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Abstract—Gold (Au)-doped-textured silicon (Si) material with
a thermostable absorption below bandgap (>50%) is obtained
by femtosecond laser irradiation. Although the concentration of
Au impurity (10" em™3) in textured Si is at least four orders of
magnitude greater than the solid solubility of Au in crystalline Si,
the sheet carrier density (approximately 10'° cm~2) in Au-doped
Siis very low due to a self-compensation effect of Au impurity in Si
material. The infrared absorption of Au-doped Si is related to laser-
induced-structural defects and sub-band absorption of deep energy
levels of Au in Si, which is determined by temperature-dependent
Hall Effect measurement. Besides supersaturated doping of Au, a
gold silicide phase is formed at textured Si surface.

Index Terms—Black silicon, femtosecond laser, gold, hyperdop-
ing, infrared absorption.

I. INTRODUCTION

ILICON (Si) materials hold the naturally dominant position
S in producing Si based optoelectronic integrated devices like
photodetectors owing to its low-cost and the excellent compati-
bility with modern complementary metal-oxide semiconductor
(CMOS) technology. However the application in infrared pho-
todetection is principally restricted by its 1.12 eV bandgap. In
recent years, to extend the absorption wavelength, studies on
supersaturated Si with chalcogens (sulfur, selenium, and tel-
lurium) fabricated using femtosecond (fs) laser ablation and ion
implantation followed by pulsed laser melting have attracted
more attention of researchers [1]-[5], [26]-[29]. The most con-
centrated interest of hyperdoped Si with chalcogens is in their
high absorptance for photons with energy below the bandgap of
crystalline Si. For example, the absorptance in infrared region
(1.1~2.5 pm) of fs laser irradiated black Si microstructure with
chalcogen dopants is up to 90% [2]. The distinct property of high
infrared absorption makes this black Si material a better candi-
date for applications in infrared photodetection fields [6]—[8].
Unfortunately, the infrared absorption contributions of sulfur
(S)-doped black Si include a quite large proportion of free car-
rier absorption which is bad for infrared detection applications
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due to a large background noise [9]. What is worse, the infrared
absorptance of S-doped Si is unstable and drops seriously after
thermal annealing at temperature as low as 825 K (about 20%)
[4]. To overcome the above two weakness of S-doped Si (high
free carrier absorption and instability of infrared absorption),
transition metal element gold (Au)-hyperdoped Si by fs laser
is a good choice. Firstly, supersaturated Au impurity can intro-
duce deep energy levels or even form an impurity band in the
bandgap of Si and cause sub-band absorption [10]. Furthermore,
Au-doped Si will lower the free carrier absorption contribution
due to self-compensation effect of Au impurities in Si [11]. Last
but not least, all the absorption of fs laser textured Si will be
enhanced by multiple reflections of geometric microstructures
during a complex interaction process between laser and ma-
terial [12], [13]. Accordingly, in this paper the supersaturated
Au-doped Si using fs laser irradiation has been prepared and a
high thermostable infrared absorption has been observed. This
report provides a powerful support for the infrared detection
application of the fs laser irradiated Si.

II. EXPERIMENTS

The double-polished, nearly-intrinsic Si (111) wafer (n-type,
1500 €2 » cm resistivity, 260 pm thickness) was treated by stan-
dard cleaning procedures [14]. The cleaned Si surface was cov-
ered by 40 nm thick Au film that was coated by vacuum thermal
evaporation technique and then was transformed into a vacuum
chamber which can be fixed in a three-dimensional (3D) transla-
tion stage. In order to fabricate Au-doped black Si the air in the
chamber was evacuated firstly and then filled by Argon (Ar) at-
mosphere of 0.16 MPa. Further, the Au-covered Si substrate was
irradiated by a Ti: sapphire fs laser amplifier (Spectra-Physics)
with 100 fs pulse duration, 800 nm center wavelength, and
2.5 kHz repetition rate. Using a long focus lens of 600 mm focal
distance the fs laser spot was focused to 260 pm-diameters and
irradiated onto the front surface of Si which was covered by the
Au film. The S-line sweep speed was 1 mm/s and the interval of
the scanning line was designed to be 30 um. The schematic dia-
gram of fs laser fabrication system is shown in Fig. 1. The optical
properties of Au-doped black Si and Si substrate are measured
by a spectrophotometer (Shimadzu UV-3600) equipped with an
integrating sphere (LISR-UV3100). With the spectrophotome-
ter, we measure the total hemispherical (specular and diffuse)
reflectance (R) and transmittance (T) of a sample. By measuring
both the reflectance and transmittance from 0.25 to 2.5 yum, we
calculate the absorptance (A) of each sample with A = 1-R-T.
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Fig. 1. The schematic diagram of fs laser fabrication system.

