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It is found that the optimum annealing temperature is about
1000°C for the infrared emission of defect states at room tem-
perature on black silicon (BS) prepared by using a nanosec-
ond-pulsed laser. In addition, it is observed that the suitable
annealing time is 6 ~ 8 min at 1000°C for the emission on
the BS. The crystallizing proceeding in annealing on the BS
can be used to explain the above annealing effect. It is inter-
esting that the emission band becomes intensive and broader
on the BS prepared in oxygen atmosphere than that prepared
in vacuum in the analysis of photoluminescence spectra,
where the electronic states localized at the defects from D1
to D4 doped with oxygen play an important role in the emis-
sion with the broader band which are obviously enhanced in
the room temperature. © 2017 Optical Society of America

OCIS codes: (140.3538) Lasers, pulsed; (160.2220) Defect-center
materials; (250.5230) Photoluminescence; (300.6340) Spectroscopy,
infrared.
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Eric Mazur’s group obtained micro-structure black silicon (BS)
prepared by using a femtosecond (fs) laser whose light absorption
exceeds 90% [1-6]. The BS is an amazing material with potential
application in the field of Si-based optoelectronic devices, includ-
ing novel detectors, sensors, and solar cells [7,8]. Recently, the
photoluminescence (PL) in the optical-communication window
on the BS has attracted scientific interest [9-13]. For optimizing
the BS qualities for emission, the annealing is a widely adopted
method to improve the photoluminescence efficiency [14,15].
However, the optimal annealing conditions still need to be de-
termined, and the physical mechanism of the annealing process
requires further investigation in the complex micro-nano-system.
Meanwhile, it is unclear how to affect the infrared emission for
the impurity states on the BS.
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In the Letter, we report the BS structures fabricated by using a
nanosecond laser (ns-laser), in which the efficient emission in in-
frared emission near 1550 nm was observed. We have found the
optimal annealing conditions to improve the emission efficiency
on the BS, in which the optimum annealing temperature is about
1000°C, and the suitable annealing time is 6 ~ 8 min for the
infrared emission of the defect states at room temperature on
the BS prepared by using ns-laser. This observation implies
the potential in fabricating silicon-based solid-state lighting
and light sources for optical communication. The crystallizing
proceeding in annealing on the BS can be used to explain the
above annealing effect. It is interesting that the emission band
becomes intensive and broader on the BS prepared in oxygen
atmosphere than that prepared in vacuum in the analysis of pho-
toluminescence (PL) spectra, where it is discovered that the impu-
rity states in the bandgap localized at the defects D1, D2, D3 and
D4 doped with oxygen generate the broader band emission which
are obviously enhanced in the room temperature. This is a new
way to make a light source for optical communication on the BS.

An ns-laser is used to fabricate the BS structures in the pulsed
laser etching device (PLE), as shown in Fig. 1(a), in which the
spot diameter of laser beam is about 1 pm focused on the silicon
wafers of a P-type substrate with 10 Qcm in vacuum (sample I) or
in an oxygen environment with 80 Pa (sample II). It is interesting
that the plasma lattice pattern occurs in the etching process of the
BS, as shown in the inset of Fig. 1(a). Figure 1(b) shows the
annealing process on the BS after etching, which is very important
for its crystallizing to improve emission properties. The SEM im-
age in Fig. 1(c) shows the micro-structure on the BS prepared by
using an ns-laser, where the reflective rate is lower than 10% and
the refractive index is about 1.88 in visible range on the SiO,
surface. The experimental result obeys the K-K relations.

The samples are sent into the annealing furnace filled with
Ar atmosphere to make annealing at 600°C, 800°C, 900°C,
1000°C, or 1100°C for 8 min, and take annealing time 2,
6, 8, 10, or 15 min, respectively, as comparison groups.
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Fig. 1. (a) PLE device used to fabricate the BS structures, in which
the inset shows the plasma lattice pattern occurring in the etching
process of the BS. (b) Annealing process on the BS after etching
for its crystallizing to improve emission properties. (c) SEM image
of the BS structure prepared on a p-type silicon (100) wafer by a third
harmonic of an ns-pulsed Nd:YAG laser at 355 nm in vacuum.

