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Abstract— Micro-ripple and micro-bead structures are formed
on a silicon (Si) surface after irradiation with femtosecond laser
pulses in nitrogen (N2 ) atmosphere. Simultaneously, supersaturated nitrogen (N) atoms, with a concentration above 1020 cm−3 ,
are doped into the textured black Si layer via laser ablation. The
N-doped Si exhibits strong below-bandgap infrared absorption
from 1.1 to 2.5 µm, which remains nearly unchanged after
annealing for 30 min at 873 K. The mechanism of this thermally
stable infrared absorption is analyzed by first-principles calculations. According to the transmission electron microscopy results,
multiple phases (including single crystalline, nanocrystalline, and
amorphous phases) are observed in the laser-irradiated layer.
Hall Effect measurements prove that N-dopants induce a low
background free-carrier concentration (∼1.67 × 1016 cm−3 ).
Finally, a Schottky-based bulk structure photodiode is made.
This broadband photodiode exhibits good thermal stability and
a photo-responsivity of 5.3 mA/W for 1.31 µm at a reverse bias
of 10 V.
Index Terms— Femtosecond laser, nitrogen doping, black
silicon, infrared detection, first-principles calculation.

I. I NTRODUCTION

C

URRENTLY, silicon (Si) material still plays an
irreplaceable role in microelectronic industry. Si-based
optoelectronic devices continue to attract strong interest of
researchers and the commercial world due to their low cost and
compatibility with the CMOS technology [1], [2]. However,
the 1.07 eV bandgap of Si restricts its application for detecting
near-infrared light beyond 1.1 μm, where the III-V and IV-VI
groups semiconductors such as InGaAs, PbS, and PbSe are
dominant materials for infrared detectors. To solve this problem, much effort has been dedicated to extending the absorption wavebands of Si by, for example, intentionally inducing
structure defects in Si crystals by inert ion implantation
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(He, B, Si, etc.) [3]–[5] or supersaturated doping of chalcogen
elements (S, Se, and Te) by ion implantation or pulsed laser
irradiation [6]–[8]. According to previous reports, most of
the infrared photodetectors based on inert ion implantation
are fiber-coupled single-point detectors with waveguide architecture. The fabrication process of these devices is restricted
to temperatures below 575 K, since the infrared-absorptionrelated defects in these devices are unstable under thermal
treatment. As to S-hyperdoped black Si (B-Si) irradiated
by femtosecond (fs) laser pulses in SF6 , the sub-bandgap
absorptance of hyperdoped Si increases to 90% for wavelengths from 1.1 to 2.5 μm [6], [7]. However, the high nearinfrared absorption is also unstable after thermal annealing,
which is a necessary process in optoelectronic device fabrication [7], [8]. In addition, donor states induced by S impurities
in S-hyperdoped Si will result in a high background freecarrier concentration [9], [10], which can overwhelm the subbandgap photoelectric conversion signal and make detection
of infrared light very difficult. Further efforts have been
made to reduce the free-carrier concentration in hyperdoped
Si via introducing gold (Au) as a self-compensation dopant.
Au-hyperdoped Si is made by ion implantation and pulsed
laser melting. Free-carrier concentration in this material is
reduced via self-compensation of the Au-induced donor and
acceptor energy levels [11]. However, Au-hyperdoped photodiodes do not exhibit high photo-responsivity (0.3 mA/W@−5 V
for 1310 nm) due to their very low infrared absorptance
(< 3%). In brief, to realize Si-based infrared detection, hyperdoped Si should at least meet the following two requirements:
(i) a high and thermostable infrared absorption and (ii) a low
free-carrier concentration.
In this paper, nitrogen (N) is chosen to be doped into Si substrates by fs laser irradiation due to the following advantages.
Firstly, N impurities in Si crystal tend to form di-interstitial
