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A B S T R A C T

We studied the infrared absorption of a top sulfur hyperdoping layer covering an fs-laser irradiated micro-
structured Si substrate. To clarify the hyperdoping concentration distributions, and to find out how the top
hyperdoping layer affects infrared absorption from 1200 to 2000 nm, a continuous etching treatment was uti-
lized. Then we interpreted the thermal stabilization of both infrared absorption and sulfur hyperdoping con-
centration. The fundamental cause for infrared-absorption degradation under thermal annealing was explained.
Furthermore, we discussed in detail how the interaction between the top hyperdoping layer and surface mi-
crostructure contributed to the high infrared absorption by a series of theoretical simulations using a finite-
difference time-domain method. A strong localization of an incident electromagnetic wave was observed around
the top sulfur hyperdoping layer covering microstructured Si, which played a critical role in improving infrared
absorption. The results in this paper are especially beneficial to the subsequent fabrication of photoelectric
devices and infrared response improvement.

1. Introduction

Developing low-cost infrared imaging systems or sensors is of great
interest for wide applications in the telecommunications, security, and
automotive industries. Silicon (Si), as the second-most-abundant ele-
ment in the Earth’s crust, satisfies the low-cost and on-chip com-
plementary metal-oxide semiconductor (CMOS) compatibility criteria.
However, its wide intrinsic band gap of 1.12 eV limits the infrared
photoresponse of Si devices to roughly less than 1100 nm. Several at-
tempts to extend its photoresponse limit to a longer infrared wave-
length involve forming heterostructures with traditional narrow-band-
gap Ge or SiGe materials [1,2], plasmonic metallic nanoantennas [3–5],
and incorporating chalcogen hyperdoping in Si [6–13]. By improving
infrared light absorption ability, all these approaches can result in ex-
tending the infrared response of Si-based devices, although they are
based on different physical mechanisms.

A promising approach to extend the infrared photoresponse is in-
corporating chalcogen hyperdoping in a Si substrate [9,10]. The Chal-
cogen hyperdoping is able to create a dopant concentration as high as
1020 cm−3, far beyond their solid solubility limit. In the case of the
hyperdoping, electron-electron interaction couples the energy levels
into a band, often referred to as an impurity or intermediate band

[11,12], which extends the long-wavelength limit of infrared absorp-
tion through sub-band-gap absorption. In addition to the fabrication of
the so-called laser-induced periodic surface structures which is used for
optical storage and planar optoelectronic circuits, such as self-orga-
nized periodic structures [14], nanohillocks and nanoholes [15], fem-
tosecond-laser (fs-laser) irradiation can incorporate chalcogen hy-
perdoping effectively. Different from ion implantation [7,8],
hyperdoping via fs-laser irradiation is accompanied by surface micro-
structure generation due to high-intensity laser ablation. This leads to a
much higher absorption (roughly above 90%) compared with that
prepared by ion implantation [7,8]. The physical mechanisms of the
hyperdoping-induced infrared absorption have been studied by many
researchers through experiments and theoretical calculations
[6–8,11–13]. However, in order to extract satisfactory infrared photo-
response in microstructured Si, clarifying the interaction between top
hyperdoping layer and surface microstructure contributing infrared
absorption, and achieveing a further high infrared absorption while
maintaining a small surface roughness is greatly desired.

In this study, we investigated the infrared-absorption enhancement
occurring in a top sulfur hyperdoping layer covering microstructured Si
by fs-laser irradiation. Firstly, we clarified hyperdoping concentration
distributions, and how the top hyperdoping layer affects infrared
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absorption from 1200 to 2000 nm by a continuous etching treatment.
We then studied the thermal stabilization of both infrared absorption
and sulfur hyperdoping concentration. Finally, we discussed in detail
how the interaction between the top hyperdoping layer and surface
microstructure contributes to the high infrared absorption through a
series of theoretical simulations using a finite-difference time-domain
method.

2. Experiment design and fabrication

In this experiment, a single-sided polished and boron-doped Si
substrate wafer with a resistivity of 10Ω cm was used to cut to a size of
2× 2 cm2. After cleaning of organic and metallic surface contamina-
tion, the wafer was immediately placed on a translation stage in a va-
cuum chamber evacuated to less than 1×10−3 Pa. The chamber was
filled with high-purity SF6 gas at a pressure of 5×104 Pa. The wafer
was irradiated by a 1-kHz, 100-fs, 800-nm Ti:sapphire laser with a
snake-scanned route under high and low laser fluence, separately. The
laser was then focused vertically on a 150-μm-diam spot on the surface
of the sample by a lens with a focal length of 0.5 m. After fs-laser
processing, the top hyperdoping layer of microstructured Si sample was
etched by reactive ion etching (RIE) to study its optical properties.
Moreover, a thermal annealing treatment was performed at 1075 K in a
furnace with N2 ambient for 30min to study its thermal stabilization.

