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The optical absorption properties of femtosecond-laser-made “black silicon” as a function of the
annealing conditions were investigated. We found that the annealing process changes the surface
morphology and absorption spectroscopy of the “black silicon” samples, and obtained a maximum
sub-band-gap absorptance value of approximately 30% by annealing at 1000 °C for 30 min. The
thermal relaxation and atomic structural transformation mechanisms are used to describe the lat-
tice recovery and the increase and decrease of the substitutional dopant atom concentration in
the microstructured surface during the annealing. Our results confirm that: i) owing to the ther-
mal relaxation, the lattice defects decrease with the increase of the annealing temperature; ii) the
quasi-substitutional and interstitial configurations of the doped atoms transform into substitutional

wm
Qo
-
wm
>
=
¥
T
)
&
2
e
=
)
=
=

arrangements when the annealing temperature increases; iii) the quasi-substitutional and intersti-
tial configurations with higher energies of the doped atoms transform into interstitial configurations
with the lowest energy after high-temperature annealing for a long period of time, causing the de-
activation or reactivation of the sub-band-gap absorptance by diffusion. The results demonstrate

that the annealing can improve the properties of “black silicon”, including defects repairing, carrier
lifetime lengthening, and retention of a high absorptive performance.

Keywords sub-band-gap absorptance, black silicon, annealing, diffusion
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microstructured silicon [3-11]. The photocarrier produc-
1 Introduction tion of the microstructured area is at least three times
as that of the unstructured area for a bias voltage of

Recently, owing to the importance of developing silicon- 900 V or greater [12, 13]. Therefore, b-Si is an amazing
based optoelectronic integration devices, micro and material with potential application in the field of silicon-
nanoscale silicon materials (such as microstructured sil- ~based optoelectronic devices including novel detectors,
icon) have attracted increasing attention. However, the sensors [14], and solar cells [15]. In addition, the ther-
high reflection of the silicon surface in the visible to in- mal effect is inhibited by the ultrafast femtosecond laser
frared region and the band gap of 1.12 eV cause low ab- processing, and a plasma plume, which includes a large
sorptance in the visible to near-infrared region, especially ~number of silicon species, is formed and ejected [16]. As
for wavelengths longer than 1.1 wm. The optics related —a result, the lattice surfaces are badly damaged, and a
applications of silicon materials are therefore limited. large number of surface defects are produced, causing
In 1998, Eric Mazur’s group obtained microstructured @ significant suppression of the carrier mobility. There-
black silicon (b-Si) [1] whose light absorption in the wave- fore, microstructured silicon materials need to be treated
length range of 250-2500 nm exceeded 90% after irradi- to optimize their qualities, and annealing is a widely
ating silicon with a femtosecond laser [2]. Since then, adopted method to improve the performance of micro
several studies have been conducted on the properties of —and nanoscale silicon materials [17, 18]. Annealing can
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alter the photoelectric properties of b-Si, such as the pho-
toluminescence efficiency [19, 20], the optical response
[21, 22], and especially the near infrared absorption of
b-Si, as Aziz [23], Mazur [12, 24-28], and Zhuang [29] et
al. have demonstrated. However, the optimal annealing
conditions still need to be carefully determined, and the
physical mechanism of the annealing process in the com-
plex system of micro and nanoscale materials requires
further investigations, as it is currently quite unclear.
In this letter, we report our annealing results on the
change of the sub-band-gap absorptance of b-Si fab-
ricated by femtosecond laser in air. By analyzing the
change of the surface morphology of b-Si after anneal-
ing and its optical characteristics for different annealing
temperatures and time durations, we investigated the
influence of the annealing conditions on the b-Si optical
properties to explore the obscure physical mechanisms
and further develop the b-Si optoelectronic performance.