pairs (Ni–Ni), which are stable below 1073 K [12], [13].
Because of the neutral doping property of N dimers, the
free-carrier concentration in N-doped B-Si should be low.
Secondly, N impurities in Si crystal provide excellent flexibility in controlling oxygen precipitation [14]–[18], locking
dislocations [19], controlling the vacancy concentration [20],
and improving the mechanical strength [21]–[25]. Moreover,
N-hyperdoped crystal Si shows stable sub-band absorption,
which has been proved by first-principles calculations [42].
In the current work, non-toxic nitrogen (N2 ) was chosen as
the dopant for fabricating N-hyperdoped Si. In contrast to
nitrogen trifluoride (NF3 ) [26], it is very safe and environmentfriendly. In addition, infrared photodiode devices based on
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these materials have been systematically studied and can be
well reproduced.
II. E XPERIMENTS AND T HEORY
A. Fabrication of Black Si Samples and Photodiodes
Single-crystal Si (111) wafers (250 μm thick, n-type,
ρ > 1500 ·cm) are cut into 15×15 mm2 squares and cleaned
under ultrasonic bath in trichloroethylene, acetone, ethanol,
and deionized water for 10 min respectively. Then these Si
substrates are irradiated by fs laser pulses in a sealed chamber
filled with N2 under 0.1 MPa. Laser pulses are generated from
a Ti:Sapphire fs laser amplifier (Spectra-Physics, 100 fs pulse
duration, 800 nm wavelength, and 2.5 kHz repetition rate).
The diameter of the laser spot incident onto the Si surface is
343 μm. To obtain alarge-area N-doped surface, the vacuum
chamber is moved synchronously with a computer-controlled
translation stage in the plane perpendicular to the direction of
the incident laser beam. The translation path of the vacuum
chamber has an S-shape, and the sweep speed is 2 mm/s. The
displacement between two adjusted lines is 65 μm. The Si
surface is irradiated by 1120 pulses at each point.
To fabricate N-doped Si photodiodes, 5 × 5 mm2 area of Si
samples are fabricated under a laser fluence of 0.08 J/cm2 .
After laser-induced doping, N-doped samples are annealed
at 873 K for 30 min and then dipped into a diluted HF
solution (5%) to remove the native oxide layer from the
Si surface. Afterwards, to produce an ohmic contact, metal
aluminum (Al) is coated onto the N-doped side (front side)
by thermal evaporation, followed by alloying the Al–Si interface through thermal annealing treatment (473 K, 1 min in
Ar atmosphere). In addition, to ensure that the incident light
can be well absorbed, the Al electrode is designed as a
fingerlike grid illustrated in Fig. 5a and 5b. Then, an Au film
is thermally evaporated onto the Si back surface that is not
treated by the fs laser to form a Schottky contact.
B. Experimental Characterization Methods
Topography Characterization: Surface morphologies of the
irradiated samples are obtained using a JSM-7500F field
emission scanning electron microscope (SEM, JEOL, Japan).
Transmission electron microscopy (TEM) micrographs and
selected area diffraction (SAD) patterns are collected with
JEM-2100F, JEOL TEM operated at 200 kV. The laser fluence
used for sample fabrication is 0.05 J/cm2 . To meet the standard
of TEM measurements (the thickness of the detected layer
should be smaller than 100 nm), N-doped reference samples are fabricated with a silicon-on-insulator (SOI) substrate
(50 nm thick top Si, 375-nm-thick buried oxide) instead of
the crystalline Si substrate. Then, the buried SiO2 layer of the
annealed (30 min at 873 K in Ar) reference sample is etched
off by diluted HF (5%) at room temperature. As a result, scraps
of the top layer (50 nm) on the N-doped Si are separated
from the SOI substrate by chemical exfoliation and collected
for TEM measurements. We note that all the collected B-Si
scraps (top 50 nm) belong to the N-doped re-solidified layer,
since the average melting depth of the Si substrate caused by
the fs laser is about 500 nm (according to the secondary ion
mass spectrometry (SIMS) result in Fig. 2a).