To analyze the absorption of microstructured Si, we measured the
integrated reflectance (R) and transmittance (T) spectra between 500
and 2000 nm in a Lambda-1050 spectrometer (PerkinElmer, USA)
equipped with a 160-mm integrating sphere. Then the integrated ab-
sorptance (A) spectra were extracted through A=1–R–T. Furthermore,
we characterized surface morphology of the sample using scanning
electron microscopy (SEM), also sulfur hyperdoping concentration
distribution using secondary-ion mass spectrometry (SIMS) and crystal
properties in the surface layer using confocal Raman spectroscopy with
a 632 nm laser excitation.

3. Results and discussion

A schematic drawing of the fs-laser irradiation method is shown in
Fig. 1(a). And the surface microstructures illustrated in diagram of
Fig. 1(b) can be formed. Fig. 1(c) shows the fabricated microstructured
surface measuring 2× 2 cm2 on the Si substrate. The integrated re-
flectance of the microstructured surface in the visible region is less than
5% due to the anti-reflection microstructures, and therefore the surface
looks very black. Fig. 2(a) and (b) show the surface microstructure

morphology from different views. After fs-laser irradiation, two typical
features on the microstructured surface were observed: one is that an
array of micrometer-sized conical spikes with quasi-periodic distribu-
tion was created, and the other is that there was a large amount of
nanoscale particles spread across a surface of conical spikes. Since
conical spikes induced by fs-laser irradiation were first observed by
Mazur’s group [13], the formation mechanisms and the influence of
experimental conditions on surface morphology have been widely stu-
died by many researchers [16–21]. In addition to laser parameters such
as fluence and pulse duration, the ambient gas plays a critical role in the
spike microstructure morphology. The surface irradiated in N2 or va-
cuum ambient has even blunter microstructures [20,21]. However, the
conical spikes formed in SF6 ambient in this study exhibit much
sharpness, as shown in Fig. 2(a) and (b). In SF6 ambient, high-intensity
laser pulses can ablate Si surface and simultaneously dissociate SF6,
resulting in a chemical reaction between Si and SF6, by which the ra-
dicals etch Si via volatile SiF4 formation. Besides that, laser pulse can
also enhance the reactivity by inducing vibrationally excited SF6 [22].

When fs-laser pulses interact with Si in SF6 ambient, on the other
hand, the ultra-fast melting and ultra-fast condensation will bind sulfur
atoms generated by dissociated SF6 to form a nonequilibrium hy-
perdoping layer on the Si surface. Fig. 2c presents the concentration
profile of doped sulfur atoms distributed in the surface layer after fs-
laser irradiation. It is determined by a SIMS method using a CAMECA
6F with a 25° incident angle and 14.5 keV Cs+ beam. The detected area
is a 30 μm-diameter circle containing several tens of spikes. Therefore,
these results reflect the average concentration of sulfur in conical
spikes. In Fig. 2c the sulfur doped depth (thickness of top hyperdoping
layer coverd on the microstructure) is defined as the depth (thickness)
along the vertical direction of the lateral surface of the conical struc-
tures. The doped depth is then determined by “Depth= L× sin θ”,
where L is the measured longitudinal depth, and θ is half of the cone
angle of the microstructure in the detected area. According to the
Fig. 2(b) and (e), we set θ to 15° for both before and after etching re-
spectively, which is half of the average angle of the microstructures in
the detected area. Similar hyperdoping concentration distribution de-
termined by SIMS method has been demonstrated by Zhuang et al [20].
From Fig. 2(c), we can see that sulfur atoms have been hyperdoped into
the surface layer of the conical spikes shown in Fig. 2(a) and (b). Sulfur
dopant concentration in the uppermost 200-nm depth is more than
1020 cm−3, several orders of magnitude greater than its solid solubility
limit of 3×1016 cm−3 in Si crystals [23–26]. Thus, fs-laser irradiation
can simultaneously realize surface microstructuring and atom hy-
perdoping.