2 Research methods

The b-Si samples were prepared by Ti: sapphire fem-
tosecond laser irradiation in air with a pulse duration of
120 fs and a 1 kHz repetition rate at the central wave-
length of 800 nm. In the used setup, the laser beam
passes through a half-wave plate and a Glan—Taylor po-
larizer, and it is then vertically focused on a silicon wafer
by a lens with a focal length of 0.5 m. The used silicon
wafers had an n-type silicon (100) surface and a resis-
tivity of more than 2000 Q-cm, which is fixed on a sam-
ple holder catched by a three-axis magnetic translation
stage. By setting a scan speed of 0.25 mm/s and an in-
terval of 50 um between the scan lines of the incident
laser beam, modulating the intensity of the incident laser
beam, and changing the distance between the lens and
the silicon wafer, we obtained an optimal laser spot size
of 150 um in diameter on the silicon wafer to fabricate
12 mm X 12 mm microstructured b-Si samples with a
laser fluence of 10.0 kJ/m?.

The samples were annealed in vacuum using an OTF-
1200X-type high-temperature sintering furnace with a
vacuum tube, which is evacuated by a 2TW-4C-type vac-
uum pump with a twin-stage sliding rotary vane. We set
nine different vacuum annealing conditions covering a
matrix of three temperatures (600 °C, 800 °C, 1000 °C)
and three times (30 min, 180 min, 300 min) for the b-Si
samples. The temperature-time control programs for the
30 min annealing process are shown in Fig. 1; the pro-
grams for the 180 min and 300 min annealing processes
are similar.

Field-emission scanning electron microscopy (FE-
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Fig. 1 Temperature-time control programs for the 30 min an-
nealing process.

SEM, 1530VP) was used to obtain the surface morphol-
ogy of the samples before and after annealing.

We measured the reflectance R and transmittance T’
in the visible-near infrared region (400-2500 nm) before
and after annealing using an AVASPEC spectrometer
equipped with a spherical detector. Then, the absorp-
tance of the samples was obtained by using the formula:
A=1-R-T.

3 Results and discussion

After annealing, a change of both the surface morphol-
ogy and the optical properties of b-Si was observed. By
analyzing the change, especially the variation of the opti-
cal absorptance at different annealing temperatures and
time durations, we investigated the effect of the anneal-
ing process on the sub-band-gap absorptance to gain use-
ful information on the annealing mechanism.

After being irradiated by the femtosecond laser, the
initially bright and smooth surface of the crystalline sil-
icon (c-Si) wafer assumed a dark gray color. The SEM
images of the unannealed and annealed b-Si samples are
shown in Fig. 2. Quasi-ordered arrays of blunt spikes with
a size of approximately 10 pm were formed [see Fig. 2(a)
and its inset i] on the silicon surface. The blunt spikes
were covered with two types of particles: the first type
included particles with a size of a few hundred nanome-
ters, while the other type included particles with a size
smaller than 100 nm. The latter formed a net-like struc-
ture of clusters [see Fig. 2(a) and its inset ii]. The blunt
spikes did not clearly change after annealing in vacuum,
but the net-like structure of the clusters was greatly re-
duced [see Fig. 2(b) and its inset].

Ultrafast melting and ablation occur on the silicon sur-
face during the femtosecond laser irradiation in air at
the incident fluence of 10 kJ/m?, which is slightly above
the threshold of the plasma formation [16]. As a result,
plasma plume, which includes silicon ions, silicon atoms,

Li-Ping Cao, et al., Front. Phys. 10, 107801 (2015)
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insets show the surface at higher resolution.

SiO5 molecules, and silicon nanoparticles, is expelled
fleetly from the silicon surface. The removed material
plume can redeposit on the etched surface because of the
confinement of the ambient gas, leading to the formation
of net-like clusters of nanoparticles. The laser irradiation
heats and then melts the surface, causing the diffusion
of oxygen into the silicon substrate and enhancing the
oxidation. The resolidification of the melted layer occurs
at the solid/liquid interface, forming a layer of Si-rich
Si0, (0 < z < 2), i.e., an amorphous and polycrystalline
layer that contains many silicon nanoclusters embedded
in a SiOy matrix of submicrometer scale. This layer in-
corporates a large number of dangling bonds, oxygen-
related defects, and lattice-damaged defects. During the
annealing in vacuum, the adsorbed net-like nanoparti-
cle clusters of silicon and SiO5 melt, desorb, and diffuse
into the amorphous and polycrystalline layer, dangling
bonds, and lattice defects on the surface of the blunt
spikes, and the Si/SiO9 interface is restored. This result
is consistent with the observation that annealing in vac-
uum leads to the decrease and even disappearance of the
net-like micro and nanostructures.