C. Optical and Electric Characterization
The total hemispherical (specular and diffuse) reflection (R)
and transmission (T) of the samples are directly measured
by a Shimadzu UV-3600 spectrophotometer equipped with an
integrating sphere device (LISR-UV3100). The absorption (A)
is calculated by the formula A = (1 − R – T) in the
range of 0.25–2.5 μm. The distribution profiles of the depthdependent N concentration in the Si substrate are analyzed
by SIMS. The instrument is equipped with a CAMECA 6F
device using a 10 keV Cs+ primary beam at an incident angle
of 25 degrees with the surface normal. The detecting ozone
area is 20 × 20μm2 , and the total analyzed depth is more
than 100 nm.The electrical properties (sheet carrier density and
carrier mobility) are measured with an ACCENT HL5500PC
Hall system at room temperature based on the Van der Pauw
method. N-doped samples are fabricated on 15 mm square Si
substrates under varying laser fluence (0.08, 0.15, 0.23, 0.30,
and 0.38 J/cm2 ) and annealed for 30 min at 873 K. Then,
metal indium (In) electronic contacts of 1 mm diameterare
deposited at the four corners of each B-Si sample. Afterwards,
an alloying annealing process (1 min at 473 K) is applied
to ensure a good ohmic contact between the metal In and
the disorder layer. I–V properties of the N-doped infrared
photodiodes are obtained by aKeithley 2400 sourcemeter. The
response time of the devices is measuredby an oscilloscope.
D. Theoretical Calculation
To provide a theoretical description, our calculation
employs density functional theory [27] as implemented in
the Vienna ab initio simulation package (VASP) code [28].
The electron–ion interaction is described by the projector augmented wave (PAW) pseudopotential [29]. We used
the generalized gradient approximation (GGA) [30] for the
exchange-correlation functional as proposed by Perdew–
Burke–Ernzerhof (PBE) [31]. The samples of amorphous Si
and N-doped amorphous Si (Si96 N4 ) with 100 atoms are
obtained through a melt–quench process by molecular dynamics (MD) simulations. Nosé thermostat [32] is used to control
the temperature in the NVT canonical ensemble. The density
of these samples is equal to the value obtained in previous
experiments [33], [34]. The two samples are first heated at
3000 K for 3 ps, followed by quenching to 1900 K, and
maintained for 6 ps in liquid phase. Finally, they are quenched
to 300 K and then equilibrated for 9 ps. A time step of 1 fs and
the Gamma point in Brillouin-zone sampling are used for the
simulations. An energy cutoff of 400 eV is used. After optimizing the final amorphous structure, ε2 is evaluated. For the
property calculation, a higher energy cutoff of 520 eV is used.
III. R ESULTS AND D ISCUSSIONS
Four different samples are fabricated at different laser
fluences of 0.05, 0.08, 0.23, and 0.30 J/cm2 . As shown
in Fig. 1a∼d, the surface morphologies (viewed at 45° to
the normal) of the N-doped B-Si samples are dependent on
the laser fluence. When the laser fluence is below 0.08 J/cm2
(Fig. 1a and b), ripple microstructures are formed. These ripple
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Fig. 1. (a)-(d) SEM images (tilt 45° ) of nitrogen doped black silicon fabricated at different laser fluence: (a) 0.05 J/cm2 , (b) 0.08 J/cm2 , (c) 0.23 J/cm2 ,
(d) 0.30 J/cm2 , scale bars are 10 μm (mail panel) and 4 μm (inset) for (a)-(d),
respectively; (e) The corresponding absorptance of four nitrogen doped
samples and virgin silicon substrate. The solid lines and dash-dot lines
represent the absorption of unannealed and annealed samples, respectively.

