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Abstract
Due to the high energy, narrow distribution and breaking through the absorption limitation, plasmon
induced hot electrons has been widely applied to extend the photoresponse spectra of the semiconductor.
In order to further enhance the resonance effect of local plasmon based on metallic nanostructures, we
used hydro�uoric stain etching method to fabricate nanostructured black silicon (BSi) and deposited
titanium nitride (TiN) nanoparticles on its surface by reactive magnetron-sputtering. The results show
that the BSi modi�ed by plasmonic TiN nanoparticles has higher absorption in wavelength range from
1100 to 2500 nm compared to that of conventional acid etching of BSi. A PIN photoelectronic detector
fabricated by the proposed BSi shows excellent device performance with responsivity of 0.45A/W at
1060 nm in near infrared band.

Introduction
As well-known as, Silicon is widely used in various optoelectronic devices such as photoelectronic
detectors, solar cells, biochemical sensors. But the inherent band gap width of silicon material (Eg = 
1.12 eV) limits its application in near-infrared band. Black silicon refers to a surface modi�cation of
silicon where a nanoscale surface structure is formed through etching and can signi�cantly reduce the
re�ectance of incident photos due to light trapping effect [1, 2]. BSi prepared by femtosecond laser pulses
in SF6 environment has great light absorption in the wavelength range from 250 to 2500 nm due to the
impurity band gap levels induced by the doped chalcogen [3–5]. Texturing silicon surface by laser
ablation requires a lot of time and economic cost. Thus, more attention has been paid on other technical
means for the fabrication of BSi, such as electrochemical etching [6], reactive ion etching (RIE) [7], stain
etching [8, 9], metal-assisted etching [10], etc.·. However, BSi materials generated in these approaches
wouldn’t break the limitation of the large energy bandgap of Si without heavily doped impurity elements,
which means the electromagnetic wave with a wavelength over 1100 nm won’t generate electro-holes
pairs inside semiconductor [11].

Recently, constructing metallic nanostructures onto semiconductor materials to generate surface
plasmon (SP) provides an unprecedented technical route for manipulating of light at the nanoscale [12,
15]. SPs are coherent oscillations of free electrons in metal coupled to incident electromagnetic �elds
which are categorized into propagating surface plasmons (PSPs) and localized surface plasmons (LSPs)
[16, 20]. Following optical absorption and excitation, SPs can transport energy to hot electrons through
nonradiative decay process. In this case, these hot electrons can be injected into the conduction band of
semiconductor before thermalization [14–19]. And the energy of Schottky barrier formed by metal-
semiconductor contact gets much lower, which means low-energy electrons can jump to the conduction
band level and result in photocurrent more easily without crossing bandgap of semiconductor [17, 20].
Moreover, the spectral window of photodetectors can be tuned by regulating the shape and physical
dimension of the nanostructures. Variety of structures have been studied including nano wires [21], nano
cube [22], and nano hole [23] in previous researches. However, these achievements usually focus on a
narrowed absorption peak and the fabrication of these subwavelength nanostructures usually involves in
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costly lithography [18, 20, 22]. It’s still a challenge to realize a Si-based device with e�cient absorption in
a wide range including near-infrared region by the cheap and simple con�guration.

In this article, we are motivated to proposed a plasmon-enhanced absorber characterized by high
absorption in a broadband from visible to near-infrared range and its application in silicon based
photoelectronic detector. We use stain-etched method to fabricated BSi with hydro�uoric acid (HF) and
sputter Titanium target on the microstructural surfaces in nitrogen where the high-resolution lithography
is not necessary. The in�uence of different geometry of TiN nanoparticles on light absorbance was
studied in the wavelength range of 350–2500 nm, and the PIN photoelectronic detector based on this
LSPs-BSi composite absorber has been extensively investigated with an emphasis on device responsivity
at 1060 nm.