The crystallizing process in the annealing of the BS is very
important for PL emission. Figure 2 shows various crystallizing
structures in the BS prepared under different annealing condi-
tions, in which the TEM images exhibit the BS structures pre-
pared under annealing at 1000°C for 2, 8, or 20 min, as shown
in Figs. 2(a)-2(c), respectively. The samples are sent into the
annealing furnace filled with Ar atmosphere to make annealing
at 1000°C for 2, 6, 8, or 20 min, in which the different temper-
atures can be controlled in a temperature cruising system.
Then, the sample gotten out of the annealing furnace is rapidly
taken into water at room temperature for the BS to be rapidly
cooled so that the suitable structures at high temperature can be
kept for solidification. The PL spectra show that annealing time
of 6 ~ 8 min is suitable for emission. It is clear that the struc-
ture of the BS prepared under annealing at 1000°C for 8 min
involves more defects, while the structure of the BS prepared
under annealing at 1000°C for 2 min still keeps in amorphous
structure produced by the ns-laser, and the crystallizing of the
BS prepared under annealing at 1000°C for 20 min is almost
finished. This annealing effect generated from crystallizing in
the BS is demonstrated in the analysis of the PL spectra
followed.

The PL spectra on the samples are measured under the
488 nm or 514 nm excitation of an Ar ion laser at room
temperature and lower temperature (16 ~ 300 K) in sample
chamber of 1 Pa.

®

Fig. 2. TEM images exhibiting the BS structures prepared under
annealing at 1000°C for (a) 2 min, (b) 8 min, or (c) 20 min, respec-
tively, in which the figure (b) shows the crystallizing structure involv-
ing the plentiful defects related to the annealing time of 8 min.
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Fig. 3. Analysis of PL spectra in the annealing effect on sample I
prepared in vacuum. (a) PL peaks measured at room temperature
on the BS after annealing at different temperatures, in which the op-
timal annealing temperature is about 1000°C. (b) PL peaks measured
at 16 K on the BS after annealing for different times, in which the
suitable annealing time is about 6 min.

It is noted that in the annealing effect the temperature and
time are important due to the crystallizing process, in which
Fig. 3(a) shows that the annealing at 1000°C is suitable for
emission in the PL spectra measured in room temperature,
and Fig. 3(b) indicates that the optimal annealing time is about
6 min at 1000°C for emission in the PL spectra measured
at 16 K related to the defects on the BS prepared in vacuum
(sample ).

It is very interesting to make a comparison between sample I
prepared in vacuum and sample II prepared in oxygen with
80 Pa in the analysis of PL spectra with a change of excitation
power. Figure 4(a) shows the PL spectra measured at room tem-
perature on sample I prepared in vacuum, in which the inten-
sity of the sharper peaks near 1600 nm super-linear increases
with excitation power, and the excitation threshold is about
100 mW. In addition, the PL peaks enhanced are broader mea-
sured at room temperature on sample II prepared in oxygen
with 80 Pa, as shown in Fig. 4(b), whose broader emission band
relates to the plentiful impurity states in the defects of the BS.
In Fig. 4(c), the super-linear increasing of the intensity occurs
at the PL peaks center as shown, along with the red curve re-
lated to sample II and along with the black curve related to
sample I. Here, the external quantum efficiency in the PL emis-
sion can reach to over 10% on sample II prepared in oxygen
with 80 Pa in our laboratory.
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Fig. 4. Comparison of PL spectra measured at room temperatures
with various excitation powers between sample I and sample II. (a) PL
spectra with a change of excitation power on sample I prepared in vac-
uum. (b) PL spectra with a change of excitation power on sample II
prepared in oxygen with 80 Pa. (c) Evolution with super-linear increas-
ing under various excitation powers, in which the red curve relates to
sample II and the black curve relates to sample I.
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Fig. 5. PL spectra with different excitation powers measured at
16 K. (a) PL peaks under different excitation powers originated from
the defects on sample I prepared in vacuum. (b) PL bands under differ-
ent excitation powers related to the impurity states at the defects on
sample II prepared in oxygen with 80 Pa.
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Fig. 7. Analysis of the PL spectra on samples I and II measured at
different temperatures. (a) PL spectra on samples I and II measured at
16 K, in which the defects emission play a main role on sample I re-
lated to the black curve. (b) PL spectra on samples I and II measured at
room temperature, in which the impurity states emission with a
broader band is enhanced on sample II related to the red curve.