microstructures, with a period of ∼0.6 μm, are parallel to the
laser polarization [35]. When the laser fluence increases to
more than 0.23 J/cm2 (Fig. 1c and d), the ripple microstructures evolve to bead-like microstructures, which are 3–4 μm
tall and separated by 3–4 μm. Additionally, in the insets of
Fig. 1c and d, nanoparticles with diameters of several hundred
nanometers are observed on the bead-like micro-structured
surface.
Fig. 1e shows the optical absorption spectra of the N-doped
samples and Si substrate at wavelengths from 0.25 to 2.5 μm.
The small infrared absorption of the Si substrate is related to
the imperfect baseline of the barium sulfate (BaSO4 ) disk and
the integrating sphere measurement system [38]. Compared to
the absorptance of an unstructured Si substrate (the black line
in Fig. 1e), the N-doped B-Si samples irradiated by fs laser
pulses (solid colorlines) exhibit high broadband absorptance
both above the bandgap (0.25–1.1 μm) and below the bandgap
(1.1–2.5 μm). Here, the enhancement of absorptance above
the bandgap can be attributed to the multi-reflections on the
textured B-Si surface and the large contact area between the
incident laser spot and micro-structured Si surface [36], [37].
The large below-bandgap absorptance (20–50%) is caused
by the structural defects related to the Urbach states and
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the hyperdoped N atoms and further enhanced by the multireflection effect of the geometric structure. The below-bandgap
absorption increases with laser fluence, since a higher laser
fluence can induce stronger light trapping effect and dope
more N atoms into the Si surface layer due to the deeper
ablation. Annealing the B-Si samples at 873 K for 30 min in
argon (Ar) retains the absorptance above the bandgap, while
slightly decreasing the absorptance below the bandgap at the
wavelengths of 1.1–1.7 μm (dash-dot lines in Fig. 1e). This
reduction in the absorption corresponds to the elimination
of the partial Urbach states, which are sensitive to high
temperatures [8], [38]. However, the annealing process hardly
affects the absorption at wavelengths of 1.7–2.5 μm, which
is determined by impurity doping. It should be mentioned
that, even though the infrared absorptance of unannealed
N-doped samples (20–50%) is much lower than that of typical
unannealed S-doped B-Si (more than 90%) [7], after thermal
annealing, N-doped Si samples exhibit higher absorptance
(20–40%) than S-doped samples (20%). The large belowbandgap absorptance makes N-doped B-Si a promising material in the infrared optoelectronic field.
When the laser fluence is higher than the melting threshold
of Si, doping of N atoms into the Si lattice can occur during
the laser-induced melting and re-solidifying process. In order
to measure the concentration distribution of N atoms in the
textured Si surface layer, a SIMS measurement is performed.
The concentration distributions of N impurities in B-Si
(fabricated at 0.08 J/cm2 ) before and after the annealing
process are shown in Fig. 2a. After the laser doping, the
N concentration in B-Si is about four orders of magnitude
larger than the solid solubility of N atoms in Si [39]. The
highest concentration of N impurities is ∼ 2.56 × 1020 cm−3
(0.5 at.%) at a depth of 68 nm for B-Si before annealing.
However, after annealing, the highest concentration drops
to 1.09 × 1020 cm−3 (0.2 at.%), and the corresponding
depth changes to 130 nm. Furthermore, the N concentration
in both samples stabilizes at a depth of 0.6–1.0 μm, with the
stabilized value of ∼ 6.0 × 1017 cm−3 . The N concentration
becomes constant after 500 nm, this may come from
concentration lag effect of ultra-doped layer, which is caused
by the fallback deposit and residual from spurting system.
The inset figures are the N element images for three different
doping depths, with the corresponding lateral resolution less
than 1 μm.
To determine the crystal structure of the N-doped
layer modified by fs laser pulses, transmission electron
microscopy (TEM) measurements are performed. Here, a B-Si
sample (Fig. 2b) is fabricated with a laser fluence of 0.05 J/cm2
and then annealed at 873 K for 30 min. The corresponding
SAD pattern is shown in Fig. 2b. Magnified TEM images of
a partial region (Fig. 2c, d, and e) indicate that three different phases (single crystalline, polycrystalline, and amorphous
phase) exist in the N-doped layer. Actually, the re-solidified
surface layer of the fs-laser-ablated Si is a disordered layer that
consists of nanocrystalline Si grains and nanopores [40]. After
thermal annealing, the amorphous phase tends to crystallize
(Fig. 2c), although some amorphous phases still maintained
(Fig. 2e). However, the SAD pattern in Fig. 2b indicates that
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Fig. 3. First-principles study of N doped in amorphous Si. (a) Atomic picture
and local configuration of N atom; (b) Bond angle distribution (per atom) for
Si and N respectively. (c) The calculated imaginary part of permittivity for
N doped amorphous Si (a-Si96 N4 ), pure amorphous Si and crystalline Si.
(d) Partial electronic density of states for Si (s, p) and N (s, p) electrons in
a-Si96 N4 .

