE. (b) Near-IR
detector application; (c) Night-Vision Camera application [9]; (d) Integrated catalytic reactors and an SERS substrate for sensing [26]. Reproduced with permission. Copyright 2015,
Chinese Laser Press. (e) Luminescence device application [29]. Reproduced with permission. Copyright 2011, AIP Publishing LLC. (f) Bionic device application [30]. Reproduced with

permission. Copyright 2006, American Chemical Society.

femtosecond (fs) laser irradiation, has exhibited a significant
enhancement in the absorption in the NIR region (1.1-2.5 um)
compared with that of conventional c-Si. Thus, black Si is beginning
to be considered as a potential IR detection material [5—8].

The simplified diagram of black Si fabrication by an ultrafast
laser is shown in Fig. 1a. A beam of ultrafast laser pulses (with a
duration of fs, picosecond [ps], or nanosecond [ns]) is focused by a
lens onto a ¢-Si substrate, which is usually loaded in a vacuum
chamber filled with a background gas. To achieve an ablation region
with a large area, the vacuum chamber is fixed to a 3D stage in
advance so that the position of the laser spot on the Si substrate can
be adjusted and controlled by a computer program. After irradia-
tion with ultrafast laser pulses, periodically arranged micro-
nanostructures can form on the Si surface (see the scanning elec-
tron microscopy (SEM) image of sulfur (S)-doped black Si in the
inset of Fig. 1a). The formation of micro-nanostructures on the
surface and doping mechanism of black Si can be illustrated by
considering the pulsed laser—matter interactions. In the interaction
of ultrafast laser pulses with Si material, damage to the Si surface
may occur, which is determined by the laser fluence. (1) For laser
fluences below the melting threshold, the Si does not melt, and
photoexcited carriers relax via carrier—carrier and carrier—phonon
scattering. Most of the absorbed energy is transferred to the lattice
in the form of heating [141]. (2) When the laser fluence is greater
than the melting threshold of Si, the time of energy deposition is
close to or shorter than that of heat diffusion. Therefore, heat ac-
cumulates before being conducted away from the substrate [32].
Thus, the substrate temperature could be above the melting point
of Si, 1,685 K, and a melting layer develops near the surface. Because
this thin melting layer remains on top of the cold (room

temperature) lattice, the heat flux away from the molten zone is
large, and the resolidification front flows quickly through the Si
substrate (possibly exceeding 10 m/s); thus, thermodynamic equi-
librium cannot be established at the liquid—solid interface. As a
result, dopant atoms present in the melted region will be trapped in
the resolidification process above their solid solubility limit. (3)
Above the ablation threshold, substantial Si material is removed
from the substrate, and ablation damage can be observed. Owing to
interference between the incident laser pulse and self-scattering
from surface defects, the melt depth of the Si surface periodically
varies after application of a single laser pulse. Spontaneously
excited waves (capillary waves) in the melting layer freeze in place
during resolidification, forming laser-induced periodic surface
structures (LIPSS) [142]. Then, subsequent laser pulses are incident
on the textured surface, and they preferentially focus on the ‘val-
leys’ of the structures. (4) A further increase in laser energy will
remarkably increase the rate of material removal, leading to abla-
tion of the surface texture. Black Si materials fabricated by ultrafast
laser pulse irradiation have many advantages and many attractive
applications. First, black Si has excellent absorption from the ul-
traviolet (UV) to IR regions below the bandgap of c-Si because of its
hyperdoping and good geometric light trapping. Therefore, its most
important application is in NIR detection, for example, in an IR
detector for Si-based optoelectronic integration (Fig. 1a and b)
[12—21], an IR night vision camera (Fig. 1¢) [9—11], and solar cells
[22—25,144]. In addition, laser-etched black Si can be produced in
designated areas on Si substrates, such as in the microchannels of a
microfluidic chip. Therefore, black Si can also be applied to inte-
grated catalytic reactors and surface-enhanced Raman spectros-
copy (SERS) substrates for biosensing and environmental
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monitoring (Fig. 1d) [26,145]. In addition, in a laser-irradiated Si
layer, black Si can serve as a luminescence device because of the
large number of defects in the layer (Fig. 1e) [27—29] and as a bionic
device owing to its superhydrophobicity (Fig. 1f) [30].

As an IR photoelectric conversion material, black Si has the
following three remarkable properties compared with III-V group
semiconductors: (1) Si materials have a lower cost, and insights
into various properties of Si have been elucidated. (2) As a detection
material, black Si is compatible with the current IC processes, so the
application of black Si in future all-Si integrated optoelectronic
chips is straightforward. (3) Unlike epitaxial growth technology,
ultrafast laser doping has the advantage of area selection, avoiding
the need for masking, that is, the ‘cold’ processing characteristics of
ultrashort pulsed lasers will not change the physical and chemical
properties of non-modified regions. This ensures that other areas in
the integrated devices are not affected. Based on the above ad-
vantages, black Si materials based on ultrafast laser doping are
currently considered to be a key avenue for solving the above
problems. However, the following key problems need to be solved
before applying black Si materials to NIR detectors: (1) The micro-
nanostructures formed by ultrafast laser ablation of Si exhibit a
good light trapping effect. However, a surface with rough micro-
nanostructures will increase the recombination process of photo-
generated carriers, thereby reducing the photoelectric conversion
efficiency of the devices. (2) The IR absorption of black Si materials
has poor thermal stability, and the IR absorption mechanism still
needs to be clarified. (3) The distribution of impurities in the
doping layer obtained using a solid dopant lacks uniformity, which
will induce a discontinuous junction region.

In this review, we discuss the texturing, hyperdoping, IR ab-
sorption, and photovoltaic application of black Si materials fabri-
cated by ultrafast laser pulses. The outline is as follows: First, we
discuss the ultrafast-laser-induced surface texture and its depen-
dence on the laser parameters and background atmosphere (Sec-
tion 2). Second, we focus on the hyperdoping and electronic nature
of black Si (Section 3). Third, we discuss the IR absorption proper-
ties of black Si (Section 4). Fourth, we discuss typical applications of
and progress in PDs based on black Si in detail (Section 5). Finally, a
summary and prospects are offered (Section 6).

2. Texturing of black Si
2.1. Surface morphology of black Si

The surface of c-Si is damaged after irradiation with ultrafast
laser pulses when the fluence is above the ablation threshold of Si
[31,32]. Usually, laser-induced periodically arranged micro/nano-
structures are generated on the ablated Si surface [33,34]. The
surface morphology after laser irradiation depends on the back-
ground environment (gas or liquid) [35—46,148], substrate tem-
perature [47,48], and laser parameters [49—59]. The formed micro-
nanostructures are sharper for black Si irradiated under gaseous
reactants, such as sulfur hexafluoride (SFg), chlorine (Cly), and ni-
trogen trifluoride (NF3), owing to the laser-induced chemical
etching effect. This is because chemical reactions between the
etchants and Si surfaces can be initiated or enhanced by laser
irradiation. The ambient pressure mainly affects the period and
depth of the micro-nanostructures. With increasing ambient
pressure, the surface morphology changes from nanostructures to
ridges, smaller sharper structures, and finally conical microstruc-
tures. Further increases in the ambient pressure increase the height
and density of the conical microstructures. In addition, a higher
substrate temperature can produce a smoother microstructure
surface. Sheehy et al. compared the surface morphology of Si irra-
diated with a train of fs pulses in the presence of different

background gases, such as SFs, hydrogen sulfide (H,S), hydrogen
(Hy), silane (SiH4), and a mixture of argon (Ar) and SFg [41,42]. The
authors discussed factors that affect the surface morphology
created during irradiation and showed that the presence of sulfur
(S) in these gases is important for creating sharp micro-
nanostructures.

