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Abstract: Hyperdoped silicon (hSi) fabricated via femtosecond laser irradiation has emerged
as a promising photoelectric material with strong broadband infrared (IR) absorption. In this
work, we measured the optical absorptance of the hSi in the wavelength of 0.3-16.7 pm. Unlike
the near to mid wavelength IR absorption, the mid-long wavelength IR (M—LWIR) absorption is
heavily dependent on the surface morphology and the dopants. Furthermore, calculations based
on coherent potential approximation (CPA) reveal the origin of free carrier absorption, which
plays an important role in the M—LWIR absorption. As a result, a more comprehensive picture of
the IR absorption mechanism is drawn for the optoelectronic applications of the hSi.

© 2022 Optica Publishing Group under the terms of the Optica Open Access Publishing Agreement

1. Introduction

In the past half-century, microelectronic technology has greatly promoted the development
of information technology, especially for microelectronic devices based on silicon (Si) and
III-V group semiconductors. The silicon material is more compatible with the current mature
complementary-metal-oxide-semiconductor (CMOS) technology at a low cost. However, the
bandgap of Si (1.12eV) limits its application, especially for the infrared (IR) optoelectronic
integration devices. To meet this challenge, various methods have been developed to modify the
intrinsic band structure of Si via the intentional introduction of defects [1-4]. Femtosecond (fs)
laser irradiation, as an effective surface modification technique to functionalize Si materials, has
successfully introduced supersaturated impurities or dopants (e.g., S, Se, Te, N, Au, and Ag) in
the surface layer at concentrations of 10'°-10%° atoms/cm™ (3—4 orders of magnitude above the
equilibrium solid solubility limit) [2,5-7]. Simultaneously, a forest of quasi-ordered micrometer-
sized conical spikes could also be created on the surface [8]. Thus, this fs-laser irradiated
Si has also been named black silicon or hyperdoped silicon (hSi) [2,5,9]. The supersaturated
impurities doped in silicon could form intermediate bands (IBs) in the bandgap of Si and induce
strong below-bandgap optical absorptance and photocurrent generation [10—12]. Moreover, the
surface microstructures further enhance the light absorptance through multireflection. Overall,
these characteristics highlight the potential applications of the hSi such as high-efficiency solar
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cells [13,14], infrared photodiodes [15,16], novel photo-assisted gas sensors [17-20], and plane
blackbody with ultrahigh emissivity [21].

Although the hSi exhibits strong sub-bandgap absorption at wavelengths up to longer than 15
um and photoconductivity spectra in wavelength of 2-21 pm, photodiodes based on hSi exhibit
responsivity only up to around 1.5 pym [9,15,22]. The large difference in the photo-electric
properties between the wavelength of shorter and longer than 1.5 um implies that there should be
different mechanisms for the optical absorption in different wavelengths. It has been identified that
bandgap or intrinsic absorption, impurity level-to-band absorption, and free carrier absorption
are the main mechanisms for the optical absorptance of the hSi [23]. More than 99% absorptance
in the visible to near-infrared (vis—NIR, 0.3—1.1 um) could be obtained from the synergy of
surface microstructures and intrinsic absorption, and as high as 90% absorptance in near to
short wavelength IR (NIR-SWIR, 1.1-2.5 um) has been demonstrated due to the presence of
the impurity level-to-band absorption [8,24]. Furthermore, the mid to long wavelength infrared
(M-LWIR, 3-16 um) absorptance has been randomly reported to be influenced by surface
morphology, doping impurities, nano-particles, coating film in the surface layer and many other
factors [24-27]. However, considering the broad wavelength range in IR, the complete picture of
the optical absorption mechanism for IR is not so clear. It has been confirmed there is an upper
bound in mid-wavelength infrared (MWIR) for the impurity level-to-band absorption [24-27],
so the strong absorption in longer wavelengths could not be explained by the IBs induced by
supersaturated dopants. Therefore, a further clarification of M—-LWIR absorption mechanism is a
crucial step for the optoelectric applications in IR range based on the hSi.

