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Abstract— Femtosecond (fs) laser annealing has been applied to
improve the crystalline quality and absorptance below bandgap
of ion implanted silicon (Si) with sulfur (S). The doping concentration of S is up to 1020 atoms/cm3 , which is at least
four orders of magnitude higher than the solid solubility of
S in crystalline Si. According to the Raman spectra, after
fs laser irradiation with appropriate laser energy, the crystal
quality is evidently better than primary ion implanted sample.
Moreover, the optical absorption coefficient at wavelengths of
1100∼2400 nm is up to 1.54 × 104 cm−1 , which is much larger
than the contribution of free carriers. Excessive laser energy will
induce serious ablation effect and cause the removing of doping
layer. We consider that the high absorption is a combination of
sub-bandgap transition of S-related localized states, free carrier
absorption, ion implantation induced defect absorption and fs
laser irradiation induced defect absorption. In the end, a photoresponse of 8.4 mA/W is obtained for the photodiode for 1310 nm
detection light.
Index Terms— Femtosecond laser, ion implantation, infrared
absorption, sulfur doping, photo-detection.

I. I NTRODUCTION
N RECENT years, an increasing number of researchers
have put their interests on fabricating a kind of silicon (Si)
materials with high sub-bandgap absorption [1]–[9]. There are
two typical methods to form this material. In the first method,
textured and supersaturated Si is realized by one step pulsed
laser microstructuring [1]–[5]. In the second method, the subbandgap absorption of Si is improved by the combination of
ion implantation and nanosecond (ns) laser melting process
[6]–[9]. However, the Si materials with high infrared absorption prepared by both methods still have some weaknesses.
For femtosecond (fs) laser irradiated Si (black Si), the surface
microstructures and crystallographic disordered layer are
produced during the supersaturation doping process. Although
the photodiode fabricated by fs irradiated black Si can obtain
a high gain and has a very sensitive response to photo energy
above bandgap, the research on photodiode that can detect
the photo energy below bandgap is still underway [10], [11].
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In addition, the observed infrared absorption of sulfur
(S)-doped microstructured Si has not been explained very well.
Compared with the fs laser irradiated samples, Si materials
prepared by the combination of ion implantation and ns laser
melting exhibits higher crystalline quality and lower surface
roughness. But this material possesses a very low absorption
below bandgap after thermal annealing, which restricts this
material’s application in infrared detection [6]. Here we will
report a new method to fabricate S-doped supersaturated
Si material with high absorption below bandgap by ion implantation and fs laser annealing technique. Moreover, the infrared
photodiode devices based on these materials are produced.
II. E XPERIMENTS
After a standard cleaning solution treatment [12],
Si (100) wafers (n-type, ρ = 5∼10 "·cm, 280 µm thick,
single-side polished) are ion implanted with 30 keV 32S+
to a dose of 1.0×1015 ions/cm2 at an incident angle of 7°.
Then the ion implanted samples are irradiated by Ti:Sapphire
femtosecond laser amplifier (Spectra-Physics) with 800 nm
center wavelength, 100 fs pulse duration, and 2.5 kHz repetition rate. Laser spot is focused to 260 µm through a lens
with 600 mm focal distance. Laser fluences of 1 kJ/m2 and
3 kJ/m2 are selected. In order to get sufficiently large surface
area (15×15 mm2 ) for spectroscopic measurements of optical
reflection and transmission, the ion implanted samples are
installed into a vacuum chamber; then this chamber is fixed on
a three-dimensional translation stage which can be controlled
by computer program. Before laser irradiation, the vacuum
chamber is evacuated to 5 Pa and filled by argon atmosphere
of 0.1 MPa. Finally, the whole area of ion implanted Si is
irradiated by translating the vacuum chamber, together with
the Si wafer, in S-line sweep during pulsed laser irradiation.
The line scanning speed is set to 0.5 mm/s or 2.0 mm/s, and
the corresponding average number of pulse shots on each point
is 500 or 1000, respectively. The Raman spectra are obtained
by LabRAM HR Evolution Raman Spectrometer (HORIBA
Scientific) with a 532 nm laser. The surface morphologies
of the ion implanted Si and fs laser irradiated Si have
been detected by Atomic Force Microscope (AFM, Bruker
Dimension Icon, Germany) in tapping mode and a fieldemission scanning electron microscope (SEM, JSM-7500F,
JEOL, Japan). The IR absorption spectra (1100∼2400 nm)
of ion implanted and fs laser annealed Si samples are
measured indirectly using a spectrophotometer (Shimadzu
UV-3600 equipped with an integrating sphere LISR-UV3100).
Actually the total absorptance A (A=1−T−R) is calculated from the measured transmittance T and reflectance
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Fig. 1.
Raman spectrum of ion implanted Si samples with dose of
1.0×1015 ions/cm2 after fs laser process.

