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Inert Gas Element as Active Infrared-Absorption Source and
Donor in Silicon for Forbidden-Wavelength Sensing

Nian-Ke Chen, Yu-Chen Gao, Ji-Hong Zhao,* Chun-Hao Li, Qi-Dai Chen, Hong-Bo Sun,*

Shengbai Zhang,* and Xian-Bin Li*

Intrinsic silicon (Si) is forbidden for infrared (IR) sensing at the communication
wavelength like 1.31 or 1.55 um due to the well-known bandgap

limitation. In this work, an unexpected physical picture of using argon (Ar)

is identified, which is usually inert to the surrounding chemical environment
and used as a protective agent in semiconductor processing, to overcome

the IR-sensing-forbidden problem in Si. Here, it is shown by an analysis of

a dynamic secondary ion mass spectrometer that such a Si, when exposed to
laser pulse in Ar gas, can contain a very high dose of Ar up to 10?° cm—3 even
after 1300 days. First-principles calculations, molecular dynamics, and Hall
effect measurements reveal that, due to both steric and dynamic repulsions by
Ar orbitals to Si dangling bonds, the Ar-filled-vacancy produces a much wider
defect band inside the gap, which is not only responsible for strong infrared
absorption, but also causes a significant increase in n-type conductivity,

both in line with experiments. The study proves that originally inert

(IR) communication wavelength (4)
of 1.31/1.55 um are particularly
important.'%1]  However, due to the
well-known problem of low absorption at
A > 1.1 um, corresponding to its bandgap,
Si is not a candidate for communication
applications. Often, another semiconductor
like InGaAs or InSb,['>"1] with a suitable
bandgap is heterogeneously grown on Si.
However, issues with heteroepitaxy such
as lattice mismatch can reduce or even
degrade the performance.['! Recently, the
integration of 2D materials on Si is also
explored for IR photodetection.['’] Another
way is to induce IR absorption sources
inside Si. For example, gap states can be
created by chalcogenide doping with the

elements in fact can act as active impurities in semiconductors for advanced
applications, which updates the current knowledge of defect physics.

1. Introduction

Silicon (Si) based optoelectronics is at the heart of the opto-
electronic industry owing to its unique ability for Si device
integration.['-") Among them, photodetectors working at infrared
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help of ultrafast laser irradiation to result in
black silicon (b-Si).'823] It has a strong IR
absorption at 4 = 1.31/1.55 um. However,
such IR sources of b-Si are usually not sta-
ble enough for applications. For example,
the IR absorption at 1.31/1.55 pm can be
significantly reduced by annealing at 775 K for just half an
hour.[2!

Recently, Zhao et al. reported another form of b-Si, which was
fabricated by nanosecond laser pulses without any intentional el-
emental doping except for using a protective inert gas, like argon
(Ar).2#%] It was quite unexpected that the photodiode based on
this b-Si has a high and stable photoresponsivity of 260 mA W' at
5V and A =1.31 um,/®! which paves the way for practical sensing
by a Si detector at the IR communication wavelength. However,
such results are counterintuitive at first glance for the reasons
below. Argon is a noble gas widely used as a protective gas in the
electronic industry. Due to its fully occupied valence shell with
eight electrons, there can be little chemistry between argon and
other elements. As a matter of fact, the name of argon, derived
from a Greek word, means lazy or inactive. Therefore, it is widely
expected that Ar should have no effect on the function of semi-
conductors.

In this study, we report the observation of a very high concen-
tration of Ar (10'7-10%° cm™~?) in ultrafast laser-modified Si using
secondary-ion mass spectrometry (SIMS) measurement. First-
principles calculations, molecular dynamic simulations, and Hall
effect measurement reveal the atomic and electronic structures of
Ar-doped Si, which result in unexpectedly strong IR absorption
below the bandgap, like at 1.31 um, and also the effective donor
doping. While indeed Ar has negligible effects on the electronic
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Figure 1. Arin b-Si and its high performance for sub-bandgap IR sensing. a) Schematic of the ns-laser modification of Si in Ar atmosphere. b) Pictures
of Si samples before (i.e., unmodified Si) and after (i.e., b-Si) laser modification from two camera-shooting angles (1, 2). The scale bar is 0.5 cm.
c) Concentration of Ar in ananosecond laser-modified silicon measured by SIMS. Right-upper inset shows the calculated formation energies of AFV
in crystalline Si at 0 K and in liquid Si at high temperatures. Left-lower inset shows the image of a sub-bandgap IR detector based on the Ar-doped
b-Si. d) Comparison of specific detectivity (D*) at 1.31 um between detectors made of b-Si and other non-Si materials.[?’l Here, PC and PV are for
photoconductive and photovoltaic detectors, respectively. The D* of the intrinsic Si detector at 1.31 um is theoretically 0.