In this work, we fabricate hSi samples via fs-laser irradiation in sulfur hexafluoride (SF),
nitrogen trifluoride (NF3), and nitrogen (N;) gas ambient, denoted SFg-, NF3- and N»-hSi,
introducing super-saturated S atoms, N atoms, and N, molecules, respectively [8,10,28]. We
measure the optical absorptance in the wavelength range of 0.3-16.7 pm, and demonstrate
large difference of M—LWIR absorptance from shorter wavelengths before and after annealing.
Furthermore, the effects of surface morphology and the dopants are studied by fabricating hSi
samples with different laser fluences and by performing chemical etching experiment. In addition,
the CPA calculations implemented in the nano-electronic device simulator (NANODSIM) package
based on disordered doping structure reveals the origin of free carrier absorption, which should
be one of the most important factors for the M—LWIR absorption.

2. Experiment and calculation

The Czochralski (CZ) silicon wafer with 250 um thickness (P-type, (100), 1-3 Q /cm?) was
placed on a mobile panel in a stainless-steel vacuum chamber. The chamber was filled with 70
kPa gas atmosphere of SFg, NF3, or N;. The silicon wafer was irradiated by a Yb:KGW fs-laser
that delivered a 1 kHz train of 190 fs laser pulse at a wavelength of 515 nm. The pulsed laser
beam was focused to a spot size of 60 um in diameter on the silicon surface with a 250 mm
focal length lens. An area of approximately 10 X 10 mm? textured surfaces was raster-scanned
at a speed of 500 um/s, and any given spot on the wafer is exposed to an average of 350 shots.
Different laser fluences on the Si surface were obtained by adjusting the output power of the laser
and the speed of the raster scanning, so that the height of the conic spikes on the surface layer
could be modulated. With the fs-laser irradiation at the fluence of 12.1 kJ/m?2, 12.3 kJ/m? and
15 kJ/m? in the atmosphere of SFg, NF3, N,, we obtained SFg-, NF3- and N»-hSi covered with
quasi-period conical spikes of similar average height (). More details on the fs-laser doping
procedure and experimental setup was described in Ref. [5].

After laser texturing, rapid thermal annealing (RTA) was performed for certain samples in
forming N5 gas at 800 K for 5 min. The total hemispherical (specular and diffuse) reflectance
(R) and transmittance (T) spectra of these hyperdoped samples were measured to obtain its
absorptance (A=1 - R — T). A UV-vis-NIR spectrophotometer (Varian Cary 5 E) was used to
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collect the visible (vis) and NIR (0.25-2.5 um) absorptance data, and a Fourier Transformed-
Infrared (FTIR) spectrometer (Brucker Equinox 55) was used for measurements of IR spectra in
2.5-16.7 um. Both spectrophotometer and FTIR spectrometer are equipped with an integrating
sphere. Scanning electron microscopy (SEM) was used to observe the surface morphology and
measurement the characteristic dimensions of microstructures on the surface layer. To measure
the characteristic dimensions, the SEM was observed at an angle of 45° to the surface. Thus,
the high (h) of the quasi-periodic spikes on the surface were obtained by the observed heights
divided by cos45°. The chemical etching of hSi surface was done by using 10% KOH solution at
60 °C for a controlled time duration, with an etching speed of about 480 nm/min for the Si (100)
surface [29]. The presence sulfur dopants in the etched samples was determined by the X-ray
photoelectron spectroscopy (XPS).