Fig. 2. (a) SIMS profiles of nitrogen doped silicon during a depth of 1 μm;
inserts are the dopant distribution in a specific area during three depths;
(b)-(e) TEM images of the top 50 nm surface layer of nitrogen doped silicon
samples, insert picture in (b) is the electronic diffraction pattern.

the N-doped layer has an obvious crystalline order, which may
be because the amorphous phase is present between the
nanocrystalline grains [41]. Overall, the N-doped surface is
a complex disordered layer composed of multiple phases.
Next, the origin of the observed stable infrared absorption
(1.7–2.5 μm) induced by supersaturated N dopants in N-doped
Si should be clarified. To this end, theoretical calculations
are performed to simulate the infrared absorption induced by
N-doping. After fs laser irradiation, N impurities are doped
into both the nanocrystalline and α-Si phases during the
surface melting and re-solidifying process. Thus, the dopants
in the α-Si phase should not be neglected. However, previous
theoretical simulations for the sub-bandgap absorption of
hyperdoped Si are mainly focused on impurity-doped crystalline Si [42], [43]. For a comprehensive study, we simulate
the electronic structure of N-doped amorphous Si by firstprinciples calculations. Fig. 3a displays the atomic pictures.
It is very clear that Si still has a coordination number of
4, while all the nitrogen has a coordination number of 3.
Further, an average band angle distribution is shown to reveal
their local configurations, see Fig. 3b. The bond angle distribution of Si is peaked at 109.5°, indicating the standard

sp3 hybridization motif. In contrast, the doped N atoms have
an extra main peak at around 120°. Based on the N electronic
configuration (s 2 p3 ), the three coordinated neighbors are
naturally stratified according to the 8-N rule. However, owing
to binding to silicon, here, we find not the pure p-bonding
characteristic of N but a sp2 -like local motif. In agreement
with the experiment, the doped amorphous model has much
stronger absorption (within the bandgap) than the crystalline
Si (substrate) according to the calculated imaginary part of
the permittivity (ε2 ), see Fig. 3c. However, compared to
pure amorphous Si without dopants, N-doped amorphous Si
absorption in fact exhibits a certain degree of reduction. The
partial density of states (PDOS) shown in Fig. 3d demonstrates
that the N atom contributes few electronic states near the
band edge or in the bandgap. Therefore, the N atom itself
does not contribute directly to the infrared absorption, but
its specific sp2 -like robust motif can pin and stabilize the
amorphous network in Si. Thus, N-doped samples can exhibit
stable infrared absorption after thermal annealing.
The electronic properties of the annealed N-hyperdoped
disordered layer are investigated by Hall Effect measurements
based on the Van der Pauw technique. The measured results
for the sheet carrier density and carrier mobility are shown
in Fig. 4a. For all five B-Si samples, both the sheet carrier
density and carrier mobility remain almost unchanged with
the increase of the fabrication laser fluence. This is because
the doping concentration of N impurities is mainly determined
by the background N2 pressure during the laser irradiation
and melting process induced by fs laser ablation, so the
N concentrations in all five samples are approximately the
same [44]. Moreover, the sheet carrier electronic densities of
all the N-doped Si samples are on the order of 1012 cm−2 ,
which is much larger than that of the original Si substrate
(∼ 1010 cm−2 ), since a certain number of doped N atoms
occupy positions in the Si lattice and form substitutional
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Fig. 4. Hall Effect measurements for sheet carrier concentration and carrier
mobility of nitrogen doped silicon fabricated at different laser fluencies.

donor impurities. The carrier mobility of N-doped B-Si is on
the order of 102 cm2 V−1 s−1 (Fig. 4), which is an order of
magnitude less than the value for the unstructured crystalline
wafer (1700 cm2 V−1 s−1 ). The decrease of the carrier mobility
can be attributed to the disorder structure in the surface layer
and enhancement of impurity scattering.
Furthermore, the depth of the melting and resolidification
layer of B-Si is about 500 nm [44], so the maximum bulk
carrier density should be ∼ 1.67×1016 cm−3 . This free-carrier
concentration is much smaller than the average concentration
of doped N atoms obtained from the SIMS measurement
(∼ 1019 cm−3 , Fig. 2a). It means that only about 0.2% of
the doped N atoms possess electrical activity. In comparison
to S-doped Si, where about 1∼10% of the laser-doped S atoms
are activated, the number of active atoms is much smaller in
N-doped samples. This result again confirms that N in Si tends
to form neutral doping dimers other than free-carrier donors.
Based on the described results, N-doped B-Si samples
turn out to be a promising candidate for making infrared
photodetectors due to two outstanding advantages: the
thermostable infrared absorption (from 1.1 μm to 2.5 μm)
and low free-carrier concentration. We then proceed to
fabricate photodiodes from N-doped B-Si samples based on
the Schottky barrier structure. Fig. 5a shows a schematic
diagram of the completed device. An N-doped B-Si layer is
fabricated on the front side of a Si substrate. A Schottky barrier
is formed at the back side of the device at the Au–Si interface
(for more details, see the experimental part). Current–voltage
(I–V) characteristics of the N-doped B-Si photodiode are
shown in Fig. 5c. At a reverse bias of 10 V, the device
shows a low dark current density of 0.09 mA/cm2 (dark line
in Fig. 5c). The photocurrent (red line in Fig. 5c) clearly
increases after illumination with 1.31 μm near-infrared light
(5 mW laser diode), and the photo-responsivity is calculated
to be 4.0 mA/W at −10 V, which is much larger than
the photo-responsivity of a commercial PIN Si photodiode
(0.02 mA/W@-10 V). For comparison, S-doped photodiodes
are fabricated with the same device structure and experimental
parameters. Similarly, the photo-responsivity of the S-doped
photodiode (0.6 mA/W@ −10 V for 1.31 μm) is much lower