properties of perfect Si, the situation is far different when de-
fects are present. For example, vacancies in Si produce dangling-
bond (DB) states within the bandgap, which are unstable as the
vacancies can be created, move, cluster, or vanish at elevated tem-
peratures. In contrast, chemically inert Ar can lock a Si vacancy
(V) to form a stable complex called Ar-filled-vacancy (AFV) here,
even up to 900 K, whereby locking the DB states of the V; in-
side the bandgap. Moreover, the rattling motion of Ar and steric
repulsion between its valence electrons and those electrons of
the dangling bonds can lead to an enhanced structural distortion
that further splits the vacancy levels inside the bandgap and thus
induces a strong sub-bandgap IR absorption. Furthermore, the
higher-energy partially occupied DB states make the Ar-V; com-
plex a shallow donor. This explains the puzzle of why laser irra-
diation results in n-type doping in these samples. Our findings
not only propose a critical physics picture to resolve the longtime
difficulty of achieving high photoresponsivity of Si-based detec-
tors at the IR communication wavelength but also shed new light
on utilizing inert elements to alter the performances of semi-
conductor devices, which updates current knowledge of defect
physics.
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2. Results and Discussion

2.1. High Concentration of Ar in Black Si and Its High Specific
Detectivity at 1.31 pum

The Si samples were modified by a nanosecond laser under the
argon atmosphere (see the schematic of the fabrication process
in Figure 1a), which has been reported in our previous work (see
Methods section).[?’] Figure 1b shows the Si samples before and
after the laser modification from two camera shooting angles (1,
2), where the clear reflected images of the lamp light (1) and the
camera lens (2) can be observed from the surface of the unmodi-
fied Si but nothing from the modified b-Si, indicating a success-
ful fabrication of b-Si. To figure out the role of Ar in the laser-
modified Si, we analyzed the dose of Ar by dynamic secondary ion
mass spectrometer (SIMS). Figure 1c shows the Ar concentration
for a typical b-Si sample. Despite that the sample was made more
than 1300 days ago, a very high Ar concentration is still detected
tobe ~ 5 x 10%! cm™ at the surface and ~ 5 x 10" cm™3 at 2 um
below the surface. The results indicate that the Ar atoms have
been heavily doped into the Si lattice accompanied by melting and
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re-solidification process of laser-matter interaction.!?*! Moreover,
after annealing at 873 K for 30 min in a tube furnace with argon
flow, the concentration of Ar atoms is still significant, indicating
a good thermal stability of the b-Si (see Figure S1, Supporting
Information).

Note that the formation energy of Ar doped in crystalline
Si at 0 K is high due to its chemical inertness. Table S1 and
Figure S2 (Supporting Information) summarize the formation
energies (AHy, calculated by density-functional theory) for vari-
ous defects and their respective atomic configurations, also see
Method for more details. For example, for Si vacancy (V), AH;
= 3.69 eV. When Vg is filled by an Ar atom (i.e., AFV), AH; of
an AFVis as high as ~ 6.3 eV. These results agree with previous
calculations.[?28] However, at elevated temperatures, for exam-
ple when Si is melted by laser irradiation, the formation energy
of AFV can be substantially lowered to ~ 1 eV in the liquid Si
within the temperature range of 2000 to 3000 K, see the right-
upper inset in Figure 1c. Therefore, the ultrafast laser can really
introduce Ar into Si, clearly supporting the high concentration of
Ar measured by SIMS in the b-Si sample.

We evaluate the specific detectivity (D*) of the photodetec-
tor based on the b-Si sample (left-lower inset of Figure 1c) at
IR wavelength 4 = 1.31 pm (see Experimental Section for more
details), whose energy is below the Si bandgap and is hence
out of the detecting limit of intrinsic Si, and compare the re-
sult to those of non-silicon photodetectors based on their intrin-
sic absorptions.[?°! Usually a higher D* corresponds to a higher
signal-to-noise ratio for a detector. For example, Figure 1d shows
that the D* of the b-Si defector can reach 10! cmHz!'/>W~! even
working at 295 K. It is not only higher than those for PbSe and
InAs working at the same temperature but also higher than or
close to those for InAs and InSb working at much lower temper-
atures of 193 and 77 K, respectively. Hence, the inclusion of Ar
into Si by laser modification potentially offers a highly effective
IR absorption avenue for detectors.