Figure 5 exhibits the PL spectra with different excitation
powers measured at 16 K, in which the PL peaks originated
from the defects D1, D2, D3, and D4 on sample I prepared
in vacuum are shown in Fig. 5(a) and, on sample II, prepared in
oxygen with 80 Pa the sharper PL peaks disappear taken place
of the broader PL band owing to the impurity states at the de-
fects, as shown in Fig. 5(b). The super-linear increasing of the
intensity also occurs at the PL peak center measured at lower
temperature.

It is interesting to make an analysis for the PL spectra at
various temperature, where Fig. 6(a) shows the change of
the PL peaks from the defects in different temperatures on sam-
ple I prepared in vacuum and Fig. 6(b) shows the change of the
broader PL band from impurity states in different temperatures
on sample II prepared in oxygen with 80 Pa.

The results of the analysis on the PL spectra demonstrate the
impurity effect at the defects on the BS, in which Fig. 7(a)
shows that at 16 K temperature the defects emission plays a
main role related to the black curve measured on sample I
but, at room temperature, the impurity states emission with
a broader band related to the red curve measured on sample
IT is enhanced as shown in Fig. 7(b).

A physical model for the infrared emission is built on the BS,
as shown in Fig. 8, in which the results of the experiment and
calculation demonstrate that the defects emission related to the

16 -
—Bi6K

5 Mr
N j 25
~ 12} z
z 3
@ 10 220
N 4
£ osf 2
i Es
> [
E 06 2
5 S 10
o o 2
: -

02} &0

00

1 1 1 1 I 1 1 00 T T r T T - T
1200 1300 1400 1500 1600 1700 1800 1900 1200 1300 1400 1500 1600 1700 1800 1900
Wavelength / nm

(a) Wavelength / nm (b) g

Fig. 6. PL spectra measured at various temperatures. (a) Change of
the PL peaks from the defects in different temperatures on sample I
prepared in vacuum. (b) Change of the broader PL bands from impu-
rity states in different temperature on sample II prepared in oxygen
with 80 Pa.

dislocation states D1, D2, D3, and D4 (blue lines) occurs at
lower temperature and, at room temperature, the enhanced
emission with a broader band relates to the impurity states
(black lines) on the defects. It should be noted that the above
states structure is a new distribution of the energy states in the
bandgap. Here, the peaks shift in the PL spectra can be inter-
preted from the different position of the defect states and the
impurity states on the BS.

In conclusion, we fabricate the micro-structure and nano-
structure on the BS by an ns-laser. In the PL spectra on the
BS structures, the enhanced emission peaks are measured in
infrared wavelength for optical communication application.
The annealing effect on the BS emission was observed in
the analysis of the PL spectra, in which the optimal annealing
temperature and the suitable annealing time have been found in
the experiment, and the mechanism of the annealing effect
can be interpreted from the crystallizing process on the BS.
The impurity effect on the BS emission was discovered in
investigation of the PL spectra at room temperature and at
lower temperature, where it is interesting that impurity states
localized at the defects enhance the PL emission on the BS at
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Fig. 8. Construction of a physical model for infrared emission built
on the BS prepared in an oxygen environment, where it should be
noted that at room temperature the enhanced emission with a broader
band relates to the impurity states (black lines) on the defects which is
a new distribution of the energy states.
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room temperature, and the emission model involving magical
states distribution in the bandgap was built to explain these
effects. This is a new road to obtain emission devices for
application of optical communication on a silicon chip.
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