Fig. 5. (a) and (b) Two different schematic diagrams of nitrogen-doped silicon
photodiodes. (c) and (d) The corresponding photo current and dark current vs
voltage characteristics for the three photodiodes; (e) and (f) Corresponding
responsivity vs reverse bias for the three photodiodes.

Fig. 6. Rise times and fall times of N-doped Si device with single-absorbinglayer.

than that of the N-doped one. Further, the time scales for the
switching and the detectivity of the single-absorbing-layer Si
device are evaluated. From a time-dependent measurement
for the device (see Fig. 6), the response time and the rise and
fall time scales are estimated to be 3.4 ms.
To increase the absorption of incident light, we introduce a
double-absorbing-layer device structure (Fig. 5b). In this case,
a Schottky contact is formed between the Au and N-doped Si
back surface. Inevitably, this device has a relatively high dark
current density (0.23 mA/cm2 @ −10 V) due to the rough
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Schottky contact surface. However, this device presents an
obvious advantage, as shown by the dark line in Fig. 5d. At a
reverse bias of 10 V, the photo-responsivity of the doubleabsorbing-layer device for 1.31 μm light is 5.3 mA/W; this
responsivity is ∼1.2 times higher than that of the singleabsorbing-layer device. The higher responsivity of the doubleabsorbing-layer device indicates that the photogenerated e–h
pairs at the N-doped junction region contribute significantly
to the good performance of the device. This is because the
thickness of the implanted region of the double-absorbinglayer device is larger than that of the single-absorbing-layer
device. The enhancement of the photo-responsivity is in
accordance with the increase of the infrared absorptance,
which is about 20% larger in double-absorbing-layer Si than
in single-absorbing-layer Si because of a larger amount of
photogenerated carriers for the double-absorbing-layer device.
To quantitatively determine the effect of the applied field
on the e–h pair splitting efficiency, the dependencies of the
responsivity on the applied reverse voltage for two types of
devices are given in Fig. 5e–f. From these dependencies,
we can see that the responsivity increases rapidly and linearly
with the increasing applied reverse voltage. This behavior
implies that the photogenerated e–h pair splitting efficiency
would rise with the increasing applied electric field.
IV. C ONCLUSIONS
In conclusion, N-hyperdoped B-Si is obtained by fs laser
irradiation in N2 atmosphere. Microstructures (ripples or
beads) are observed on the Si surface layer after fs laser
ablation. The N-doped layer exhibits strong below-bandgap
absorption (20–50%) due to the Urbach-states-related defects
and the hyperdoped N impurities. The latter contribution
induces a thermal-insensitive infrared absorption in N-doped
Si, because the N-atom-specific sp2 -like robust motif can
pin and stabilize the amorphous network in Si. Even though
N atoms with a high concentration (above 1020 cm−3 ) are
doped into Si samples during the melting and re-solidifying
process, only ∼0.2% of these impurity atoms have electrical
activity. Consequently, N-doped B-Si exhibits a low freecarrier concentration. At last, a Schottky-based bulk-structure
photodiode is made from N-doped Si. The single-absorbinglayer photodiode has a low dark current density, good thermal
stability, and a photo-responsivity of 4.0 mA/W for 1.31 μm
at −10 V. Employing a double-absorbing-layer structure can
increase the photo-responsivity to 5.3 mA/W at the same
reverse bias.
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