Fig. 1. (a) Schematic of fs-laser irradiation for microstructured Si fabrication. (b) Diagram of surface microstructures. (c) Photograph of fabricated microstructured Si
surface.
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As a highlight of this study, we emphasized on investigating how the
top hyperdoping layer affects infrared absorption. In order to clarify this,
we gradually cut down the top sulfur hyperdoping layer by RIE with a 50-
W plasma in SF6 ambient. To better understand the change of the top sulfur
hyperdoping layer, after 4min of etching we took the surface morphology
and sulfur concentration profile of microstructured Si, as shown in
Fig. 2(d–f). When compared with the sample without etching treatment
shown in Fig. 2(a) and (b), it is clear that the etching treatment removed
large amounts of nanoscale particles covering the spike surface, sharpened
the spike structures, and, most importantly, reduced the spike height.
Fig. 2(f) shows that the sulfur concentration in the top hyperdoping layer
drastically decreases to less than 1×1019 cm−3. This means that the top
sulfur hyperdoping layer depth of approximately 600-nm is removed after
4min of etching, as seen by comparing Fig. 2(c) and (f).

Fig. 3 shows the reflection, transmission, and absorption spectra of
microstructured Si as a function of etching time. Both of the average
absorptance in the short-wavelength region from 500 to 1000 nm cor-
responding to the intrinsic absorption of Si, and in the infrared region
from 1200 to 2000 nm, are summarized in Fig. 3(d). For the irradiated
microstructured Si without etching treatment, its infrared absorptance
from 1200 to 2000 nm is close to 90%, which is much higher than that
of the non-irradiated Si at 5%. Generally, the spike microstructures seen
in Fig. 2(a) and (b) can reduce surface reflection by building a grade
index from the air to Si surface and enhance the natural linear ab-
sorption of Si by multiple reflections between microstructured surfaces.
In addition to microstructure function, another main contribution to a
large enhancement of infrared absorption is attributed to the top sulfur
hyperdoping layer formed by fs-laser irradiation. The physical origin of

Fig. 2. (a,b) Scanning-electron-microscopy (SEM) images of microstructured Si surface from different views: (a) tilt view (45°) and (b) side view. (c) Concentration
profile of top sulfur hyperdoping layer after fs-laser irradiation. (d,e) SEM images of microstructured Si surface after 4 min of etching: (d) tilt view (45°) and (e) side
view. (f) Concentration profile of top sulfur hyperdoping layer after 4min of etching.

Fig. 3. (a) Reflection, (b) transmission, and (c) absorption spectra of microstructured Si as a function of etching time. (d) Average absorptance in the wavelength
ranges 500–1000 and 1200–2000 nm as a function of etching time.
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infrared absorption from sulfur hyperdoping has been studied theore-
tically [11,12]. At a low concentration of 3×1016 cm−3, several dis-
crete impurity energy levels in the Si band gap have been identified
[27,28]. In contrast, in the case of hyperdoping, electron-electron in-
teraction couples the energy levels into a band, often referred to as an
impurity or intermediate band [11,12]. This intermediate band is close
to the conduction-band minimum of Si, and its bandwidth and location
have a linear dependence on doping concentration. The formation of an
intermediate band results in sub-band-gap absorption and extends the
long-wavelength limit of infrared absorption to 2000 nm.

From the absorption dependence on etching times, we found that
the intrinsic absorption of Si in the short-wavelength region from 500 to
1000 nm is not sensitive to etching times. Even though 8min of etching
was done, its average absorptance is still close to 90%. However, it
exhibits a completely different dependence behavior in the infrared
region from 1200 to 2000 nm beyond the Si absorption limit. At the
initial stage of 2min of etching, the infrared absorption still maintained
a high value of approximately 85%. As the etching proceeds, the top
sulfur hyperdoping layer will be cut down. The absorptance drastically
decreases to less than 35% after 4min of etching and tends to be stable
after 8min of etching. The different changes in two-wave-band ab-
sorption with etching time indicate that the reduction in infrared ab-
sorption from 1200 to 2000 nm is derived from the thickness reduction
of the top sulfur hyperdoping layer, instead of the change of surface
microstructure shown in Fig. 2.