2.2. Atomic and Electronic Origin of the Effective Infrared
Absorption by Ar

Since Ar has traditionally been regarded as a non-dopant ele-
ment, it is essential to explore the microscopic roles of Ar in the
effective infrared absorption by quantum-precise first-principles
calculations. Figure 2a—c shows the local atomic structures of
bulk Si, V;, and AFV, respectively, all calculated in 216-atom su-
percells. When a Si atom is removed to form a Vg, four Si DBs
are created (see Figure 2b). Here, the four Si atoms closest to the
V; are denoted Si,, Si,, Si;, and Si,, respectively, and the separa-
tions between any pair of them are denoted as L;;. Before the va-
cancy creation, L;; = 3.87 A. However, due to the presence of Vg,
these Si (with DBs) are relaxed inward to result in L, , = 3.03 A,

L, = 3.12 A, while all others are L =3.54 A. The symmetry
is lowered to near D,, from the orlglnal T,. These results agree
with previous calculations.!*! Figure 2d-f plots the band struc-

ture using the unfolding scheme,?!] namely, unfolding the su-
percell band structures to that of the primitive cell of intrinsic
Si. Based on them, for better observation, Figure 2g—i depicts the
schematic positions of defect levels inside the bandgap, which
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can be grouped into occupied (solid line) and empty (dashed line)
states.

AFYV, as it occupies a V; site, significantly modifies the local
structure of the V. This can be seen by comparing Figure 2c and
Figure 2b. Here, Ar pushes the Si atoms with DBs away, so L, ,
increases to 3.46 A whereas L; , increases to 5.40 A. The bond an-
gle around Si; and Si, is increased to #120°, indicating that the
local hybridization type for these Si atoms has changed from sp?
to sp?. In contrast, Si; and Si, maintain the usual sp* hybridiza-
tion type. As a result, the symmetry is further lowered from near
D, for Vg to C,, for an AFV. These structural changes cost en-
ergy, as taking an Ar atom from the vacuum and placing itata Vy
requires an extra energy of 2.56 eV. The reason for the energy in-
crease is the repulsive interaction between electrons in the closed
shell of Ar and those of the DBs of V. Because Ar is chemically
inert, there is neither a charge transfer nor shared electrons with
its neighboring Si atoms with DBs (Figure S3, Supporting Infor-
mation). This, coupled with the symmetry reduction, results in
a significant splitting of the DB states of Vj;, as the new defect
states for AFV. In particular, the two occupied states are split by
almost 1 eV, pushing the (red) Si, , state up while pushing the
(green) Si; , state down. Due to orthogonality between wavefunc-
tions, the pushed-up Si; , state in turn pushes up the two empty
DB states, as can be seen by comparing Figure 2h with Figure 2i.
Importantly, the gaps between the occupied and empty defect
states are significantly reduced relative to V;, which explains why
AFV is a good candidate for IR absorption. For localized defect
states, one needs to consider the effect of spin (Figure S4 and S5,
Supporting Information), which has been taken care of in our
discussion.

Note that the C,, symmetry is not unique to AFV. For exam-
ple, AFV can also assume approximate C;, or T, symmetry, re-
spectively, see Figure S2b,c (Supporting Information). In both
cases, the Si atoms with DBs are pushed away, leading to the
sp?-like hybridization. Thus, all AFV defects exhibit some sort of
steric-repulsive distortion (SRD) and they also have almost iden-
tical formation energies with differences just within 0.01-0.03 eV
(Table S1, Supporting Information). The energy barrier for transi-
tion between the C,, and C;, configurations and that between C;,
and T, configurations, calculated by the c-NEB method, are 0.015
and 0.013 eV, respectively. These small barriers suggest that tran-
sitions between different AFV structures will take place rapidly
at room temperature inside the vacancy (Figure S6, Supporting
Information). On the other hand, regardless of the local struc-
ture, their defect levels are always inside the bandgap (Figures
S4 and S5, Supporting Information). SRD also exists in clusters
that are made of multiple AFVs (e.g., (AFV),, (AFV); and (AFV),
in Figure S2, Supporting Information) with appreciable splitting
of defect levels (Figure S7, Supporting Information).