Here the absorptance is defined as ®¢ , /@' , , where ¢, is the
spectral radiant flux in wavelength absorbed by that surface, and
@’ , is the spectral radiant flux in wavelength received by that
surface. The surface morphology images are obtained using a
field emission scanning electron microscope (SEM, JSM-7500F,
JEOL, and Japan). To investigate the structures of Au-doped Si,
X-ray photoelectron spectroscopy (XPS) was performed using
an ESCALAB 250 spectrometer. The atomic concentrations of
Au in the Si substrate before and after the annealing were ana-
lyzed by secondary ion mass spectrometry (SIMS). This instru-
ment is equipped with a CAMECA 4F device using a 14.5 keV
acceleration voltage at an incident angle of 30 degrees from the
surface normal. Finally, the electrical properties were obtained
by an ACCENT HL5500PC Hall system and temperatures of
samples can be changed from the temperature of liquid nitrogen
to room temperature.

III. RESULTS AND DISCUSSION

The Au-doped black Si samples (S) are fabricated using four
laser powers (S1~S4): 100, 200, 300, and 400 mW, respectively.
The surface morphologies of S1~S4 are shown in Fig. 2(a)—(d).
From Fig. 2 we can find that the bead-like microstructures ap-
pear in Si surface after fs laser irradiation with low laser power
(below 200 mW). Then these microstructures grow up to spike
shape for higher laser powers (above 300 mW). The size of
microstructures increases with the increasing of the laser power
while the densities per unit area of microstructures decrease.
The observed heights of microstructures should be multiplied
by 1.41 because there is a tilt angle of 45° in SEM images mea-
surement. Then, the real heights of microstructures of S1~S4
approximately are 2.2 pm, 2.3 pm, 9.2 ym, and 15.5 pm, re-
spectively. However, the periods of microstructures are not dra-
matically changed for four samples, which vary from 1.7 pym
to 5.5 um. The absorptance at wavelengths of 0.25~2.5 pym
of Au-doped unannealed Si and corresponding annealed sam-
ples is shown in Fig. 2(e). Compared with the absorptance of
flat Si substrate, the absorptance of all the investigated samples
is enhanced at the whole wavelength range. Here the increase
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Fig. 2. (a)-(d) SEM images (tilt 45°) of Au-doped black Si fabricated by fs

laser at different laser powers: (a) 100, (b) 200, (c) 300, (d) 400 mW. Insets are
partial enlarged view of main pictures. (e) The absorptance of S1~S4 before
(straight lines) and after annealing (shot dish lines) at 823 K for 30 min. The
absorptance of flat silicon substrate also is performed. In addition, annealing
process will not affect the absorptance of flat silicon substrate.

of absorptance above bandgap of Si (0.25-1.1 pum) can be at-
tributed to multiple reflections from geometric microstructures
[25] and absorption increases with laser power in Fig. 2(e). Tra-
ditionally, the enhancement of absorptance below bandgap of
Si (A = 1.1~2.5 pm) can be speculated to be a combination
of sub-band absorption from Au impurity levels and Urbach
state absorption from structural defects induced by fs laser ab-
lation [15], [16]. For the absorption contribution from structural
defects, the decreasing variation tendency of absorptance with
wavelength reflects the existence of structural defects related to
the amorphous Si («-Si) phase in fs laser ablated region which
can be observed in Raman spectra of Au-doped Si samples [14].
Furthermore, for the sub-band absorption contribution from Au
doping can be confirmed by comparing absorption with the con-
centration distribution of Au impurities. For fs laser irradiated Si
under vacuum, the infrared absorption can be enhanced by the
multiple reflections effects of geometry and the infrared absorp-
tance increases with the increasing of size of microstructures (or
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ablation power) [14]. Contrarily, for Au-doped Si, the absorp-
tance below bandgap (1.1~2.5 um) decreases with an increasing
laser power. The drop in infrared absorption with laser power
is observed in Fig. 2(e), suggesting a significant contribution
from Au-induced impurity levels and sub-bandgap absorption
at lower laser powers. There will be higher Au atomic concen-
tration due to a weak damage to Au film from laser ablation at
lower laser powers.