R (including hemispherical specular and diffuse) which can be
directly obtained by the instruments. The S content is determined by secondary ion mass spectroscopy (SIMS) equipped
with a CAMECA 4f device using 14.5 keV Cs+ primary
beam at an incident angle of 30° from the surface normal
and monitoring the 32S secondary ions.

Fig. 2. AFM micrographics of (a) ∼ (b) and SEM images of (c) and (d).
AFM micrograph of Si substrate (a); AFM micrograph of ion implanted Si (b);
SEM images of fs laser treated Si with flunce of 1kJ/m2 and 250 shots (c);
SEM images of fs laser treated Si with flunce of 1kJ/m2 and 1000 shots (d).

III. R ESULTS AND D ISCUSSION
The Raman spectra of ion implanted Si samples after fs
laser treatment are shown in Fig. 1. Here, the Si-I peaks
(300 cm−1 and 520 cm−1 ) exist for all samples (ion implanted
samples after fs laser treatment) in the Raman spectra.
As shown in Fig.1, the ion implanted sample (the pink line)
presents a new phase of amorphous Si (α-Si broad vibration
peak at 475 cm−1 ) due to the strong surface damage induced
by ion bombing [13], [14]. After irradiating with proper fs
laser fluence (1 kJ/m2 , the dark and red lines), the α-Si
vibration peak of ion implanted Si disappears. However, when
laser irradiation energy increase to 3 kJ/m2 (the blue line), not
only the damaged lattice cannot be repaired, but also there are
new phases in fs laser treated samples. These unwanted new
phases include a strong variation peak at 502 cm−1 which
is likely to be Si nanocrystal and a weak variation peak
at 419 cm−1 that may come from polycrystalline Si [15].
From Fig. 1, we can figure out that proper fs laser fluence
can transform the α-Si into crystalline Si. In order to avoid
inducing other unwanted phases during fs laser treatment,
the ion implanted samples irradiated with fs laser fluence of
1 kJ/m2 are further investigated.
The surface morphology of ion implanted Si and the samples after fs laser annealing are compared with undisturbed
Si substrate. The AFM micrographics are showed in Fig. 2.
The Si substrate (Fig. 2a) and ion implanted Si (Fig. 2b)
present a perfect smoothness and homogeneous roughness.
The RMS roughness of Si substrate and ion implanted Si
are 0.363 nm and 0.677 nm, respectively. However, the melting
and ablating effect of fs laser with a fluence of 1 kJ/m2 can
obviously increase the roughness of ion implanted Si, which
shows as the SEM images in Fig. 2c and Fig. 2d. From the
SEM images of fs laser treated samples, we can find that

Fig. 3. Relative absorptance $A in IR wavelengths (1100∼2400 nm) of ion
implanted and fs laser annealed Si.

ripple nanostructures with periodical arrangement are formed
on Si surface and the height of the structures is between
100 and 300 nm. The partial enlarged details of inset pictures
in Fig. 2c and Fig. 2d show that the surface with nanostructures
is not uniform and the periodicity is not strict, too. Combining
with the Raman spectra in Fig. 1, we can draw the conclusion
that the increasing of surface roughness and formation of
nanostructures after fs laser treating does not seriously affects
the crystalline quality of ion implanted Si. In addition, the
formation of nanostructures may improve the absorption of Si
below bandgap due to the light trapping effect of structured
surface.
The relative absorptance $A of S-doped Si layer was
defined to $A =AS –AB , where AS and AB represent the
absorptance of S-doped Si samples (before and after fs laser
annealing) and bare Si substrate, respectively. The $A of
S-doped Si samples is shown in Fig. 3. There is a small
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Fig. 4.
SIMS depth profiles for ion implanted and fs laser irradiated
Si samples.

enhancement in the absorptance of ion implanted Si sample
at wavelengths of 1100 nm ∼ 2400 nm. Such a low absorption
enhancement is due to the fact that the lowest-energy state of
amorphous Si:S has twofold coordinated S and is transparent
at these wavebands [16]. However, the absorptance of ion
implanted Si is increased by fs laser irradiation and the
crystalline quality is improved by laser melting and rapid
solidification process (1 kJ/m2 &250 shots). As is well known,
S in crystalline Si prefers to occupy substitutional sites,
which will create deep levels and lead to optical
absorption [16]. However, more deposit pulses do not
continually improve the absorptance below bandgap of ion
implanted Si because of a strong negative effect of ablation
(1kJ/m2 &1000 shots). We should note that, once the laser
ablation process is induced, the supersaturated Si layer, which
contributes to the below bandgap absorption will be removed
simultaneously.
The S concentration-depth profiles are shown in Fig. 4.
According to the simulation result, the maximum implantation
depth in Si for S implanted at 30 keV is 41 nm [17]. The
maximum S atom concentration for the implanted dose of
1.0×1015 ions/cm2 is approximately 2.27×1020 cm−3 , which
is at least four orders of magnitude above the equilibrium
solubility limit of S in Si [18]. From the SIMS result in Fig. 4,
the measured maximum implantation depth and maximum
S atom concentration of ion implanted Si are 29.8 nm and
2.95×1020 cm−3 , which are very close to the theoretical
simulation parts. There is an abrupt drop in S concentration
at 47.3 nm for the sample irradiated with 1kJ/m2 and
250 shots. We considered that the drift of doping depth
is corresponding to the maximum penetration of the melt
front during fs laser irradiation [19]. Then the coming rapid
solidification will lead to a trapping of high supersaturated
substitutional dopants in Si crystal. In contrast, for 1kJ/m2
and 1000 shots irradiated sample, the peak concentration
of S atoms and maximum implant depth are reduced to
1.6×1020 cm−3 and 10.3 nm, respectively. This is caused by
the partially removal of the surface layer of the S implant layer
by laser ablation effect.
The pure absorption coefficient induced in supersaturated
doping layer (don’t include Si substrate) is defined as $α =
(α − αsub )d/d ′ . α represents the absorption coefficient of ion