To quantitatively analyze the variation of the optical
properties, we measured the reflectance and transmit-
tance of c-Si and b-Si before and after annealing, and
then calculated the absorptance corresponding to such
values of reflectance and transmittance, as shown in Fig.
3. Obviously, the absorptance of the unannealed b-Si is
higher than that of ¢-Si and decreases monotonously with
the increase of the wavelength in the range of 400-2500
nm. The absorptance of b-Si decreases after annealing,
especially in the near-infrared region. However, it is still
higher than that of ¢-Si, and varies not only with the
wavelength, but also with the annealing conditions. Re-
markably, the dependence of the absorptance on the an-
nealing conditions between approximately 1200 and 1500
nm is different from that in the region between 1500 and
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Fig. 3 Absorptance of c-Si, unannealed b-Si, and annealed b-Si.

2500 nm.

The b-Si surface is covered with nanoparticles, an
amorphous layer, and various defects. The presence of
defects, impurities, different crystalline phases, and dif-
ferent orientation of the grains might cause the scattering
of light, leading to a decrease in transmission. The micro
and nanostructures on the b-Si surface cause multiple
reflections of the incident light, leading to an increase of
the absorptance and the decrease of the reflectance, i.e.,
to light trapping. The band gap of 1.12 eV determines
the low absorption of crystalline silicon at wavelengths
longer than 1100 nm. However, by melting, ablation, and
resolidification, owing to the presence of mid-gap energy
levels or bands of the defects and impurities in the band
gap of silicon, as well as the light trapping structures,
a substantial increase of the near-infrared absorption is
achieved for b-Si. During the annealing in vacuum, the
diffusion of oxygen atoms on the b-Si surface and the
lattice relaxation cause the reduction of dangling bonds
and lattice-damaged defects, resulting in the decrease of
the state densities on the silicon surface and Si/SiOs in-
terface. Owing to the decrease of the state densities of
the mid-gap bands, this phenomenon suppresses the sub-
band-gap absorptance of annealed b-Si.
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The absorptance of b-Si barely changes under different
annealing conditions for wavelengths shorter than 1100
nm (see Fig. 3). Hence, we focus on sub-band-gap ab-
sorption in the region above 1100 nm. To analyze the ef-
fect of the annealing on the optical properties of b-Si, we
investigated the sub-band-gap absorptance of the sam-
ples annealed in different conditions. The dependences of
the optical properties on the annealing temperature and
annealing time were studied.

The higher sub-band-gap absorptance of b-Si most
likely derives from the higher density of impurities and
lattice defects. The impurities introduce some states
both near the band edge and in the middle of the band
gap of silicon, while the lattice defects introduce some
states near the band edge and then form the band-tail
localized states. Therefore, we assume that the absorp-
tion in the range of roughly 1200-1500 nm originates
from the transition of the electrons from the top of the
valence band to the band-tail localized states near the
bottom of the conduction band, from the band-tail lo-
calized states near the top of the valence band to the
bottom of the conduction band, or between both the
band-tail localized states. Conversely, the absorption in
the region above 1500 nm is attributed to the transitions
of the electrons between the top of the valence band or
the bottom of the conduction band and the mid-gap im-
purities bands on the b-Si surface.

Previous research demonstrated that the annealing of
doped silicon may cause the deactivation [12, 23, 25, 28,
29] or reactivation [26] of the sub-band-gap absorptance.
The damage and disorder introduced in the lattice by the
femtosecond laser irradiation and the incorporation of
the background gas create a tail of states below the band
gap and form new electronic configurations. The ther-
mal relaxation of the disordered silicon network makes
the electronic structure partially revert to crystalline sil-
icon, leading to the narrowing of the band tail and to
a lower number of available states; thus, the lattice de-
fects decrease with the increase of the annealing tem-
perature. Consequently, the absorptance of b-Si in the
range of roughly 1200-1500 nm decreases, causing the
increase of the reflectance and transmittance with the
annealing temperature, as shown in Figs. 4(a), (b), and
their insets. Here, the annealing causes the deactivation
of the sub-band-gap absorptance, but, as the thermal re-
laxation occurs in a very short time [30], the reflectance,
transmittance, and absorptance do not exhibit any vari-
ation for different annealing time durations, as shown in
Figs. 5(a), (b), and their insets.