Methods
Double polished n-type (100) silicon wafers with a thickness of 675 µm and a resistivity of 2500–3000 Ω
cm were utilized as substrates. At �rst, the Si wafers were ultrasonically cleaned by acetone, ethanol,
distill water in turns, and then immersed into diluted HF acid solution(5 wt%) for 30 minutes to remove
the primary oxide layer. Before acid corrosion, the previously silicon tablets were roughed and thinned to
about 300 µm by physical grinding with SiO2 particles 20 nm to 100 nm in diameter. Stain etching
method employs 40% HF and 65% HNO3 by a ratio of 5 to 1 to perform an anisotropic chemical wet
etching at room temperature (~ 25℃). Moreover, to realize SPs, the TiN �lms were coated on the prepared
BSi substrates at a rate of 2 nm/s in a nitrogen condition by reactive magnetron sputtering at the working
pressure of 10-3 Pa. The re�ectance(R) and transmittance(T) of prepared samples were determined by
spectrophotometer. And the absorptance(A) was calculated by formula A = 1-T-R.

Considering the elements and technical �ow process of Si-PIN photoelectronic detector, we �nally
introduced LSPs-BSi composite absorption layer by the way of back incidence. Figure 1(b) shows the
structure of PIN photoelectronic device and the front side of detector was processed in accordance with
the standard �ow sheet processing technology. First, a p-typed layer was fabricated by thermal diffusion
of boron on the front side of polished n-typed silicon. Second, depositing Si3N4 on the photosensitive
area as antire�ection �lm for near-infrared bands and acting as a passivation layer in a meanwhile. Third,
preparing BSi nanostructures on the back side of wafer as above steps and forming a P-doped N+ layer
through Phosphorus ion implantation. Finally, sputtering TiN �lm on BSi surface to perform the
introduction of LSPs-BSi composite absorber. Figure 1(a) shows the array of detector unit on a 6 inches
wafer after tape-out and the encapsulated device in the upper right corner. The morphologies of samples
were observed by a �eld emission scanning electron microscope (SEM; FEI Quanta FEG 450). The light
absorptance was obtained at room temperature using a spectrophotometer (PerkinElmer Lambda-750)
equipped with a 150-mm integrating sphere detector. To test the performance of proposed detector, a
platform consisting of a xenon lamp equipped with a grating monochromator (200 nm-2500 nm) and a
Keithley 2400 apparatus was constructed. During testing, a reverse bias of about 180V was applied to the



Page 4/10

Results And Discussion
Stain etching method leads to formation of porous silicon and the main chemical reaction is results in a
continus process of oxidation-followed-by-dissolution in which HNO3 is devoted to injecting holes and
oxidizing silicon, and HF for the removal of the formed oxide [8, 9]. Figure 2 shows the typical SEM
images of stain-etched black silicon in top view at 30°angle for different etching time. It’s clearly to see
that etching appears �rst in defect and damage area caused by thinning step. As the reaction progress,
physical scratches have been converted to dense bowl-shaped corrosion ori�ces in 5 minutes. And as the
corrosion deepens, adjacent corrosion pits appear staggered overlap leading the formation of irregular
bowl-shaped structures with a size of 0.8-2μm eventually.

The porosity of BSi rises with the increase of reaction time, but the effective numbers of re�ections is
greatly reduced due to the erosion in the sidewall of holes. As the results shows in Fig. 4, the average light
absorptance of samples is promoted to 80% in visible range and in near-infrared band there is still an
improvement of nearly 15% compared to untreated planar silicon. In the procedure of TiN nanoparticles
growth, stain-etched BSi samples were deposited on ultrathin layer of titanium in nitrogen environment.
The target material of experimental coating �lm is high purity titanium metal and deposition rate was
controlled at 2 nm per second by adjusting the gas �ow velocity and intensity of pressure. It can be
known from the �lm kinetic growth process; the atoms of the incident material �rst form a stable nucleus
on the substrate after absorbing or revaporization [24]. As the thickness of the surface layer increases,
atoms coalesce at nucleation sites to form nanoislands and result in a continuous �lm �nally. Since the
uneven surface of stain-etched BSi, the original linear sedimentation path under the action of gravity in
the vacuum chamber is disturbed and makes it more di�cult to form a continuous membrane which
called self-shadowing effects in obliquely deposited [25]. To ensure the formation of isolated TiN
nanoparticles, deposition time was limited to 25 seconds and Fig. 3 shows the SEM images of TiN
nanoparticles decorated BSi at different time points.