Fig. 2(e) also shows that the absorption below bandgap of all
Au-doped Si decreases after a thermal treatment in argon atmo-
sphere (823 K and 30 min). The largest reduction of absorptance
below bandgap in all samples does not exceed 15%. Specifically,
the absorptance at wavelengths of 1.1~1.8 pum sharply drops due
to the fact that the majority of thermally sensitive structural de-
fects related to Urbach states eliminated (partial crystallization
of a-Si phase). However, the effect of thermal treatment on ab-
sorptance at wavelengths of 1.8~2.5 um is more obvious for the
samples obtained at lower laser powers because of that at this
region the absorption contribution mainly comes from sub-band
absorption of deep levels of Auimpurity. At the lower laser pow-
ers where there is the possibility of Au-induced impurity levels
and absorption from supersaturated Au in Si, thermal annealing
will cause Au to come out of solution (precipitate) and lower the
sub-bandgap absorption. However at higher laser powers where
Au may be completely ablated, the thermal effect may well be
to reduce Si defects, and recrystallization of amorphous Si, and
these effects can decrease absorption as observed.

To clarify the structural nature of fs laser-textured Si, the
chemical states of Au and Si atoms of annealed samples
(823 K and 30 min) are investigated by XPS. The correction
of the XPS spectra for the charge accumulation is performed
using C 1 s peak (Binding Energy (BE) = 284.6 eV). Here
s = 0,p = 1, f = 3, represent electronic orbit levels.

Fig. 3(a) shows XPS spectra of Au 4f lines obtained for the
S1 sample. The peaks of Au 4f;,, and Au 4f;5,, (spin-orbit
components) lines are located at BE = 85.2 and 88.9 eV. An
Au 4f7 5 peak appeared at 85.2 eV corresponds to the gold
in silicide phase [21]. Fig. 3(b) shows XPS spectra of Si 2p
system of S1 sample. The peak is deconvoluted to peaks at
101.77eV and 102.7 eV. The nature of Si 2p line may be due
to the formation of several chemical states of Si—Au or Si-O
or Au-Si—O [22]. Therefore, it is clear that the gold silicide
(Au-Si) eutectic composition is formed in Au-doped Si surface.

To measure the distribution level of Au impurities in the
resolidified Si layer after fs laser irradiation the concentration
distribution of Au impurities in the uppermost 1 pm of black
Si surface after irradiation of 100 mW laser power (S1), which
has smallest surface roughness in all samples, is measured by
SIMS. The spectrum in Fig. 4 is obtained by sputtering the sam-
ple surface with Cs™ while performing a secondary ion mass
spectrometer scan. The impurity concentration is measured in a
circular surface area of 200 ym diameter (containing hundreds
microstructures) along the textured Si substrate, so the SIMS
data reflects an average distribution of Au impurities in the de-
tected area. Considering the effect of microstructures on actual
measurement, the depth in Fig. 4 is effective depth, which has
been corrected by calculation model of depth [24]. According
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Fig. 3. XPS spectra of Au-doped Si sample fabricated with 100 mW laser
power (S1): (a) Au 4f system and (b) Si 2p system. Gray lines in (a) and (b) are
background.
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Fig. 4. SIMS depth profiles of Au in fs laser irradiated Si (S1) and corre-
sponding thermal annealed Sample (823 K and 30 min at Ar atmosphere).

to Fig. 4, the average Au impurity concentration in the upper-
most 25 nm is about 10?° atom/cm® and then decreases with
the increasing of detecting depth. It is worth noting that in the
depth of 100~250 nm the Au concentration is stabilized around
2.5 x 10" atom/cm?®, several orders of magnitude above the
solid solubility of Au atoms in Si crystals (The solid solubility
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Fig.5. (a) The temperature dependency of sheet carrier density and Hall coef-
ficient of annealed Au-doped Si sample (S1); (b) The temperature dependency
of mobility and square resistance of S1 sample.