The hyperdoped impurities in silicon were theoretically investigated by CPA method, and the
band structures of the hSi were calculated. The CPA method is based on the non-equilibrium
Green function and implemented in the density functional theory (DFT) within the tight binding
linear muffin-tin orbital (TB-LMTO) under atomic sphere approximation (ASA), more details can
be found elsewhere [30,31]. A modified Becke—Johnson (MBJ) semi-local exchange potential
was proposed to provide an accurate band gap, and the above LMTO-CPA-MBJ self-consistent
DFT calculation is implemented in the NANODSIM package. Compared with the supercell
method based on the Vienna Ab-initio Simulation Package (VASP), the CPA method is more
suitable for the low doping concentration and the disorder effect, which are the most obvious
characteristics of dopants in the hSi [11]. For the system of crystalline Si, the K-point samplings
are 3x3x3 and 2x2X2 in the irreducible Brillouin zone (BZ), which included 64 and 216 atoms
and the corresponding sulfur doping concertation was 1.56% and 0.46%, respectively. Changing
the chance of atomic site to modulate the disorder of the model, e.g., for the S, Si;_, an atomic
site had an x chance to be an S atom and a (1—x) chance to be a Si atom, and hence, the disorder
effect for any concentration could be calculated. Here, we defined the probability value of x as
the disorder of impurities. As mentioned above, when x = 1, it was a periodic doping model;
while x < 1, the doped model was disordered, and a smaller x indicated a much disordered model.

In our calculations, dopants atoms were placed at appropriate substitutional configurations
(S1:Sig3 and S:Siy;5) with the different disorders (x =0.1-1), and the radii (R,) of the atomic
spheres were takes the same value of 1.83 ag. Besides, other parameters such as band gap Eg of
silicon, the width of the impurity band (Wgp), distance between the top of the valence band and
the bottom of the impurity band (Dypm-gi1) and bottom of the conduction band and the top of the
impurity band (Dcpm-g1) were listed in Table 1.

Table 1. The parameters used in the two ASA model.

R, (ap) Eg (eV) WEi(eV) D vem-Er (eV) Dcpm-Er (€V)
S1:Sig3 1.83 1.1973 0.6123 0.6449 -0.0599
S1:Sipgs 1.83 1.1646 0.2150 0.8544 0.0952

3. Results and discussion

We fabricate 3 kinds of hSi samples in the atmosphere of SFg, NF3_ or N; under different laser
fluences, and compare the highest optical absorptance from different hSi samples, the results are
shown in Fig. 1(a). All the as-irradiated hSi samples exhibit strong broadband optical absorptance
compared to the planar crystalline Si. In particular, the SF¢-hSi has the highest absorptance of
>80% in the whole measurable wavelength range of 0.3—-16.7 pm. In comparison, both NF3- and
N,-hSi samples exhibit similar absorptance spectra. In the range of 9—16.7 um, the absorptance
of both samples is ~70%, only slightly lower than that of the SF4¢-hSi. However, in the range of
shorter wavelength (<9 um), the optical absorptance of the NF3- and N,-hSi samples is much
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lower than that of the SF¢-hSi, both of which increase gradually from ~30% at 3 um to ~70% at

9 um.
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Fig. 1. Optical absorptance spectra of SFg-, NF3- and Nj-hSi samples (a) before (as-
irradiated) and (b) after annealing.

It is generally acknowledged that the intrinsic absorption contributes to the absorption at
<1.1 pm, and meanwhile, the multi-reflectance from the surface structures further highlights
the absorption. Furthermore, the impurity level-to-band absorption and free carrier absorption
are probably the major mechanisms for the longer wavelength IR than 1.1 um [32]. Of course,
many other factors also influence the IR absorption by different ways. Although both the S and
N dopants in the surface layer of the hSi could form various IBs in the Si bandgap, which give
rise to the impurity level-to-band absorption [8,33], the doping sites or atomic structures of
these impurities in the Si lattices are largely different, which could influence the intensity of
the impurity level-to-band absorption. Unlike the S doping that could induce IBs in various
structures, only the single-N defects, rather than the N-molecule defects, induce IBs among many
atomic structures of N doping in silicon lattices [10,11]. This is probably the reason why the
N hyperdoped Si has lower absorptance than the S hyperdoped Si, which also can be observed
in previous studies [34]. Therefore, we assign different dopant atoms (S and N) to the large
difference of absorption in the spectral range of 1.1-9 um between SFg-hSi and NF3-/N;-hSi.