Fig. 5. The absorption coefficient of S-doped layer, which has deducted the
absorption from bare Si substrate.

implanted samples after fs laser annealing and is calculated
by α =(1/d)ln[(1−R)/T], αsub is the absorption coefficient of
Si substrate; d is thickness of Si substrate, d ′ is the depth of
supersaturated doping layer and it is about 300 nm obtained
from SIMS profiles since the concentration of S dropped
to 1015 cm−3 at depth of 300 nm for all samples. Finally,
the calculated pure absorption coefficient $α at wavelengths
of 1100∼2400 nm contributed by supersaturated doping layer
is shown as Fig. 5.
The $α at 1310 nm of 1kJ/m2 & 250 shots irradiated
sample and ion implanted sample are 1.54×104 cm−1 and
1.27×104 cm−1 , respectively. According to Spitzer’s and
Fan’s reports, the maximum anticipated value of absorption coefficient of Si is about 200 cm−1 for a carrier
concentration of 1019 cm−3 @1310 nm [6], [21]. And the
free carrier absorption coefficient at this wavelength is
linearly proportional to the free electron concentration for
shallow donor impurities (such as As and P) [21]. In addition,
after Hall effect measurement by ACCENT HL5500PC
Hall system at room temperature, the sheet carriers
concentration of 1kJ/m2 &250 shots irradiated sample is
5.08×1013 cm−2 , and the corresponding bulk carrier concentration are 1.69×1019 cm−3 . Therefore, the absorption
coefficient for our experimental sample (∼103 cm−1 ) remains
more than one order of magnitude above these anticipated
values (∼102 cm−1 ). In other words, free carrier absorption
itself cannot induce such large absorption coefficients. The
absorption mechanism of S doped Si is the combination
of multiple absorption contribution, these are sub-bandgap
transition of S-related localized states, free carrier absorption,
ion implantation induced defect absorption, and fs laser
irradiation induced defect absorption.
An n + -n junction photodiode based on S-doped Si after fs
laser annealing layer (n+ -type, 1kJ/m2 &250 shots) layer
and Si substrate (n-type) is prepared. The size of photodiode is 5 mm × 5 mm, aluminum (Al) film is evaporated
onto front (comb) and back side (fully covered) to form
Ohmic contact. Fig. 6(a) shows the diagram of Si photodiode. Fig. 6(b) shows the dark current and photocurrent
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Fig. 6. (a) Illustration diagram of S-doped Si photodiode. (b) I-V curves
(dark current and photo-current) of S-doped Si photodiode.

(1310 nm laser diode with 5 mW light power) of photodiode at room temperature. The dark current density of
photodiode is calculated as 0.1 µA/cm2 . After illumination of
1310 nm wavelength, the photodiode can make a response with
4 mA/W@3 V and 8.4 mA/W@10 V reverse bias, respectively.
IV. C ONCLUSIONS
In conclusion, supersaturated-doped Si samples with S are
fabricated by ion implantation method. Fs laser irradiated
annealing technique is used for improving the crystalline
quality of implanted doping layer. Compared with the primary
ion implanted Si sample, fs laser irradiated Si mainly has three
excellent features. Initially, when annealing with proper laser
fluence and deposited pulse number, the amorphous phase
in ion implanted layer can be eliminated and recovered to
crystalline Si. Furthermore, the absorptance below bandgap
of Si irradiated by fs laser can be obviously increased and
the absorption coefficient is 1.54×104 cm−1 at 1310 nm.
The valid free carrier concentration in the supersaturated
doping layer is lower than that of ns laser annealed samples.
The photo-responses to 1310 nm light are 4 mA/W@3V
and 8.4 mA/W@10V reverse bias of S-doped Si photodiode,
respectively. As a result, the low free carrier concentration of
the ion implanted Si irradiated by fs laser is beneficial to its
application in infrared photo-detection.
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