limit of Au in Si at room temperature is estimated to be be-
low 10" atoms/cm?) [18], [19]. The Au concentration remains
nearly the same order of magnitude in black Si layer after ther-
mal annealing treatment (823 K and 30 min) and the obvious
diffusion of Au impurities into Si bulk from surface can be
observed in SIMS curve after thermal annealing process.
Finally, the electronic nature of Au-doped layer is determined
by Hall-Effect measurement based on the van der Pauw tech-
nique [23]. The sheet carrier density of annealed Au-doped sam-
ples varies in the range of 2.66 x 10'°~5.73 x 10" cm2
for four annealed samples (823 K and 30 min), which near
3.26 x 10'” cm~2 of the carrier density of high resistant Si sub-
strate at room temperature. Such low carrier density is a result
of self-compensation effect of deep donor level (&, + 0.35eV)
and deep acceptor level (E.—0.54eV) of Au impurity [10],
where I, and E, are the edge of valence-band and conduction-
band, respectively. At room temperature the conductive type of
annealed S1 is p-type, however, others three annealed samples
(§2~S4) show n-type. Furthermore, the temperature dependent-
Hall Effect is measured and electric parameters of Au-doped Si
are described in Fig. 5. Fig. 5(a) shows the variation of sheet
carrier density and Hall coefficient of annealed Au-doped Si
(S1-823K and 30 min) with temperature (175 K to 300 K). The
sign of Hall coefficient is positive and the sheet carrier density
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Fig. 6. Temperature-dependent concentration p of carrier’s holes of Au-doped

Si sample S1.

increases with increasing temperature. Now, the conductive car-
riers are holes that may come from the acceptor energy level
of Au impurity. In addition, increasing temperature will raise
the carrier’s concentration. Fig. 5(b) shows the dependence of
carrier mobility and square resistance on temperature. With the
increasing temperature, the carrier mobility decreases due to
enhancing lattice scattering. Moreover the increasing carrier
density will induce a decreasing square resistance in Fig. 5(b).

Temperature-dependent Hall Effect measurements can be ap-
plied to fit the energy level of Au impurity states in Si. In
Fig. 5(a) the acceptor energy level of Au impurity should be
dominant because the conductive carries are holes. If the degree
of compensation is small in Au-doped Si such that it is possible
for Ny < p < N,, the carrier holes concentration p can be
written as (1) [10].

p= (BN, N,)"*exp (— E; /2kT) 1)

Where (3 is spin degeneracy, N, is band edge density of states,
N, and N, are the concentration of donor and acceptor impurity,
respectively. Ej; is the ionization energy of Au acceptor, 7 is the
temperature, k is the Boltzmann constant. The concentration p
of carrier holes in Eq. (1) can be transformed to the following
form.

In (p) o< —(E;/2k) /T 2

The concentration p of holes of Au-doped Si sample S1 can be
obtained by Ng /d, Ng isthe sheet carrier density [see Fig. 5(a)],
d is the depth of Au doping layer, which can be determined by
SIMS spectrum (~500 nm). According to the Eq. (2), a plot of
In(p) versus 1/T will exhibit a slope of E; /2k. Fig. 6 shows the
fitting results of holes concentration and the ionization energy
of Au acceptor impurity is estimated to 612 meV. The fitted
result is approximative to the ionization energy of Au acceptor
impurity in crystalline Si (~580 meV) and this difference may
be related to the complex structures in Au-doped Si surface.

IV. CONCLUSION

In conclusion, the supersaturated Au impurity has been doped
into microstructured Si samples surface by fs laser ablation.
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A concentration of 10'° atom/cm® of Au impurity in Si has
been obtained by SIMS measurement. There is a high and ther-
mostable absorptance below the bandgap in Au-doped Si. The
larger absorptance below the bandgap is a result of combina-
tion of structural defect absorption and sub-band absorption of
Au impurity in Si. All the absorption can be enhanced by the
multi-reflections effect of geometric microstructures. XPS mea-
surements determine that there is gold silicide in Au-doped Si
surface. Another good performance of Au-doped Si is that the
sheet carrier density is very low owing to the self-compensation
effect between donor and acceptor levels of Au impurities in Si.
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