Furthermore, Wen et al. [43] obtained the structural character-
istics of Si subjected to fs pulse irradiation in SFg, nitrogen (N3), air,
and vacuum atmospheres. It was found that microcones with
defective outer layers formed in the SFg atmosphere. The gas at-
mosphere plays an essential role in forming sharp microcones, and
strong laser-assisted chemical etching dominates in laser irradia-
tion processes. The main mechanism of the laser interaction with c-
Si in N, air, and vacuum is laser ablation because no volatile Si
compounds are produced during pulsed laser heating in these
background atmospheres. In addition, the Si surface structures
obtained by pulsed laser irradiation depend on the ambient pres-
sure. Nivas et al. [44] reported a direct comparison of the results
obtained in atmosphere and under high vacuum, highlighting the
influence of the ambient pressure on the formation of surface mi-
crogrooves with a period larger than the wavelength. Then, the
effect of pressures ranging from residual air ambient pressure
(103 mbar) to high vacuum (104 mbar) on the obtained Si surface
structures was proposed. A direct impact of the ambient pressure
on the period and depth of the generated ripples, the formation of
microgrooves, the shape of the structured area, and the various
polarization states was observed [45,46].

The substrate temperature is another important factor control-
ling the properties of fs-laser-induced surface structures, and the
ablation threshold is also a function of temperature for ultrafast-
laser-irradiated Si [47]. The morphology of Si surfaces obtained at
different temperatures was studied by Deng et al. [48]. Compared to
the surface features that form at room temperature (300 K),
smoother ripples, microgrooves, and nano/microholes form at
higher temperatures (700 K). The results showed that the increased
light absorption at an elevated temperature led to a reduction in the
surface roughness.

In fact, the micro-nanostructures have specific relationships
with the fabrication parameters, including the pulse duration, laser
fluence, pulse number, wavelength, polarization, and direction of
incident light [49, 50]. During the fabrication process, the pulse
number represents the interaction time between the laser and Si,
which determines the depth of energy transferred into the inner
part of the material, whereas the laser power determines the
ablation and volatilization rates of Si [51—53]. With increasing
pulse duration, the height of microstructures increases, whereas
the density of microstructures decreases. In addition, the surface of
black Si is smoother for longer pulse durations. Moreover, the effect
of the laser fluence on the surface morphology is multiplex. At a
low fluence above the melting threshold, the Si surface is altered in
sporadic patches, and the damage that occurs resembles LIPSS. At
an increased fluence near the ablation threshold, the surface is
covered by a coarsened ripple pattern with a spacing longer than
the wavelength of the laser light. The ripples are perpendicular to
the polarization of the laser light, and the ripples have a spacing
close to the central wavelength of the laser pulses. The density of
the structures is larger, whereas the height of the structures is
smaller for lasers with shorter wavelengths. At a fluence above the
ablation threshold, conical micro/nanostructures develop. With a
further increase in the fluence, the height of the microstructures
increases, whereas the density of the microstructures decreases. In
addition, the direction of microstructure growth is always parallel
to the direction of the incident light and is independent of the
substrate crystallographic planes. Tull et al. [54] reported on the
evolution of micrometer-size cones resulting from irradiation of
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single-crystal Si with fs laser pulses in the presence of SFg and then
proposed a general formation mechanism for the surface spikes.
The first pulse caused small defects randomly distributed over the
surface (Fig. 2a). Their circular shape suggested that the irradiation
formed burst bubbles that were frozen in the places where the melt
resolidified. After the second pulse, a distinct ripple pattern
appeared (Fig. 2b). The wavelength of the ripple was close to the
central wavelength of the incident laser, and the long axis of the
ripple was perpendicular to the laser polarization, in agreement
with the ripple formation observed in LIPSS. At a high fluence, the
interference between the incident beam and light scattered by
minor defects on the surface resulted in inhomogeneous energy
deposition. Ablation and melt formation occurred at non-uniform
depths, creating capillary waves with the same wavelength as the
laser. Rapid resolidification subsequently froze the ripple structure
in place [54—57]. Ma et al. [58] reported the progressive evolution
of Si surface micro-nanostructures with increasing fs laser fluence.
Four kinds of micro-nanostructures, including well-defined and
clean nanoripples, obscured nanoripples with nanoprotrusions and
nanoholes, microspikes with nanoholes, and separated micro-
spikes, were obtained by varying the laser fluence (Fig. 3).

Zhu et al. [59] reported a variation in the shape of micro-
nanostructures with the polarization direction of the laser beam.
With circularly polarized laser irradiation, the shape of the spikes
was conical; however, with linearly polarized laser irradiation, the

spikes showed an elliptical conical shape, and the long axes were
perpendicular to the polarization direction of the laser beam. The
pulse width is another important parameter that affects the surface
morphology of black Si. Apart from fs laser pulses, ns laser pulses
are also commonly used for fabricating black Si [60—67]. Using an
Nd:YAG laser, Sardar et al. [68] reported on the surface morphology
of c-Si after applying different numbers of laser pulses in ambient
air and SFg. The results revealed an increase in the heat-affected
zone and melted area of laser-irradiated Si with increasing num-
ber of laser pulses. Various surface morphologies, such as LIPSS,
craters, microcracks, clusters, cavities, pores, trapped bubbles,
nucleation sites, microbumps, redeposited materials, and micro/
nanoparticles, can be formed on the surface of irradiated Si [68,69].
Crouch et al. [70] compared the crystallinity of Si micro-
nanostructures formed in the presence of SFg by fs laser irradia-
tion and by ns laser irradiation. The structures formed with fs
pulses were covered with a disordered surface layer less than 1 pm
thick, whereas the structures formed with ns pulses exhibited very
little disorder (Fig. 4). Similarly, an effect of the laser pulse duration
on the morphology of self-organized Si microcones fabricated using
248 nm laser pulses (500 fs, 5 ps, and 15 ns) in an SFg atmosphere
was presented in the work of Zorba et al. [71].

In addition, fs laser filaments can be used to realize rapid
fabrication of black Si. Zhan et al. [72] reported the formation of
porous micro-nanostructures on a processed Si surface by this

Fig. 2. Scanning electron micrographs of a silicon surface after the following number of fs laser pulses: (a) 1, (b) 2, (c) 3, (d) 4, (e) 5, (f) 6, (g) 7, (h) 8, (i) 9, (j) 10, (k) 12, (1) 15, (m) 20,
(n) 30, (0) 50, (p) 70, (q) 100, (r) 200, (s) 400, and (t) 600. Each SEM image is taken at a 45° angle to the surface with the same magnification [54]. Reproduced with permission.

Copyright 2006, Materials Research Society.
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Fig. 3. Progressive evolution of silicon surface micro-nanostructures under different laser average fluences. (a) 0.21 J/cm?; (b) 0.35 J/cm?; (c) 0.48 J/cm?; (d) 0.63 J/cm?; (e) 0.76 ]/

cm?; and (f) 0.90 J/cm? [58]. Reproduced with permission. Copyright 2014, Elsevier.

method. It was found that the air filament can significantly reduce
the average number of pulses adopted in a normalized fabrication
area and enable remote processing.