The absorptance spectra are remeasured after all samples treated with RTA processing.
Figure 1(b) shows that the absorptance of the SF¢-hSi declines sharply to almost the same as
that of NF3-hSi and N»-hSi in the whole wavelength range, but the absorptance of NF3-hSi
and N,-hSi is essentially unchanged after the annealing process. For the as-irradiated SFg-hSi,
the presence of strong impurity level-to-band absorption is induced by the interstitial and
quasi-substitutional configurations of S doping, which mostly transform into the lowest energy
interstitial configurations after annealing and cannot induce any IBs in the bandgap of Si [11]. On
the other hand, the sub-bandgap absorptance of NF3-hSi and N»-hSi is induced by the single-N
defects as the substitutional configurations, which has good thermal stability during the annealing
process [10]. Nonetheless, the upper bound of the wavelength for the absorptance induced
by the IBs is about 6 um (0.2eV) [24]. This means that for the 3 kinds of hSi samples, the
remaining absorptance in 6-16.7 um should attributed to different mechanisms from the impurity
level-to-band absorption. Additionally, the extremely non-equilibrium doping process is known
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to cause dopants segregation and form larger amount of nanoclusters [22,35]. High temperature
thermal annealing reactivation of the doping sulfur form these nanoclusters and further influence
the impurity level-to-band absorption [36]. The largely difference of the absorption drops after
thermal annealing implies the nanoclusters should not responsible for the longer wavelength
absorption. Therefore, according to the previous assumption, the free carrier absorption should
be the other main mechanism for the remaining IR absorption after the thermal annealing process
[32]. Besides, both the specific surface microstructures and nanoparticles on the micro-spikes’
surface are also potential influence factors on the remaining IR absorption after thermal annealing
[24,26].

In order to investigate the effects of surface morphology on the optical absorptance, all the hSi
samples are observed by the SEM, as shown in Fig. 2. For all the 3 hSi samples, the average
height (k) of the quasi-period conical spikes on the surface is about 12—14 um and the spike
separation (w) is about 4—4.5 um, even though the shapes and surface features of the micro-spikes
vary for each sample. It should be noted that S and N atoms are doped at a concentration of more
than 10'°-10%° atoms/cm? in the depth of 200-600 nm beneath the surface, which drops sharply
at a deeper depth [5,8,28].

Fig. 2. SEM images of the hSi samples fabricated by fs-laser in (a) SFg (b) NF3 (c) Np. All
the images were taken at an angle of 45° to the surface.

The quasi-periodic spikes on the specific surface increase the absorption of incident light
by reducing reflection and/or increasing the optical path length in a wide wavelength range.
The anti-reflection or light trapping effect of the hSi surface is determined by the high (%) and
separation (w) of these quasi-periodic spikes, while it is also a function of the wavelength of
incident light [24,37]. Only when the wavelength of incident light is shorter than 2 times of
spikes’ separation (A < 2w), multi-reflection among the surface spikes could occur to reduce
the total amount of reflected light, which is further reduced by non-normal angle incidence on
microstructures [24,37]. Furthermore, a surface layer with graded density appears when the
wavelength of incident light is between 2 times of spikes’ separation and 2.5 times the spikes’
height 2w < A < 2.5h). However, the spikes do not affect light trapping when the wavelength of
incident light is longer than the height of spikes at 2.5 times (A > 2.5h). Therefore, all the hSi
samples here are covered by mico-spikes with 4—4.5 um separation, the multi-reflection should
mainly occur in the wavelength <9 pm, and it also causes the gradual variation of the absorption
in M-LWIR (< 28 pm).