To demonstrate the role of these defect states in optical absorp-
tion, we apply the meta-GGA approach with the modified Becke-
Johnson (MB]) exchange potential.3233] The approach yields the
correct Si bandgap (Figure S8, Supporting Information), which
is usually underestimated by PBE. Figure 2j shows the optical
absorption coefficient for AFV with SRD. A significant enhance-
ment of sub-bandgap IR absorption is indeed found in all AFV
defects regardless of their local atomic structure, in great contrast
to the very weak IR absorption of intrinsic Si. In fact, the AFVs
also have stronger absorptions than V. The large absorptance of
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Figure 2. Modulation of local atomic structure and electronic structure of silicon by Vs; and AFV defects. Local structure of a) intrinsic Si, b) Vg;, and
c) AFV with a C,, symmetry due to steric-repulsive distortion (SRD). Arrows indicate directions of atomic relaxations compared to their ideal lattice
position. d—f) The corresponding unfolded band structures. The size of the scatters indicates atomic weight. The four Si atoms marked in panels (a-c)
form two groups: Si; , and Si3 4, whose scatters are colored red and green, respectively, and are enlarged by a factor of 10. E is set at 0 eV. Panels (g-i)
show schematically the corresponding defect levels inside the bandgap (solid line for occupied states, dashed line for empty states). The meaning of
red/green color is the same as that in (d-f). j) Calculated optical absorption coefficient for intrinsic Si, Vs;, and AFVs with C,, and C;, SRD.

the b-Si sample is also confirmed by experimental measurements
(Figure S9, Supporting Information).

2.3. Origin of the Abnormal n-Type Doping Effect by Ar

Figure 3a shows the measured sheet carrier concentration (N,)
of the fabricated b-Si compared to that of the unmodified Si sub-
strate. Obviously, the carrier concentrations of the b-Si are greatly
enhanced. For example, the N; of a b-Si sample (2.3 X 10 cm~2)
at 300 K is two orders of magnitude higher than that before the
laser modification (3.3 x 10'° cm™?). Moreover, the measured
Hall coefficients (R;) in Figure 3b are all negative from 200
to 400 K. These strongly indicate the b-Si samples are n*-type
or strong electron conductive. This result seems counterintuitive
because Ar itself cannot act as an ionized impurity due to its iner-
tia. Therefore, we further analyze the doping property of the AFVs
by first-principles calculations of ionization energy (E;). The re-
sults in Figure 3¢ demonstrate that the AFV indeed holds a lower
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donor E; than its acceptor E; while the Vg shows the opposite.
In fact, the donor E; of AFVs can be as low as 0.074 — 0.112 eV,
indicating its good tendency to offer electrons to the conduction
band. The result can be understood from a phenomenological
point of view: Ar valence electrons are in a close shell with no-
ticeably lower energies than those of Si. Due to steric repulsion,
therefore, the high-lying V; states are pushed up in energy by the
Ar. Note that some of the V; states are occupied. Repulsion by Ar
makes their ionization into the conduction band edge much eas-
ier. This is consistent with the experimental fact in Figure 3a,b
that the b-Si with Ar exhibit substantially increased n-type carrier
concentration.

2.4. Dynamic Stability of Ar-Filled Vacancy Versus Pure Vacancy
in Si

While our results for AFV agree well with experimental observa-
tions, we note that the V;, which has the lower AH; (of 3.69 eV),

© 2024 Wiley-VCH GmbH
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Figure 3. Abnormal n-type doping in b-Si by Ar. a) Sheet carrier concentra-
tion (N;) of b-Si at different temperatures. b) Temperature-dependent Hall
coefficient (Rys) of the b-Si. c) Defect ionization energy (E|) of V;, AFV
with C,, SRD, and AFV with C;, SRD. The ionization energies of the donor
and acceptor are determined by calculating transition levels with respect
to CBM and VBM, respectively.3433] E, for AFV-C,, are determined by tran-
sition level of €(+1/—1) while other values are determined by &(+1/0) or
£(0/-1).