2.2. Crystal structures of black Si

The crystal structures of black Si layers are mainly affected by
the pulse duration. The black Si irradiated by an ns laser is often
crystalline. During ultrafast laser irradiation, extreme non-
equilibrium processes will result in an Si surface layer of amor-
phous, polymorphic, and nanocrystalline phases. Sher et al. [73]
studied the micro-nanostructure of a sample after laser irradiation
with four fs laser pulses at a fluence of 2.5 kJ/m?. The center of the
laser-irradiated area was crystalline, and the ring with a visible
color contrast was amorphous, as demonstrated by the Raman
spectra (Fig. 5a). Fig. 5b shows a cross-sectional transmission
electron microscopy (TEM) image of the center of the laser-
irradiated spot. A fast Fourier transform of the TEM image within
the square area in Fig. 5b shows that the center of the sample is
single crystalline (inset of Fig. 5b) [73,74].

Gimpel et al. [75] also analyzed the impact of fs laser pulse
irradiation on the crystallinity of Si wafers by electron backscatter
diffraction (EBSD) measurements. The laser spot was scanned with
different overlaps across the sample with one pulse per spot. EBSD

image quality (IQ) maps allow an even more sensitive contrast
between the amorphous and crystalline phases to be obtained
(Fig. 5¢). The low contrast shows that these two rings consist of an
amorphous material less than 10 nm thick. The higher contrast
within the area of overlap shows that the amorphous layer is
thicker than 10 nm in this area. Any other area within the thin
amorphous rings is found to be homogenously white, meaning that
the material is crystalline [75,76].

Material ablation during fs laser irradiation of Si generates recoil
pressure waves that rise sharply over a few ps and decay over tens
of ps. Such ultrafast pressure cycles can drive pressure-induced
phase transformations in crystalline Si. Smith et al. [77] investi-
gated the relationship between the parameters of the laser ablation
process and the resulting high-pressure phase transformations.
They reported direct observations of high-pressure phases and
described their formation and distribution. Specifically, the trans-
formation from diamond cubic Si-I to pressure-induced poly-
morphic crystal structures (amorphous Si, Si-XII, and Si-III) [79]
during fs laser irradiation was investigated (Fig. 5d). Amorphous Si,
Si-XII, and Si-IIl were found to form in fs-laser-doped Si regardless
of the presence of a gaseous or thin-film dopant precursor. The
surface texturing (that occurred during fs laser irradiation) pro-
duced inhomogeneous pressure distributions across the surface
and caused delayed development of high-pressure Si polymorphs
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Fig. 4. Scanning electron micrographs of laser-micro-nanostructured Si surface formed in SFg [(a), (c), and (e)] with fs laser pulses, and [(b), (d), and (f)] with ns laser pulses. In
(a)—(d), the sample is viewed at 45° to the normal; in (e) and (f), the sample is snapped in half and viewed edge-on [70]. Reproduced with permission. Copyright 2004, AIP

Publishing LLC.

over many laser pulses. Later, Smith et al. [78] showed that raster
scanning of a pulsed laser beam with a Gaussian profile enhances
the formation of crystalline pressure-induced Si polymorphs by an
order of magnitude compared with stationary pulsed fs laser irra-
diation. Based on these observations, they identified
resolidification-induced stresses as the mechanism responsible for
driving subsurface phase transformations during the surface
texturing of Si.

3. Hyperdoping of black Si
3.1. Sulfur-hyperdoped black Si

SFe is used as a popular etching gas to produce micro-
nanostructures in Si under laser irradiation, and it was found that
c-Si can be hyperdoped with S by fs laser irradiation [73,80—85].
The impurity dose mostly depends on the laser fluence, ambient
pressure, and shot number of the pulse. It roughly increases with
increasing laser fluence within a certain energy range. At ambient
pressures below the critical pressure, the impurity dose is inde-
pendent of the pressure and the number of laser pulses. At pres-
sures above the critical pressure, the impurity dose increases with
both the pressure and the number of laser pulses. Sher et al. [73]

showed the key processes during pulsed laser S hyperdoping
(Fig. 6). After laser irradiation, the dopant atoms diffuse from the
surface when the Si is molten. The adsorbed dopant molecules can
enter the molten Si in one (or a combination) of two ways: (1) the
molecules enter relatively slowly (as a flux) over the entire duration
of the melting and solidification phases and (2) all the dopant
molecules immediately enter on melting. If the dopant concentra-
tion in the liquid is higher than the maximum solubility in the solid,
then the resolidification dynamics determine the amount of dopant
(solute) incorporated (trapped) into the solid phase. Solute trap-
ping depends on the resolidification velocity and the diffusive ve-
locity of the dopant. If the resolidification interface velocity is
smaller than the diffusive velocity of the dopant atoms, then excess
dopant atoms are ejected into the melt from the solid. If the reso-
lidification velocity is larger than the diffusive velocity, then solute
trapping occurs, yielding the dopant concentration [73,81].
Winkler et al. [82] reported the S atom concentration—depth
profile for single laser pulse doping (Fig. 7a) under different flu-
ences. S atoms were present as deep as approximately 50 nm in all
samples before the secondary-ion mass spectrum (SIMS) signal
became heavily influenced by background oxygen (O). S atoms
were present at larger depths for lower fluences, but the total S
content changed little. Integrating these curves, the total areal S
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dose (number of S atoms per unit area) as a function of fluence is
shown in Fig. 7b. Fluences of 3.0 and 3.5 k]/m? yielded a total S dose
that was not significantly different from the background, whereas
the samples irradiated with fluences of 4 kj/m? and higher
exhibited S doses an order of magnitude above the background

level. Among samples with an S dose above the detection limit, the
total dose did not vary by more than the measurement resolution
[82].

For large-area doping, after laser exposure, the surface retained
a mirror-like appearance (Fig. 8a). The laser-melted region, or at
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least its upper portion, resolidified into an amorphous phase (inset
of Fig. 8b and d) [82]. The S atom concentration—depth profile is
shown in Fig. 8c. The concentration of S atoms near the surface was
atleast 6 x 10'® cm~> and remained above the solid solubility limit
(10'® cm~3) of ¢-Si up to a distance of 90 + 14 nm from the surface,
where it fell below the measurement limit because of oxygen
contamination. The total areal S dose was (2.8 + 0.2) x 10" cm™2,
Electrical measurements revealed that less than 1% of S was elec-
trically active as a donor [82,83].

The S concentration also depends on the pressure of the back-
ground atmosphere and laser pulse number. Sher et al. [73]
investigated the dependence of the S concentration on the SFg
pressure and the number of laser pulses. Fig. 9a shows the S con-
centration profiles of samples irradiated at 0.5 Torr. At this pressure,
the dopants were incorporated deeper into the Si with each addi-
tional laser pulse, but the total S dose (area under the concentration
curve) remained constant. At a higher pressure of 100 Torr, on the
other hand, both the surface concentration and the depth of the
dopant distribution increased with the number of laser pulses
(Fig. 9b). In all profiles, the S concentration exceeded its maximum
solubility in solid Si [73]. Fig. 9c shows samples irradiated by four
laser pulses across the entire range of pressures investigated. For
samples hyperdoped at or below 1 Torr, the concentration profiles

were identical. For pressures greater than or equal to 10 Torr, the S
concentration at the surface increased with pressure. Regardless of
the SFg pressure, the dopant incorporation depth was the same. The
total incorporated S is shown in Fig. 9d. The figure shows two
pressure regimes, with a transition at a critical pressure (Pg;) be-
tween 1 and 10 Torr. At SFg pressures below the critical pressure,
the S dose was independent of the pressure and the number of laser
pulses. At pressures above the critical pressure, the S dose increased
with both the pressure and the number of laser pulses [73,84].