Additionally, we investigated the thermal stabilization of both in-
frared absorption and sulfur hyperdoping concentration, as illustrated

in Fig. 4(a) and (b). After 1075-K thermal annealing for 30min, the
average infrared absorptance from 1200 to 2000 nm significantly de-
creases by 60%. However, the sulfur atom is only diffused slightly to-
ward the deeper position and it still exhibits a hyperdoping with a
concentration beyond 1020 cm−3 in the uppermost several hundred
nanometers of depth. To further clarify thermal annealing effects on
microstructured Si, we investigated its crystalline morphology before
and after thermal treatment by Raman measurements. As shown in
Fig. 4(c), before thermal treatment it exhibits several Raman modes
corresponding to conventional crystalline Si (Si-I), pressure-induced
crystalline phases (Si-III and Si-XII) and amorphous Si (a-Si) by fs-laser-
induced sub-surface phase transformations [29]. Among them, a-Si
causes a large number of structure defects and a high density of re-
combination sites [29], Si-XII has an indirect band gap of 230meV
[30], and Si-III is a p-type semimetal [31]. After thermal treatment,
however we can clearly see from Fig. 4(c) that, a-Si, Si-III, and Si-XII are
converted to Si-I, resulting in a great increase in Raman modes at
303 cm−1 and 522 cm−1.

One speculation that exists now is that the large drop in infrared
absorption after thermal treatment comes from the suppression of a-Si,
Si-III and Si-XII phases. Franta et al have indicated that a-Si, Si-III and
Si-XII phases can also be suppressed by a nanosecond-laser annealing,
but the suppression has no obvious influence on infrared absorption of
microstructure Si [32]. Therefore, we speculate that annealing-induced
infrared absorption reduction derives from the change of the existence
configurations of hyperdoping sulfur in Si material. After high-intensity
fs-laser irradiation, sulfur hyperdoping in a Si lattice is in a highly non-

Fig. 4. (a) Absorption spectra, (b) sulfur hyperdoping concentration profile, and (c) Raman spectra of hyperdoped microstructured Si before and after annealing.
Inset: Raman modes corresponding to conventional crystalline Si (Si-I), pressure-induced crystalline phases (Si-III and Si-XII), and amorphous Si (a-Si).
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equilibrium state. During thermal annealing, sulfur atoms prefer
moving to a thermodynamically stable state. From first-principle cal-
culations [12], it has been predicted that the atomic structure of hy-
perdoped sulfur in a Si lattice is changed via two types of structural
transformations during thermal annealing process. One is that the
higher-energy interstitial configurations transform to the lowest-energy
interstitial ones, and the other is that the quasi-substitutional config-
urations transform to the lowest-energy interstitial ones. Therefore,
combined with Fig. 4(b) and (c), we think that the transformation from
higher-energy interstitial and quasi-substitutional configurations to the
lowest-energy interstitial ones is responsible for annealing-induced in-
frared absorption reduction. In other words, strong infrared absorption
is dependent on not only sulfur hyperdoping concentration, but its
existence configurations in the Si material.

In order to further clarify the contribution of the top sulfur hy-
perdoping layer on infrared absorption, we performed a three-dimen-
sional finite-difference time-domain (FDTD) simulation to study the
optical characteristics of microstructured Si. As shown in Fig. 5(a), the
theoretical modes are composed of periodically arranged Si-based
conical spikes without a top sulfur hyperdoping layer, where the height
(H) and half of the top angle (θ) are set as 4 μm and 15°, respectively,
roughly close to the real spike size shown in Fig. 2. Hyperdoping layers
with thicknesses (HLT) of 100, 500, and 1000 nm are covering the
spikes in Fig. 5(b), resulting in the height of spikes increasing by ap-
proximately 4.5, 6, and 8 μm, respectively, according to H=HLT/
sin θ . Compared with the real microstructures shown in Fig. 2, in the
theoretical mode, we omitted the randomly-distributed irregular na-
noparticles adhering the mirco-spikes to simplify the calculations,

which possibly leads to a calculated absorption lower than the actual. In
the theoretical simulation, the periodic boundary conditions were used
for a unit cell in the x-y plane, and perfectly matched layers (PMLs) are
applied along the z axis. Incident light with a wavelength range of
1200–2000 nm propagates along the negative z-axis direction, with the
electrical field polarization in the x direction.