To further investigate the influence of the size of microstructures on the light absorption,
the absorptance spectra, for the SFg-, NF3- and N,-hSi samples fabricated with different laser
fluences, are presented in Fig. 3. As shown in Fig. 3(a), the optical absorptance of the SF¢-hSi
increases as the height of the surface spikes in a wide wavelength range, which is consistent
with the previous report [8]. Figure 3(b) also shows that the average M—LWIR absorption of all
the 3 kinds of hSi samples are increasing with the high of spikes in the surface. However, the
height of the spikes and doping concentration are closely combined, both of which are increased
as the increased laser fluence. Furthermore, although the NF3-hSi possesses almost the same
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surface morphology compared to the SF¢-hSi, as seen in Fig. 2(a) and (b), it exhibits a 10% lower
average M—-LWIR absorptance. Although both the NF3-hSi and N»-hSi are doped with the same
dopant element, they also show different M—-LWIR absorptance. Therefore, we can infer that
both the surface morphology and the dopants (doping concentration and/or types) influence the

M-LWIR absorptance of the hSi.
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Fig. 3. (a) Absorptance spectra of the SFg-hSi increase as the height of the spikes in surface;
and (b) average M-LWIR absorptance (9-16.7 um) of the SFg- NF3- and N,-hSi with
different heights of spikes. Error bar denotes the uncertainty in determining the spike height.

To further confirm the effects of dopants on the M—LWIR absorption, we perform a chemical
etching treatment of SFs-hSi surface in 10% KOH solution. Both the surface morphology and
the doping concentration on the surface are regulated by controlling the etching duration. As
seen Fig. 4(a), after etching for 20 s, both the N-SWIR and M-LWIR absorptance declines
by about 30%, but the surface morphology (especially the 4 and w of the spikes) is almost
unchanged (left in Fig. 4(b)). This demonstrates that the dopants concentration has a major
impact on optical absorptance on the whole range. After the RTA treatment of the 20s-etched
sample, the absorptance drops in the wavelength range of <9 um, but it is almost unchanged
in the range of >9 um. As previously mentioned, the IBs gradually disappear due to annealing
which reduces the N-SWIR, whereas the stable M—-LWIR absorptance should be attributed
to different mechanisms from the impurity level-to-band absorption. As the etching duration
increase to 60 s, the surface morphology is completely changed and the spikes almost disappear
(right in Fig. 4(b)). The disappearing of Sy, peak in the XPS spectrum in Fig. 4(c) implies the S
dopants are completely removed away after 40 s etching. And both the N-SWIR and M-LWIR
absorptance (Fig. 4(d)) does not further decrease with increasing etching duration. Furthermore,
the M-LWIR absorptance remains nearly unchanged from etching of 40 s to 60 s, indicating the
M-LWIR is less sensitive to surface morphology.

Although both the surface morphology and the supersaturated dopants have a huge impact
on the IR absorptance of hSi, our results confirm that the main mechanism accounting for the
M-LWIR absorptance is different from N-SWIR absorption. For the N-SWIR, the impurity
level-to-band absorptance induced by the supersaturated dopants is the major mechanism, whereas
free carrier absorption should be the main reason for the M—-LWIR absorptance. In addition, after
60 s etching, a high absorptance is measured from the hSi compared with the crystalline Si (c—Si)
(Fig. 4(a)). Although the dopants should be completely removed, the surface is still covered by
microstructures. Thus, the remaining absorptance could be considered as free carrier absorption
from the Si substrate enhanced by the surface structure, as the absorptance peaks almost match
the predicted vibration modes of c-Si [38].
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Fig. 4. (a) Absorptance spectra of the SF¢-hSi samples with different post processing steps.
(b) SEM images of the SF¢-hSi etched for 20 s and 60 s. (c) XPS spectrum of the as-prepared
and 40 s etched samples. (d) Average N-SWIR and M-LWIR absorption as a function of
the etching time.