A microscopic analysis of c-Si doped by fs laser pulse irradiation
in an SFg atmosphere was carried out by Sickel et al. [85]. A cross-
section analysis of S-doped samples is provided in Fig. 10, showing
SEM (a) and electron-beam—induced current (EBIC, b) maps of the
same regions. The position of the maximum EBIC was obtained as
the depth of the p—n junction (the dotted line), independent of the
surface roughness. From the virtual absence of an EBIC signal in the
crest regions, it can be estimated that the effective diffusion length
of the excess carrier should be less than 500 nm. The very high
defect density (such as dislocations, dislocation loops, and cavity-
like defects) below the crests basically quenched the EBIC signal
because of strong excess carrier recombination (Fig. 10b) [85].

3.2. Other hyperdoping elements of black Si

In addition to S hyperdoping by fs lasers, other elements can also
be hyperdoped into an Si surface by laser doping. Similar to S
doping, nitrogen (N) has also been doped into Si by the fs laser
doping technique in a NF3 or N, atmosphere, and the concentration
of the doped N atom was several orders of magnitude above its
solid solubility in Si crystals. The average N atom concentration in
the uppermost 50 nm was approximately 0.5 + 0.2 at.% [86,87].

S-doped and N-doped Si samples have been demonstrated using
pulsed laser irradiation in the presence of SFg and NF3 (or N;) gases,
respectively. To further advance the hyperdoping concept, the
deposition of a powder or a thin film of a dopant on the Si substrate
would enable the introduction of dopants that are unavailable,
highly volatile, or toxic in the gas phase and thus open up ultrafast
laser doping to a wider range of elements [88]. For example, the
deposition of a chalcogen thin film [such as selenium (Se) or
tellurium (Te)] on an Si substrate followed by fs laser irradiation has
been shown to result in an increase in the sub-bandgap absorption.
Different from the case using a gaseous dopant precursor, pulsed
laser doping of a thin film produced discontinuous regions of doped
material isolated within polycrystalline surface peaks. The differ-
ences in the surface texturing processes observed during the gas
and thin-film fs laser doping processes raised questions about the
possible effects of Se impurities. Thermodynamically, the presence
of impurities in Si affects the melting temperature and, in turn, the
volume of amorphous material generated. The effects of a thin-film
dopant precursor (Se or Si/Se bilayer films) on dopant incorpora-
tion have been studied. A sample prepared using an Se thin-film
precursor (Se:Si) contained micrometer-scale volumes of poly-
crystalline Si within each surface peak, the entire polycrystalline
region was Se-rich, and the thin-film—doped Se:Si surface was
discontinuous [88,89]. However, a more uniform dopant incorpo-
ration can be achieved by moving to sufficiently low fluences, in the
range of 1.3—1.4 kJ/m? under these irradiation conditions. After 10
pulses, a layer of Se dopant precursor remained on the surface, and
after 100 pulses, a continuous Se-rich crystalline layer formed in
parallel with LIPSS (Fig. 10c) [90]. A TEM micrograph of the
microstructure after 100 laser pulses at 1.4 kj/m? was shown in
Fig. 10d. At fluences < 1.4 k]/m? a continuous doped layer across the
surface of the ripples was observed, as confirmed by energy
dispersive X-ray (EDX) spectroscopy. Annealing produced signifi-
cant Se segregation into the grain boundaries, Se precipitates and
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Fig. 10. (a) and (b) show focused ion beam prepared cross-section after S hyperdoping [85]. Reproduced with permission. Copyright 2017, WILEY-VCH Verlag GmbH & Co. KGaA,
Weinheim. (a) Surface topography. (b) EBIC map of the same region showing the strongly reduced signal in the crest regions. Part (b) also contains the position of the p—n junction
as determined from the maximum EBIC signal (black dotted line) and the approximate surface position (white solid line) determined using an edge-finding algorithm on the SEM
image shown in (a). (c) and (d) show SEM and TEM images of Se hyperdoped Si, respectively [90]. Reproduced with permission. Copyright 2013, Springer-Verlag Berlin Heidelberg.
(c) SEM image of low-fluence region (1.2—1.5 kj/m?) irradiated with 100 laser pulses. (d) BE-TEM image of surface irradiated with 100 pulses at 1.4 k]/m? shows laser-induced
periodic surface structures have a continuous crystalline surface layer. EDX point scans indicate Se composition in surface layer of around 1%. For clarity, the crystalline sub-
strate (c-Si), hyperdoped silicon (Si:Se), amorphous silicon (a-Si), and protective coatings (Carbon-C, Platinum-Pt) are indicated.

voids in the Se-rich material. A large number of precipitates formed
during the annealing process [91].

In addition to Se doping, pulsed laser phosphorus (P)-hyper-
doped Si with a concentration of 10°! cm~> and pulsed laser gold
(Au)-hyperdoped Si with a concentration of 10 cm™3 (Fig. 11a)
were obtained using P paper and Au thin-film precursors, respec-
tively [92—94]. Ultrafast laser doping is not limited to only one kind
of impurity. By fs laser irradiation in a gas mixture of NF3 and SFg or
N, and SFg, researchers obtained cohyperdoped samples [95,96]. In
the irradiation process, both S and N were incorporated into the
surface layer at concentrations several orders of magnitude higher
than their solid solubility in Si crystals (Fig. 11b) [95]. Other codo-
ped Si materials, such as those with (S, Se) codoping or (S, O)
codoping, have also been investigated [97,98].

4. IR absorption of black Si
4.1. IR absorption of black Si and its stability

A special feature of pulsed-laser-doped Si is that its absorption
can be extended to the IR region (>1.1 um). Typically, the IR ab-
sorption of black Si is determined by the dopant elements, ambient
pressure, laser fluence, number of pulses, and annealing tempera-
ture. Doping that can introduce deep levels or bands into the
bandgap of Si is useful. For gaseous dopants, the IR absorption
approximately increases with increasing ambient pressure, laser
fluence, and pulse shot number, whereas it decreases with
increasing annealing temperature. Wu et al. [6] first reported an
increase in the absorption of Si to approximately 90% from the near-
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Fig. 11. (a) SIMS depth profiles of Au in fs-laser—irradiated Si and corresponding
thermal annealed sample (823 K and 30 min at Ar atmosphere) [94]. Reproduced with
permission. Copyright 2017, IEEE. (b) SIMS measurements of S and N on the surface
layer of the sample prepared in a gas mixture of NF3 and SFs with a laser fluence of
8.6 kJ/m? [95]. Reproduced with permission. Copyright 2016, Optical Society of
America.