The optical constant of the top sulfur hyperdoping layer formed by
fs-laser irradiation is a key parameter in the simulation. However, it has
never been reported to our knowledge, perhaps because of the micro-
structured surface impact. We tried to extract it using ellipsometry
measurements, but, unfortunately, the anti-reflection property of the
microstructured surface caused an overly weak reflection signals to be
well detected. We used another method of sulfur ion implantation to
fabricate a flat sulfur doping layer on the Si substrate. The concentra-
tion profile in Fig. 5(c) implies that an ion implantation method can
also lead to a hyperdoping layer with a concentration higher than
1020 cm−3, which is similar to that achieved by fs-laser irradiation,
except for the difference in doping depth. Thus, it is reasonable that the
extracted optical constants in Fig. 5(d) of the sulfur hyperdoping layer
from ion implantation are used in the simulation.

Fig. 5(e) shows the simulated infrared absorption spectra of spike
microstructures with and without different thicknesses of the sulfur
hyperdoping layer, from which we can see clearly that the sulfur hy-
perdoping layer plays a critical role in infrared-absorption enhance-
ment. When the spike microstructure is not covered with a hyperdoping
layer, its infrared absorption from 1200 to 2000 nm is very weak even
though it has an anti-reflection function. However, the infrared ab-
sorption significantly increases when only a 100-nm-thick sulfur

Fig. 5. (a,b) Theoretical models of microstructure Si used in the simulation: periodically arranged Si-based conical spike (a) without and (b) with top sulfur
hyperdoping layer. (c) Concentration profile of a flat sulfur doping layer on Si substrate fabricated by sulfur-ion implantation. (d) Extracted optical constants of sulfur
doping layer used in the simulation. (e) Simulated infrared absorption spectra of spike microstructures without and with different thicknesses (0, 100, 500, and
1000 nm) of sulfur hyperdoping layer.
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hyperdoping layer is covering the spikes. The thicker the sulfur hy-
perdoping layer becomes, the more absorption enhancement can be
achieved, which is quantitively consistent with observations in the
hyperdoping layer etching experiments. In addition, as shown in Fig. 6,
the electric-field distributions without a hyperdoping layer are com-
pletely distinguished from those with a hyperdoping layer. We will
explain next how infrared absorption is significantly enhanced after a
hyperdoping layer is covering the spikes.

It is known that the spike structure provides an increasing cross-
section width from its top to bottom, resulting in a height-dependent
grade index. This grade index, independent of wavelength, leads to an
electric field localization in a broadband wavelength range from 1200
to 2000 nm. By comparing electric field distributions, it is found that
the great difference is the localization position. In the case of a pure Si
spike structure not covered by a hyperdoping layer, the electric field is
strongly localized inside the spikes, because pure Si is highly trans-
parent for wavelengths longer than 1200 nm, and strong localization
still cannot enhance its absorption. In contrast, with increasing hy-
perdoping layer thickness, the electric fields are mainly localized
around the hyperdoping layer surface instead of the cores of the spikes
covered with a sulfur hyperdoping layer. Owing to the optical proper-
ties of the hyperdoping layer, the localized electromagnetic wave en-
ergy can be efficiently consumed inside the hyperdoping layer and
cannot be coupled into the spike core. As a result, with increasing sulfur
hyperdoping layer thickness, the absorption of microstructured Si in the
near-infrared region became stronger. The simulated electric field dis-
tributions provided powerful evidence that the sulfur hyperdoping
layer makes a dominant contribution to the broadband and high ab-
sorption in the infrared region by a combination of spike micro-
structures.

4. Conclusion

In conclusion, we have successfully demonstrated that infrared ab-
sorption from 1200 to 2000 nm in microstructured Si was strongly
dependent on the top sulfur hyperdoping layer created by fs-laser ir-
radiation. We found that etching treatment removed the top sulfur
hyperdoping layer, resulting in a serious reduction of infrared absorp-
tion, from which it was proved that infrared absorption had originated

from a sulfur-hyperdoping-introduced intermediate band in the Si band
gap. In addition, from SIMS measurements and Raman spectra we
surmised that thermal-annealing-induced infrared absorption reduction
was most likely derived from the change of the existence configurations
of hyperdoping sulfur in the Si lattice. Therefore, we concluded that
strong infrared absorption was dependent on not only the sulfur hy-
perdoping concentration, but also its existence state in the Si material.
We further clarified the contribution of conical spike microstructures to
high infrared absorption by a combination of theoretical simulations.
From numerical simulation results, we concluded that an incident
electromagnetic wave was strongly localized around the top sulfur
hyperdoping layer covering microstructured Si, significantly improving
the infrared absorption.
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