Based on an ideal doping model, which assumes that the impurities are evenly distributed
in the silicon lattices, many theoretical calculations of the energy levels for the hSi samples
effectively explain the N-SWIR absorption of the hSi [11,39]. However, in reality, during the
extremely non-equilibrium process induced by fs-laser irradiation, the doped impurities in the
hSi surface layer are highly disordered which could not be described by a constant supercell
under periodic boundary conditions. Theoretical models structured by the CPA method and
implemented in the NANODSIM package give the variational process of the IB in the E; of
silicon with the degree of disorder of impurities. The calculated CPA band structures of the
substitutional configurations (S;:Sigz and S;:Sis;5) with the different disorders (x=0.1-1) in
the energy range of —1.3eV~0.8 eV are shown in Fig. 5. For the higher doping concentration
(1.56%) case, shown as in Fig. 5(a), an isolated IB appears in the bandgap of Si due to the
supersaturated impurity when x = 1, which follows previous calculations without disordered
structure. However, the IB shifts closer to the conduction band (CB) as the degree of disorder
increases and then hybridized with the CB (when x <0.7), indicating that the charge carriers
in the IB exhibit CB-like characteristics. Additionally, the IB widens as the disorder increases,
and the strongest widening effect occurred when the x = 0.1, which is the most closely to the
highly disordered of the fs-laser hSi. In Fig. 5(b), when the impurities concentration decrease
(for the 0.46% case), although the IB was isolated when the x > 0.5, it also widens and hybridizes
with the CB as the disorder increases (x <0.4). The IB widening in the CPA band structures is
one of the most important effects that is influenced by the disordered S dopants and induces the
hybridization of the IB and CB.

The hybridization of the IB and CB in both of the two doping concentration cases indicated
free carriers are generated. And the higher the doping concentration, the easier the hybridization,
which also confirms that the introduction of supersaturated dopants significantly increases the
concentration of the free carriers. Therefore, upon photon irradiation, the free carrier absorption
occurs through the transition of electron energy to a higher energy state within the conduction
band [32]. The free carrier absorption depends on the concentration of free carriers, which is
affected by the impurity concentration and light wavelength [24]. Thus, the free carrier absorption
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Fig. 5. Band structures of the sulfur atoms’ substitutional configurations of (a) S;:Sig3
and (b) S;:Siyp;5 with different disorder. The fractional coordinates of the k-points in the
Brillouin zone are G (0, 0, 0), X (0.5, 0, 0), M (0.5, 0.5, 0).

induced by the dopants plays an important role in the M—LWIR absorption of the hSi materials.
Further investigation on the mechanism of the M—LWIR absorption for the hSi materials, based
on the experiment and theoretical results, will provide a specific direction for the research on the
longer wavelength absorption of the silicon materials.

4. Conclusion

In conclusion, we systematically study the optical absorption of the SF¢-, N»- and NF3-hSi in the
wavelength of 0.3—16.7 um. We confirm that both the surface morphology and the supersaturated
dopants influence the IR absorptance of the hSi, and the mechanism for M—LWIR (9-16.7 um)
absorptance is different from the shorter wavelength range. As previously reported, besides
the surface morphology, the IBs induced by the supersaturated dopants plays important role in
the N-SWIR optical absorption. However, we further confirm that the free carries absorption
should also be a major factor for the IR absorption, especially for the M-LWIR absorption.
Taking the SF¢-hSi for example, theoretical calculations with the CPA method, based on the
disordered doping model, demonstrate that the disorder of S atoms in the Si lattices leads
to hybridization of the IB with the CB, and increases the concentration of free carriers. The
investigation on the M—LWIR absorptance draws a clearer picture for understanding the absorption
mechanism of the fs-laser hSi and paves the way for its applications on IR photoelectric devices
in telecommunication and security fields.
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