UV (0.25 um) to the NIR (2.5 pm) after fs laser etching in an SFg
atmosphere (Fig. 12a). The remarkable absorption most likely arises
from the high density of impurities and structural defects in the Si
lattices [6,99,100]. The absorption (at 1.2 and 2.5 pm) of micro-
nanostructured Si strongly increases with three fabrication pa-
rameters: the number of pulses, the laser fluence, and the SFg
pressure [101]. Liu et al. [102] prepared a micro-nanostructured Si
surface using ps laser pulses in SFs. The samples exhibited high
optical absorption over a wide wavelength range between 0.3 and
2.7 um. The high IR absorption of the surface-structured samples
increased with increasing laser fluence. The IR absorption can be
further enhanced by the deposition of a metal film [103,104].

In addition to S doping, other chalcogen doping strategies, such
as Se and Te hyperdoping, also led to strong broadband sub-
bandgap absorption of Si (Fig. 12b) [105—107]. Sher et al. [107]
measured absorption to wavelengths up to 14 um using Fourier
transform IR (FTIR) spectroscopy and studied S-, Se-, and Te-
hyperdoped Si before and after annealing. They found that the
absorption in the samples can be extended to wavelengths as far as
6 pum. After annealing, the absorption spectrum exhibited a feature
consistent with free carrier absorption. The shapes of the absorp-
tion curves (low-energy cutoff) were sensitive to the surface
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Fig. 12. (a) Absorptance of micro-nanostructured silicon surfaces and unstructured
silicon substrate [6]. Reproduced with permission. Copyright 2001, AIP Publishing LLC.
(b) Absorptance of chalcogen-hyperdoped silicon. Data for a control sample (Si:N;) and
the silicon substrate (c-Si) are also plotted for comparison. Data from 0.09 to 0.62 eV
was collected using an FTIR spectrometer and data from 0.5 to 1.5 eV was collected
using a UV—VIS—NIR spectrophotometer. The mismatch between the data from two
instruments at 0.5 eV is about 3% [107]. Reproduced with permission. Copyright 2013,
AIP Publishing LLC.

morphology as a result of the laser irradiation enhancing antire-
flection and light trapping.

In addition, other micro-nanostructured Si materials fabricated
by fs laser irradiation in different gas atmospheres, such as Cly, air,
N,, NF3, and vacuum, also showed enhanced absorption behavior
[7108—113]. However, the IR absorption of these micro-
nanostructured Si materials in the 1.2—2.5 pm wavelength range
was lower than that of Si fabricated in SFg. Particularly, greatly
enhanced light absorption was observed in the wavelength range
from 0.3 to 16.7 pm for micro-nanostructured Si fabricated in N,
ambient [109]. The light absorption was up to 95% over the wave-
length range of 0.3~1.1 um and as high as 75% or greater in the
wavelength range of 8.8~13.3 um, although it was down to
approximately 30% in the wavelength range of 2~7 pm [109,110].
Similarly, Si subjected to fs laser irradiation in the presence of NF3
exhibited a high absorption up to 0.8 and in the mid-IR wavelength
range of 3—16 pm. In addition, the absorption of the sample
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remained almost unchanged after the annealing process [111—113].
The N doping process (such as that using Ny, NF3, or N-containing
gas of SFg/NF3 or SFg/N>) can improve the crystallinity in the doped
layer because the doped N atoms can repair defects in Si lattices.
Thermal annealing causes deactivation of the sub-bandgap op-
tical absorption, although annealing-insensitive black Si has been
obtained using Si substrates with high doping [114,115]. In Crouch’s
work [101], annealing at temperatures below 575 K had little effect
on the absorption of Si. Annealing between 575 and 875 K lowered
the below-bandgap absorption; the higher the temperature was,
the greater the decrease in the absorption. Increasing the annealing
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Fig. 13. (a) Effect of annealing temperature on absorptance at 1.55 um of micro-
nanostructured silicon surfaces. The data point at room temperature (300 K) corre-
sponds to a sample that was not annealed. All samples were made with 500 laser
pulses and 8 kJ/m? laser fluence in 0.67 bar SFs, and were annealed for 30 min. Inset: :
Wavelength dependence of absorptance for the samples shown in Fig. 4 and for the
unstructured silicon substrate. Reproduced with permission from Ref. [101]. Repro-
duced with permission. Copyright 2004, Springer-Verlag. (b) The effects of thermal and
ns laser annealing in sequence on the optical absorptance. (1) Fs-laser—fabricated
hyperdoped black silicon exhibits high above-bandgap and sub-bandgap optical
absorptance. (2) Thermal annealing (700 °C, 30 min) crystallizes the hyperdoped black
silicon but deactivates its sub-bandgap optical absorptance. (3) Ns-laser annealing
(here, with a fluence of 1.1 J/cm?) maintains the high crystallinity while reactivating
the sub-bandgap optical absorptance near to its original level. (4) Rapid thermal
annealing (500 °C, 30 s) after depositing electrodes again deactivates (partially) the
sub-bandgap optical absorptance. (5) Ns-laser annealing again reactivates the sub-
bandgap optical absorptance near to its original level. The final hyperdoped black
silicon diodes are highly crystalline, highly optically absorbing, and electrically recti-
fying [118]. Reproduced with permission. Copyright 2015, AIP Publishing LLC.

temperature to above 875 K did not produce an additional change
(Fig. 13a) [101,116]. In addition, a decrease in the IR absorption
(A = 1.1-2.4 um) has also been observed in S-hyperdoped black Si
fabricated using an Nd:YAG ns pulsed laser [117].

Different from thermal annealing, laser annealing had little ef-
fect on the sub-bandgap absorption of micro-nanostructured Si. To
obtain high crystallinity and remove pressure-induced phases in
hyperdoped black Si, ns laser annealing was adopted by Franta et al.
[118] to show that high sub-bandgap optical absorption of Si could
be maintained. Furthermore, it was shown that ns laser annealing
can reactivate the sub-bandgap absorption of hyperdoped black Si
after the deactivation induced by the thermal annealing process
(Fig. 13b). Moreover, thermal annealing and ns laser annealing can
be combined in sequence to fabricate hyperdoped black Si that
shows high crystallinity, high above-bandgap and sub-bandgap
absorption, and a rectifying electrical homojunction. Thus, the
combination of the thermal annealing (equilibrium processing) and
ns laser annealing (non-equilibrium processing) techniques could
be a useful approach for controlling the properties of non-
equilibrium black Si materials in general [118,119].

4.2. IR absorption mechanism of black Si

The supersaturated concentration of dopant atoms and point
defects in black Si give rise to near-unity absorption of below-
bandgap light. The below-bandgap absorption of hyperdoped Si
suggests an altered band structure, which can be attributed to the
formation of impurity bands because of the presence of high con-
centrations of impurities at the surface of the sample [120—122].
Chalcogen doping could create deep levels in the bandgap of Si,
where the deepest-lying state was 0.614, 0.593, and 0.411 eV below
the conduction band edge for the dopants of S, Se, and Te, respec-
tively [121]. A supersaturated solution of chalcogen dopants in an Si
lattice created one or more impurity bands around the discrete
states, observed in the thermal doping of c-Si, and these impurity
bands were responsible for the absorption of below-bandgap ra-
diation. In addition, various combinations of S atoms and point
defects in the Si lattice—such as vacancies, dangling bonds, and
floating bonds—resulted in several midgap states. Furthermore,
deep-level transient spectroscopy (DLTS) of S-doped black Si was
performed by Baumann et al. [120] (Fig. 14a). Possible S energy
states in the Si bandgap were shown in Fig. 14b [149]. From the
DLTS spectrum, the deep level related to the S defect state in black
Si was changed by the thermal annealing process (800 °C for
30 min).