To explain the influence of the annealing temperature
on the optical absorptance of b-Si in the region above
1500 nm, we consider the structural transformations of
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Fig. 4 Sub-band-gap absorptance of the samples annealed at dif-
ferent temperatures for uniform time of (a) 30 min and (b) 180
min. The results for the 300 min annealed sample are not shown
as they are similar to those of the 180 min sample. The reflectance
and transmittance are shown in the insets.

the various structures of doped silicon from reference
[29], rather than use the precipitation of the dopant
at the grain boundaries from reference [25]. Despite the
chalcogen dopants in reference [29], here, O belongs to
the same family of S, Se, and Te, and they are com-
parable because of the similar atomic structure and the
same valence-electron configuration. Through the ultra-
fast and ultrastrong interactions of the femtosecond laser
with the silicon materials in air, very rich structures are
formed, in which the oxygen atoms could occupy various
positions, i.e., so-called interstitial, quasi-substitutional,
and substitutional configurations with diverse structural
characteristics. These three configurations are propor-
tionally distributed with different relative percentages.
Except for the interstitial atoms that lie in the lowest
energy states, most of the other configurations can gener-
ate defect states in the band gap of silicon, contributing
to the sub-band-gap absorption. During the annealing,
apart from the O—-Si bonds of oxygen atoms combined
with the dangling bonds on the surface of b-Si, the dif-
fusion of the oxygen atoms causes the transformation of
the geometric configurations of atomic structures with
higher energies into those with lower energies, which in-
clude the lowest interstitial states, substitutional states,
or quasi-substitutional states. The diffusion of the inter-

Li-Ping Cao, et al., Front. Phys. 10, 107801 (2015)
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Fig. 5 Sub-band-gap absorptance of the samples annealed at
identical temperatures and different times: (a) 600 °C, (b) 1000
°C. The results for the sample annealed at 800 °C are not shown
as they are similar to those of the sample annealed at 600 °C. The
reflectance and transmittance are shown in the insets.

stitial Si atom away from the impurity is facilitated by
the increase of the annealing temperature, which causes
the transformation from quasi-substitutional to substitu-
tional configuration. Meanwhile, the active oxygen atoms
might become stably bonded with silicon at higher tem-
perature, resulting in the transformation from intersti-
tial to substitutional configuration. Thus, the concen-
tration of substitutional oxygen atoms, which plays an
important role in the optical absorption, will increase
as the annealing temperature increases. Therefore, the
light absorptance in the region above 1500 nm increases
with the annealing temperature, while the reflectance
and transmittance decrease, as shown in Figs. 4(a), (b),
and their insets. The result indicates that the absorp-
tance in the region above 1500 nm is reactivated through
high-temperature annealing.

To support our speculations, micro-Raman analysis
was conducted to detect the changes in the b-Si lattice.
Raman spectroscopy is sensitive to atomic arrangements
and phonon modes in solids. The Raman spectra of unan-
nealed b-Si and b-Si after 30, 180, and 300 min of an-
nealing at 600, 800, and 1000 °C are shown in Fig. 6
and its inset, revealing the phase transformations of b-Si
and providing some insights to our observed sub-band-
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gap absorptance. Silicon transforms from its diamond cu-
bic phase (Si-I) to silicon with an R8 structure (Si-XII),
BCS8 structure (Si-I1I), and amorphous silicon (a-Si) dur-
ing pressure loading and unloading [27]. The ultrastrong
and ultrafast action that occurs during the femtosecond
laser processing produces pressure waves. Upon pressure
release, silicon partly transforms from Si-I (299 cm~! and
519 ecm~1) to Si-XII (400 cm~!) and Si-IIT (387 cm™1).
In the meanwhile, Si-I also transforms partly to a-Si,
as suggested by the broad peaks at 150 cm™! and 470
cm ™. Metastable Si-IIT (387 cm™!) and a-Si can revert
to polycrystalline Si-I after annealing. Therefore, we as-
sume that the crystallization of a-Si is responsible for the
decrease of the sub-band-gap absorption after annealing
(see Fig. 3). The transformation from Si-IIT (387 cm™!)
back to polycrystalline Si-I corresponds to the configu-
ration transformation of doped O atoms from the inter-
stitial configuration of the lowest energy atoms to the
quasi-substitutional and interstitial configurations of the
higher energies doped atoms, resulting in the increase of
the observed sub-band-gap absorptance with the anneal-
ing temperature.
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Fig. 6 Raman spectra of b-Si before and after annealing. The
inset shows a detailed view of the spectrum from 100 to 500 cm ™.