contains gap states and would also result in sub-bandgap IR ab-
sorption. To understand why Ar is needed in the experiment, we
consider the dynamic stability of Vg and AFV by performing ab
initio molecular dynamics (MD) simulations at 500 K. However,
to study the dynamics of a vacancy, one issue is how to define its
position. Here, we use the Wigner-Seitz method, as implemented
in the OVITO code.*®] Figure 4a—d shows the atomic trajectories
over a time period of 60 ps. We see that AFV moves around its
central position, much more rapidly than a Si atom on the lattice,
which is consistent with the fact that the energy barriers between
different AFV-SRD configurations are negligibly small. Despite
the rapid local motion, AFV stays inside the same vacancy during
the entire simulation without a long-range diffusion. In contrast,
V; diffuses rapidly between lattice sites. Hence, it is not locked at
any given lattice site. Figure 4g shows the mean square displace-
ment (MSD) for Vg, revealing as many as 8 hops between sites
within 60 ps. These results suggest that the diffusion barriers for
AFV and Vg are drastically different.

To confirm, we perform calculations using the c-NEB method.
It is found that the barrier (E,) for an AFV migration to its nearby
lattice is as high as 1.8 eV (Figure 4e). To be certain, we have also
considered several other diffusion paths of AFVs but the results
are nearly the same, see Figure S10 (Supporting Information) for
details. Using the Arrhenius equation: P = v exp(— ki“T), where
kg is the Boltzmann constant, T = 500 K is the temperature, and
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Figure 4. Stability and Migration Barrier of AFV and V; defects in silicon.
The atomic trajectory for a) AFV and (b) V; during 60-ps MDs at 500 K,
viewed on a Si (110) cross-section. Blue circles in (b) denote the positions
of Vg; during the MD. c) and d) show the projected trajectories correspond-
ing to a and b, respectively. e) and f) show the corresponding migration
barriers calculated by the c-NEB method. g) MSD for Vg; during the MD.
Inset in (g) shows the schematical trajectory where arrows indicate the
movement route of Vs;.

v~ 15 THz is the attempt frequency,*”! we obtain the migration
time to be 7 =1/ P & 26 hours. Even for T=900 K (the annealing
temperature used in fabricating the black Si detectors),!! we ob-
tain 7 &~ 1 ms for one lattice hop. Not surprisingly, a 60-ps MD at
900 K (Figure 5a—c) also did not yield any migration of AFV. In
contrast, the barrier for V; diffusion can be aslow as E, =0.26 eV
(Figure 4{). The corresponding migration time at T'= 500 K is as
short as ¢ & 28 ps, which is indeed on the same order of mag-
nitude as the MD simulation has. Hence, although V; is an IR
source, it is not a stable one, as it can readily migrate to grain
boundaries or out of samples upon annealing at elevated temper-
atures.

Next, we further test the stabilities for a multi-defect condi-
tion of AFVs. First, Figure 5d displays the trajectory of four clus-
tering AFVs [(AFV),] at 500 K. The projected trajectories onto
planes (100), (010), and (001) are also shown in Figure 5e. It is
clearly demonstrated that even though four Ar fill in four nearby
vacancies in the form of the AFV cluster, they still have robust
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Figure 5. Dynamic stability of AFV at high-temperature and multi-defect conditions. a) Atomic trajectory during a 60-ps MD at 900 K, viewed on the
(170) cross-section. The time step of the trajectory is 0.2 ps. b) The projected trajectory onto different planes corresponding to a. c) A transient structure
of AFV at the last stage of the high-temperature MD. d—f) The atomic trajectory, the projected trajectory, and the transient structure of four clustering

AFVs, that is, (AFV), during the 60-ps MD at 500 K.

stability without any long-range diffusion, which is also sup-
ported by their last local structure in Figure 5f.

The physical picture above reveals the important benefits of
using “inert” Ar as in fact the “active” dopant for IR detectors at
the forbidden wavelength of intrinsic Si. First, the band splitting
broadens the absorption spectrum to a point even better than that
of the V. Second, besides the static effect, the existence of multi-
ple Ar configurations on the same site with very similar energies
and exceptionally low barriers (Figures S2,S4, and S5 in Support-
ing Information) enables a dynamic broadening of the spectrum
especially at elevated temperatures. These enhancements are due
to both steric and dynamic repulsions by Ar orbitals to Si dan-
gling bonds in AFVs. Third, Ar can act as an unexpected elec-
tronic impurity with relatively shallow donor levels. As a result,
ann™ layer can be readily fabricated on the n™-Si substrate, which
is very important for the construction of n*-n~ junction to achieve
b-Si IR detectors at the originally forbidden wavelength of intrin-
sic Si, like 1.31 or 1.55 um.[%] Finally, the robust dynamic stability
of AFVs guarantees the stable performance of b-Si devices.