For the decrease in the below-bandgap absorption of the
annealed sample, the most likely explanation was that laser micro-
nanostructuring caused S impurities to be trapped in the Si lattice
in the form of an optically active state, and annealing caused bond
rearrangement within the Si matrix that rendered the S impurities
optically inactive. It is also possible that optically inactive pre-
cipitates or S—Si complexes formed on annealing [101].

In addition, the investigations by Tull et al. [8] showed that the
deactivation of IR absorption after thermal annealing was likely
caused by dopant diffusion. Diffusion of the dopants or point de-
fects out of the grains to the grain boundaries reduced the number
of impurity levels in the bandgap and thus reduced the IR ab-
sorption (Fig. 14c). The authors observed that the characteristic
diffusion length led to a reduction in the IR absorption [8,121]. In
addition, the research of Haberfehlner et al. [91] suggested that
diffusion-limited segregation was responsible for the optical
deactivation of Se with annealing.

Moreover, the effect of the chemical states and electronic-
atomic structures on the sub-bandgap absorption of S-hyper-
doped Si has been extensively studied using synchrotron-based



J.-H. Zhao et al. / Materials Today Nano 11 (2020) 100078 13

(a)
110 v - 05
S 100 Grey Silicon/"! IR 004220 meV
& 90} annealed| {04
§ sof (T=800°C) Pink Silicon
= annealed
= ;g r (T=800°C) 03
£ H |
5 Sof 288110 meV
T 40f, 4038145 meV 102
2 30
@ 20f 101
ol Pink Silicon VA .
= 12 [ not annealed IR W 0,0
100 150 200 250 ;
(C) Temperature T (K)
1.0 P E TS TR AL B B SR I
am,g g &
- i. ..
o 0.8 oY g 2
1] A
% Mo,
a .t
§ 0.6 |- N -
™ a
L. g . W
.g 0.4 . :. . = T
© L an®
£ ‘.
o L]
c 02F eoe|
.
ke °o®
vood v oovend vewnd v aid v e ......:I ! YL

0 11
10* 10° 102 10" 10° 10" 10® 10° 10*
diffusion length (nm)

DLTS signal for grey siliocon (a.u.) T

~

LLLLLLLLLLLLLLLLLLL L L L L L L LLLLLL cB

o 92 .82
" 88 248
- 371
£14
s sy osx) sxp) s2xy) six,)
(d) 100
3 80
3
QS 60
u
2
8 40F——20 ——300
e —30 —— 360
< ——40 —420
20— 50 ——480
——60 ——540
— 120—— 600 A n
500 1000 1500 2000 2500

Wavelength (nm)

Fig. 14. (a) DLTS spectra for annealed, not annealed pink silicon (1 pulse per spot), and annealed grey silicon (5 pulses per spot) [120]. Reproduced with permission. Copyright 2012,
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2009, Springer-Verlag. (d) Absorption of vacuum black silicon after etching different times [127]. Reproduced with permission. Copyright 2015, IEEE.

techniques [123]. The S-hyperdoped Si with great sub-bandgap
absorption contained a higher concentration of $>~ (monosulfide)
species. Annealing S-hyperdoped Si reduced the sub-bandgap ab-
sorption and the concentration of $>~ species but significantly
increased the concentration of larger S clusters [polysulfides (52,
n > 2)][123,124]. Similarly, the evolution of the chemical state of Se
with annealing has been investigated by extended X-ray absorption
fine structure spectroscopy, which showed a shift in the chemical
state of Se with annealing closely related to the observed decay in
the sub-bandgap absorption [125]. Despite the improved under-
standing of the diffusion-limited kinetics and changes in the
chemical state that occur during the annealing of Se-hyperdoped Si,
no direct structural evidence of dopant diffusion or phase segre-
gation has been observed [126].

For pulsed-laser—irradiated Si without hyperdoping, the rela-
tionship between the sub-bandgap IR absorption and the as-
formed new phases (including amorphous Si [¢-Si] and nano-
crystalline Si) was established by Li et al. [127]. The relationship
indicates that the IR absorption was caused by defects related to the
Urbach states from a-Si or nanocrystalline Si, and these metastable
defects disappeared after a thermal annealing process (Fig. 14d).
From the absorption spectrum of micro-nanostructured Si after
etching at different times, it can be determined that Urbach states
existed in both the surface and subsurface regions of black Si at a
depth of approximately 2.4 pm [127].

The IR absorption mechanism of black Si has also been theo-
retically investigated by first-principles calculations [124,128—132].
In addition, the optical response of P-doped Si nanocrystals has
been studied by tight-binding calculations [146]. For chalcogen
doping, the atomic geometries of defect-related states (high-energy

interstitial, substitutional, and quasi-substitutional sites) appeared
in the gap of Si, which played an important role in the optical ab-
sorption. Fig. 15a—c shows typical atomic structures [substitutional
(a), quasi-substitutional with lowest energy (b), and interstitial
with lowest energy (c)], and their formation energies were —2.81
(a), —0.23 (b), and —2.63 eV (c), respectively. Their typical band
structures near the Fermi energy are given in Fig. 15d—f. For the
substitutional S, the S doping (0.463%) brought about an interme-
diate band with a width of 0.22 eV in the gap of Si (d). In the lowest
energy quasi-substitutional S-doped Si, there were three defect
bands near the Fermi energy (e). However, the interstitial config-
uration of S-doped Si did not introduce any defect states into the
gap of Si (f). Molecular dynamics simulations combined with op-
tical absorption calculations have revealed that the annealing-
induced reduction in the IR absorption observed in experiments
was possibly due to two types of structural transformations:
transformations from higher energy interstitial configurations to
the lowest energy interstitial configuration and transformations
from the quasi-substitutional configurations to the lowest energy
interstitial configuration [124,128]. However, the results differed
from those of chalcogen doping, and there was more stable sub-
bandgap absorption in N-doped Si. The physical mechanism was
attributed to the good stability of the substitutional N defect after
annealing [130—132].

5. Black Si IR PDs
The most promising application based on black Si is NIR PDs

[12,13]. Black Si materials can be used to fabricate NIR PDs because
of their excellent IR absorption ability. After hyperdoping by an
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ultrafast laser, a device junction can be formed between the
hyperdoped Si layer and the Si substrate, for example, a p-n junc-
tion [ 14]. Most studies on detectors based on black Si focused on the
current—voltage (I-V) characteristics, responsivity, spectral
response, and response time. Carey et al. [15] fabricated a photo-
diode based on micro-nanostructured Si irradiated by an fs laser
(100 fs, 1 kHz) in an SFg atmosphere. A schematic diagram of the
photodiode is shown in Fig. 16a. The micro-nanostructured Si
photodiode was composed of two heterojunctions: one junction
was between the Si substrate c-Si and the micro-nanostructured
black Si layer, whereas the other junction was between the sub-
strate and the Cr/Au metal layer. The rectification characteristics of
the photodiodes significantly depended on the annealing temper-
ature of the black Si. The responsivity (Fig. 16b) increased with
annealing temperature up to 825 K and then decreased. At the
optimum annealing temperature of 825 K, the responsivity
increased with the bias voltage; however, the leakage current also
increased with the bias voltage. In addition, the responsivity
decreased with increasing laser fluence. The optimum response
was thus obtained at an fs laser fluence of 4 kj/m? and an annealing
temperature of 825 K for micro-nanostructuring. Under these
conditions, the peak responsivity reached 120 A/W at 1.0 pm, which
was two orders of magnitude higher than the responsivity of
commercial Si P—I—N photodiodes and similar to that of avalanche
photodiodes at the same wavelength. In the NIR region, the
responsivity was 50 mA/W at 1.33 um and 35 mA/W at 1.55 pm, five
orders of magnitude higher than the responsivity of non—micro-
nanostructured Si photodiodes [15]. This high photoresponse was