For the dependence of the optical absorptance of b-
Si on the annealing time in the wavelength range of
1200-2500 nm, we propose the structural transforma-
tions of doped silicon as a probable cause of the deacti-
vation of the sub-band-gap absorption. Here, the struc-
tural transformations, by which quasi-substitutional and
higher energies interstitial configurations transform into
the lowest interstitial configurations, differ from that dis-
cussed above. When annealing at lower temperature (600
and 800 °C), substitutional configurations are very sta-
ble, and quasi-substitutional and higher energies inter-
stitial configurations have a better stability than those
annealed at higher temperature, so that the transfor-
mation occurs at a small extent regardless of the du-
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ration of the annealing time; thus, the absorptance is
almost invariant with the annealing time, as shown in
Fig. 5(a). Conversely, when annealing at the higher tem-
perature of 1000 °C, quasi-substitutional oxygen atoms
oscillate strongly around the lattice positions and the sil-
icon atoms largely diffuse in the interstitial, causing the
transformation from quasi-substitutional and higher en-
ergies substitutional configurations to lowest interstitial
configuration, for longer annealing time, and thus reduc-
ing the sub-band-gap absorption. The configurations dis-
tribution would progressively equilibrate. Therefore, the
sub-band-gap absorptance decreases with the annealing
time and tend to the stabilization, as shown in Fig. 5(b).

Certainly, in the actual annealing process, both the
deactivation and reactivation of the sub-band-gap ab-
sorptance always occur simultaneously by diffusion and
the dominance of either depends on the annealing con-
ditions. However, in our experiments, a maximum value
of about 30% in sub-band-gap absorptance of b-Si was
obtained after annealing at 1000 °C for 30 min, which is
the best condition for the annealing process.

4 Summary

In summary, we have studied the surface morphology and
optical characteristics of microstructured b-Si produced
by femtosecond laser as a function of different annealing
conditions in vacuum. The annealing process reduces
the lattice defects and suppresses the light trapping,
causing the increase of the reflectance and transmit-
tance and a slight decrease of the absorptance. However,
the annealing can restore many defects on the surface,
which can greatly reduce the density of the recombina-
tion centers and enhance the mobility of the carriers.
The sub-band-gap absorptance of b-Si varies not only
with the wavelength, but also with the annealing tem-
perature and time duration. Annealing may cause the
deactivation and reactivation of the sub-band-gap ab-
sorptance by diffusion; the dominant effect depends on
the annealing conditions. The deactivation of the sub-
band-gap absorptance with the annealing temperature
in the range of 1200-1500 nm is explained by using the
partial restoration of the damaged lattices, while the
sub-band-gap absorptance in the region above 1500 nm
is reactivated by the structural transformations from
the quasi-substitutional to the substitutional configura-
tions. Regarding the deactivation of the sub-band-gap
absorption of b-Si for longer annealing time in the wave-
length region of 1200-2500 nm, a probable cause is the
transformation from the quasi-substitutional and higher
energies interstitial configurations to the lowest energy

107801-6

interstitial configurations through high-temperature an-
nealing for a longer time. A maximum value of about
30% in sub-band-gap absorptance of b-Si was obtained
after annealing at 1000 °C for 30 min, which is the best
condition for the annealing process in our experiments.
Therefore, a feasible way to obtain micro and nanoscale
silicon material with higher controllable properties is
provided in this paper.
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