3. Conclusion

In summary, we detect an exceptionally high level of Ar
(10Y7-10% cm™3) in laser-modified b-Si samples by the SIMS
measurement, even though these samples were fabricated more
than 1300 days ago under the protective Ar atmosphere. First-
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principles calculation, molecular dynamics simulations, and Hall
effect measurements together reveal the unexpected roles of Ar.
While a V§; readily migrates at 500 K, AFV is locked in space
at even a higher temperature, in spite that there is no chemical
bond between Ar and neighboring Si atoms. Ar also modifies
the electronic structure of Vg, leading to a significant broaden-
ing of the sub-bandgap energy levels. Moreover, the steric repul-
sion between Ar and DB electronic states gives rise to a shallow
donor behavior, which explains the puzzling n-typeness of laser-
irradiated samples. It is reasonable to expect that the microscopic
picture of inert element-induced IR absorption discovered here
in Si may also happen in other semiconductors. Therefore, our
work points to a new direction of using inert elements for appli-
cations in advanced electronics. What's more, the defect physics
in semiconductors will be also updated.

4. Experimental Section

First-Principles Calculation and Molecular Dynamics:
theory (DFT) calculations were performed using the VASP code,
which the projector-augmented wave (PAW) pseudo potentiall“®41] and
generalized-gradient approximation (GGA) exchange-correlation func-
tional developed by Perdew, Burke, and Ernzerh were adopted.l*21 A 216-Si
atom supercell was used to mimic the defect complexes. The energy cut-
off for the plane-wave expansion was 380 eV. For Brillouin-zone sampling,
' point was used for structural relaxation and molecular dynamic (MD)

Density-functional
13839] i,

© 2024 Wiley-VCH GmbH

85UB017 SUOWILIOD 3AIER.D 3ol dde 3y} Aq paueA0b 88 S3o1Me YO ‘BSN J0 S3INJ 10} Aelq )T 3UIIUO AB]IA UO (SUOIPUOD-PUR-SLLBHWIOD" A | 1M ARe.d)1)BUUO//STNY) SUORIPUOD Pue sWis | 8y} 88S *[7202/90/60] U0 A%eiqiauliuo /1im AiseAun utlic Aq T9E00YZ0Z LLOoPe/Z00T OT/I0p/woo 3| M Azeiq Ul |uo//:sdny woiy papeojumod ‘0 ‘TL0TS6TE


http://www.advancedsciencenews.com
http://www.advopticalmat.de

ADVANCED
SCIENCE NEWS

ADVANCED
OPTICAL
MATERIALS

www.advancedsciencenews.com

simulation, while a 3x3x3 Monkhorst-Pack k-point grid was used in the
total energy and electronic structure calculations. The MD simulations use
the NVT ensemble with a time step of 2 fs. Band structures of the su-
percells were unfolded using the modified VaspBandUnfolding package.[+*]
Energy barriers were calculated using the climbing image nudged elastic
band (c-NEB) method.[“4#] Visualizations of the atomic structure and
charge density were done using the VESTA code.[*®] Positions of the V;
were determined by the Wigner-Seitz method in the OVITO code.*¢] The
energies of AFVs in liquid Si (to evaluate the formation energy) were ob-
tained by performing 20-ps NVT MD simulations, extracting free energies
between 10 and 20 ps (totally 5000 frames), and then taking their average.
More calculation details of formation energy and absorption coefficient
are presented in Notes S1 and S2 (Supporting Information).

Fabrication and Characterization: The fabrication details of b-Si sam-
ples by ns-laser were reported in our previous work.[23] The b-Si was fab-
ricated with a laser power of 20 mW and a laser fluence of 7.88 | cm~2.
The concentration of Ar in laser-modified b-Si samples was measured by
a dynamic secondary ion mass spectrometer (D-SIMS). The D-SIMS in-
strument was equipped with a Cameca IMS-4F device using the 8 keV
Cs™ primary beam. The electrical characteristics including sheet carrier
concentration N and temperature dependent Hall coefficient Ry;s of b-Si
samples were obtained by an ACCENT HL5500PC Hall system based on
the Van der Pauw method. More details of the fabrication, the absorptance,
the responsitivity, and specific detectivity are presented in Notes S3 and
S4 (Supporting Information).

Supporting Information

Supporting Information is available from the Wiley Online Library or from
the author.
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