regarded as a direct result of photoconductive gain, which is an
amplification mechanism commonly observed in II-VI semi-
conductors but previously not observed in Si-based material sys-
tems [15,16]. Then, Huang et al. [17] fabricated mesa devices using
the above micro-nanostructured S-doped Si. The mesas had di-
ameters from 50 to 500 pm. At reverse biases of 1 and 3 V, the dark
currents were 1.3 and 2.3 pA for a 100-pm-diameter device,
respectively, more than one order of magnitude lower than the
forward-biased dark current at the same voltages. Fig. 16¢c shows
the frequency response of a 250-pm-diameter device as deter-
mined under illumination through a chopper, whose frequency was
varied. The bandwidth of the device was approximately 1,200 Hz at
a reverse bias of 3 V, and the bandwidth did not vary greatly with
the device area [17,18].

The SiOnyx Company reported on CMOS sensors with an
enhanced spectral response [11]. Devices were fabricated on eight-
inch Si wafers using standard CMOS processes. The detector used
an abridged process flow consisting of 10 mask layers. Ultrafast
laser fabrication was carried out in an SFg atmosphere. Using this
method, S concentrations greater than 10" cm~3 could be ach-
ieved. The measured quantum efficiency (QE) of black-
Si—enhanced photovoltaic sensors is shown in Fig. 17, and the black
Si fabricated by the ultrafast laser led to dramatically enhanced QE
in the 0.8—1.2 um range. The data were collected for sufficiently
thin detectors (active layer <10 pm) suitable for direct integration
into focal plane array architectures. The data showed a direct
comparison of the black Si performance with that of a state-of-the-
art charge-coupled device (CCD) image sensor and Generation 3
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night vision image intensifiers [133,134]. At 0.94 pm, the CCD had a
quite small QE of approximately 8%, whereas the black Si device
could achieve a QE in excess of 65%. Furthermore, at the critical
1.064 um wavelength of the YAG laser, where the current Genera-
tion 3 night vision device was blind, the QE of the Generation 3 was
30x that of the CCD device. This enhancement was driven by
fundamental material changes induced by the ultrafast laser pro-
cess. Quadrant detectors with black Si were also designed and
packaged into ceramic leadless chip carrier (LCC) packages
(Fig. 17b). In addition, photolithographic patterning of black Si in an
eight-inch CMOS-compatible manufacturing flow was demon-
strated (Fig. 17c). This enabled the integration of black Si with
traditional manufacturing methods for CMOS image sensing tech-
nology. The quadrant detector performance is shown in Table 1
[10,11]. In addition, the reliability data showed no impact on per-
formance after accelerated life testing at 80 °C and 85% relative
humidity for a prolonged exposure (250 h).

Se- or Te-hyperdoped black Si obtained by pulsed laser doping
also showed a photoresponse to NIR light. The Se- and Te-
hyperdoped n*—n photodiodes fabricated by fs laser pulses have
been reported to exhibit responsivities of 2.41 A/W (bias of —12 V)
and 2.4836 A/W (bias of —10 V) at 1.064 um, respectively
[19,135,136]. As another example, Se-doped black Si could be pre-
pared by fs laser irradiation of Si substrates coated with Si/Se
bilayer films [137]. The responsivities of the n*—n photodiodes at
1.064 um depended on the thickness of the deposited Se films. At
a —10V bias, the responsivities were 0.310, 0.786, 0.911, and 1.22 A/
W for samples prepared with Se film thicknesses of 50, 75, 100, and
125 nm, respectively. In addition, Se-doped black Si was prepared
by ps pulsed laser irradiation, and n*—p junctions were formed
between the Se-doped layers and the p-type Si substrates [20,138].
The photodiodes exhibited an enhanced spectral response from 0.4
to 1.6 pum. At a —5 V bias, room temperature responsivities of 16 A/

W at 1.0 um, (the much smaller) 15 mA/W at 1.33 um, and 12 mA/W
at 1.55 um were obtained.

In addition, NIR PDs based on codoped Si have also been re-
ported. For instance, at a —12 V bias, a responsivity of 1.60 A/W at
1.064 pm for an (S, Se)-codoped Si n™ n photodiode prepared by fs
laser irradiation was obtained [97]. Moreover, at a —5 V bias, a
responsivity of 58 mA/W at 1.31 um was obtained based on an (S,
N)-codoped black Si photodiode fabricated by fs laser irradiation
[98]. For the above black Si materials supersaturated with different
dopants, defect-related states were introduced into the gap of Si by
hyperdoping. Then, these electronic states as the origin of the NIR
absorption (e.g. at 1.31 and 1.55 um) of hyperdoped Si could
contribute to the presented NIR photoresponse.

To our surprise, undoped black Si photodiodes also showed a
remarkable sub-bandgap photoresponse. The undoped black Si was
fabricated on the surface of a near-intrinsic Si substrate by ns laser
direct writing in an Ar atmosphere [21,139]. The resistivity of the
ns-laser—irradiated black Si layer was approximately five orders of
magnitude lower than that of the unprocessed Si substrate. NIR Si
n"—n photodiodes were produced based on the difference in the
carrier concentration between the black Si layer and the Si sub-
strate. The responsivity of the black Si photodiode for 1.31 pm was
up to 256 mA/W at a —5 V bias (Fig. 18a), which was the highest
level for 1.31 um among the laser-irradiated black Si detectors and
was much higher than that of the reported pure Si bulk-structure
photodiodes. At the same time, the black Si PD at a low reverse
bias showed a large gain for VIS—NIR light above the bandgap (8 A/
W at —5 V and 0.96 pm; Fig. 18b). The gain mechanism could be
attributed to the photoconductive gain, which was most likely to be
the generation—recombination that originated from random carrier
generation and recombination in the high-density structural de-
fects in the black Si layer [17]. Therefore, structural defects, which
can introduce energy levels into the gap of Si, seem to be the key
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Reproduced with permission. Copyright 2011, SPIE.

Table 1

The black-silicon Quad detector performance [11].
Parameter SiOnyx
Device type Quad (bulk)
Response (1.064 um) 0.58 A/W
Bias voltage 20V
Capacitance 8 pF
Dark current (—5 V) 400 pA/cm?
Response time 10 ns

factor contributing to the photoresponse. The fact that the device
based on micro-nanostructured Si does not respond as fast as that
based on c-Si is also due to structural defects [147].

Table 2 lists the typical Si PDs based on black Si materials ob-
tained using different laser pulses and dopants. Fig. 19 shows the
history of the progress in black Si PDs corresponding to Table 2.
Fig. 19a and b shows the responsivity below (abnormal detection)
and above (normal detection) the bandgap of Si, respectively. The
main affiliations are listed in this figure. A PD based on S-doped
black Si was first reported in 2005 [15]. After that, some other black
Si PDs were also reported, such as Se-doped, Te-doped, N-doped,
co-doped (S, N or S, Se), and non-doped black Si devices. From
Table 2, the S-doped black Si (after fs laser irradiation) PD made by
Harvard University showed the largest responsivity (95 A/W
at —0.5V)to 1.06 um (A < 1.1 um) [15]. Gain of the photoresponse to
the energy above the bandgap of Si also appeared for Se-doped and

Te-doped black Si PDs [19,20,135—138]. However, the non-doped
black Si (after ns laser irradiation) PD made by Jilin University
had the most distinct photoresponse (0.26 A/W at —5 V) to 1.31 pm
(A > 11 um) [21]. In addition, a photoresponse to 1.31 um was
observed in the S-doped black Si (fs pulsed laser) [15,17], Se-doped
black Si (ps pulsed laser) [20], N-doped black Si (fs pulsed laser)
[87], and S—N-codoped black Si (fs pulsed laser) [96] devices.

6. Summary and prospects

This review provides the main properties and PD applications of
black Si materials fabricated by ultrafast laser pulses. After irradi-
ation with ultrafast laser pulses, the Si surface melts and ablates
when the laser fluence exceeds the ablation threshold of c-Si. As a
result, LIPSS form. We discussed the dependence of the black Si
surface morphology on the background atmosphere, substrate
temperature, and laser parameters. If a dopant is present in the
fabrication system, then impurities can be doped into the melted
surface layer and be trapped in this layer because of the subsequent
resolidification process. Therefore, a supersaturated impurity with
a low solid solubility in c-Si can be hyperdoped into black Si by the
ultrafast laser pulse process. In this review, we discussed the
common dopants used in preparing black Si, such as chalcogen (S,
Se, Te), N, P, and Au elements, and their codoping. With hyper-
doping, an impurity band may be introduced into the bandgap of Si
and contribute to the IR absorption. With surface texturing, this IR
absorption will be further enhanced. Apart from the contribution



J.-H. Zhao et al. / Materials Today Nano 11 (2020) 100078 17

| R DarkI Currentl
8 —o— 1310 nm, 5mW

Al Contact

B ey 0 1
Voltage (V)

(®) 10

% 10°

§10

=

L Commercial Si-PD
3 107 No Bias (M-Si PD
2 —s+— -1V (M-Si PD)

e —— 2V (M-Si PD)

—— -3V (M-Si PD)
—+— -5V (M-Si PD)
Ce e e mene s FORSI00%

400 500 600 700 800 900 1000 1100

Wavelength (nm)

Fig. 18. (a) Photo current and dark current versus voltage characteristics for the IR
photodetector of the black Si. (b) Responsivity of the M-Si PD for several reverse biases.
Responsivity of a commercial Si-PD is shown for reference. The EQE of 100% versus
wavelength is shown as a short-dashed line [21]. Reproduced with permission.
Copyright 2018, IEEE.

from the impurity band, the IR absorption of black Si may also arise
from laser-induced structural defects and free carrier absorption.
However, the excellent IR absorption characteristics of black Si are
not thermostable for many black Si materials. The reason for the

poor thermal stability of the IR absorption may be related to the
diffusion of the dopants, transformation of the chemical states or
(electronic and atomic) structures in hyperdoped Si, and unstable
structural defects such as the Urbach state, which have been dis-
cussed in the review. Based on the good IR absorption nature, black
Si materials have been applied in the field of IR photodetection.
Currently, a responsivity of 120 A/W at 1.0 pm (within the ab-
sorption edge) has been obtained for an S-doped Si PD. Further-
more, a responsivity of 0.26 A/W at 1.31 um (below the bandgap)
was observed for an undoped black Si IR PD.

In the future, to obtain IR Si PDs with high performance, the
following challenges should be addressed:

oA large surface roughness implies folding of a flat surface to in-
crease the surface area to obtain more photons in textured Si PDs.
Although surface texturing is beneficial to IR absorption enhance-
ment, it is not a good choice for manufacturing Si PDs because
obtaining a large surface roughness with lithography patterning is
challenging. In addition, a large surface roughness can increase the
surface recombination of photogenerated carriers and, as a result,
reduce the lifetime of non-equilibrium carriers. Therefore, choosing
the proper laser fluence for the fabrication of black Si may be more
advantageous for the application of a photoelectric conversion
device.

eSelecting an appropriate dopant is very important for obtaining
black Si with NIR absorption. A deep-level impurity is necessary,
such as chalcogen and transition metal elements, because these
impurities can introduce energy levels into the gap of Si. In contrast,
a shallow-level impurity, such as a IlI-V group impurity (except for
N), is not suitable. At the same time, shallow-level impurities can
produce a higher background free carrier concentration in black Si,
resulting in large free carrier absorption, which is undesirable for
device applications because of the lowering of the IR responsivity.
In addition, considering the thermostability of the IR absorption of
black Si materials, an impurity with a high diffusion rate in c-Si is
not suitable for black Si fabrication (such as the alkali metal im-
purities Li, Na, and K). Therefore, it is necessary to select a proper
impurity for pulsed laser doping of black Si.

eConsidering the uniformity of the rectifying junction formed be-
tween the doped black Si layer and the Si substrate, a solid dopant
(film or powder) is not as good as a gaseous dopant. However, solid
dopants can provide more choices for the doping element. There-
fore, in the future, improving the continuity and uniformity of the
doped black Si layer will be a focusing issue.

Table 2
The dopant, laser pulses width, contact junction, responsivity, response wavelength, and corresponding reverse bias of black silicon photodetectors.
Dopant Pulses width Contact junction Responsivity (A/W) Response wavelength (um) Reverse bias (V) Reference
Sulfur 100 fs n*—n 95 1.06 -0.5 [15]
0.05 1.31
0.035 1.55
Sulfur 100 fs n*—n, Schottky 55 1.06 -3 [17]
0.09 1.33
0.02 1.55
Sulfur 100 fs nt—p 0.69 0.8 -5 [16]
Sulfur CMOS 0.58 1.064 -20 [11]
Selenium 100 fs nt—n 241 1.064 -12 [19]
Selenium 100 fs nt—n 1.22 1.064 -10 [137]
Selenium 30 ps nt—p 16 1.0 -5 [20]
0.015 1.33
0.012 1.55
Selenium 30 ps nt—p 30 1.06 -3 [138]
Tellurium 100 fs n*—n 2.4836 1.064 -10 [135, 136]
Nitrogen 100 fs Schottky 0.0053 1.31 -10 [87]
Sulfur and Nitrogen 100 fs n*—n, Schottky 0.058 1.31 -10 [96]
No doping 10 ns n*—n 0.26 1.31 -5 [21]
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eThermal annealing causes deactivation of the sub-bandgap optical
absorption. Different from thermal annealing, laser annealing has
little effect on the sub-bandgap absorption of black Si. Therefore, to
maintain the NIR absorption, another research interest should be
focusing on the annealing process, such as rapid thermal annealing
or laser annealing.

In summary, pulsed-laser—induced black Si shows strong IR
absorption and IR detection ability. Based on the perfect compati-
bility of Si with the current mature CMOS technology, black Si will
make an important contribution in the integrated optoelectronics
field if the above difficulties can be finally overcome.
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