When depositing 5 seconds, the bottom and side walls of the corroded bowl hole are attached with TiN
nanoparticles as shown in Fig. 3(a). And it is found that due to the shadowing effect of the black silicon
microstructure during the deposition process, TiN after nucleation accumulation resulting in the
formation of particles maximum size is not limited to 10 nm, but distributed in the range of 10 ~ 25 nm,
and attachment location is relatively scattered. When the deposition time reaches 15 seconds, the metal
particles become denser and appear partially continuous without signi�ciantly change of particle size,
nevertheless. In Fig. 3(c), granular deposits of TiN have been replaced by continuous TiN �lm with
nonuniform projections. It also can be demonstrated by the absorption line in Fig. 4 that BSi/10 nm TiN
basically retains the absorption characteristics of BSi in long wavelength ultraviolet band which means

detector by constant voltage source and the photocurrent IL was recorded. Each value of incident light
power Pin at different speci�c wavelength can be obtained worthwhile. The detector responsivity Re can

be calculated by formula  The dark current of the device was also observed in a black box
made of Aluminum.
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the coating materials does not form membrane structure. In contrast, BSi with 15 and 25 sec deposition
samples shows higher absorption due to low re�ectivity of TiN materials to ultraviolet light. And the
absorption rate decreased as the deposition thickness increases cause of the re�ectance effect of TiN in
600–1100 nm. However, in the near infrared waveband(1100–2500 nm), the LSPs effects of TiN
nanoparticles shows extensive enhancement of spectral absorption from 15% to nearly 65% compared to
separate BSi materials. As for these samples shows lower performance as exhibited, this is because the
continuous TiN �lm increases re�ection of near-infrared light.

To further study the effect of the introduction of LSPs-BSi composite absorption layer on detector
performance, we ended up dealing with it in the form of back incidence (structure of PIN detector as
shown in Fig. 1(b)) and test the device in terms of spectral response range, responsivity and dark current.
Figure 6 gives the results of PIN photodetector with BSi/10 nm TiN absorber, the responsivity of two
different devices are re-plotted and exhibited for comparison. Device 1 is a commercial Si-PIN
detector(S1336-44BK) and the parameter is taken from the public Website of Hamamatsu Photonics
Company [26]. Device 2 is also a BSi-PIN detector forming light-trapping structures on back surface from
reference [27]. It can be clearly seen that our newly fabricated detector has higher response after the
wavelength exceeds 700 nm and shows satisfactory performance in near infrared band. The response
rate was 0.46 A/W at 1060 nm and 0.27 A/W even at 1100 nm. The LSPs-BSi composite detector peak
wavelength of 980 nm, responsivity of 0.64 A/W, even above the silicon band gap width of 1100 ~ 
1170 nm peak also has more than 10% of the highest response, this part of the responsivity from the
impurity level absorb photons, and plasmons materials hot electron collection detection results.

At less than 700 nm in visible spectrum, Device 3 shows a relatively low responsivity compared to
commercial PIN detector. This decline is caused by two factors. Firstly, device 1 used an antire�ection
layer for infrared band on the front of the detector which lowers the incidence of visible light. The second,
unlike the normal incidence of device 1, design of back-incidence structure (refer to Fig. 2) enables the
photon in the visible band mainly absorbed and completing generation and recombination of carries in
the P layer which hardly any photocurrent is produced. This interpretation also applies to the performance
of device 2 which has analogous structure. Above 700 nm and near infrared band, the photon energy is
able of penetrating P layer and absorbed by LSPs-BSi layer, and then lots of generated carriers can be
collected under the action of reverse bias. In the meanwhile, due to the localized surface plasmons
resonance effects of TiN nanoparticles and light trapping effects, the original indirect bandgap structure
of silicon-based materials has been transformed to quasi-direct band gap which leads the peak response
of the detector was redshifted. And the dark current of the detector under working condition is less than
10nA measured in the aluminum black box. From what has been discussed above, the deposition of ultra-
thin TiN �lm on rough black silicon surface can form nanoparticles with metal properties of random size
and hybridizing LSP modes. The absorption layer is introduced into the PIN photodetector, which
effectively improves the sensitivity of the near-infrared band.

Conclusion
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In this paper, we utilized a TiN nanoparticle decorated BSi absorber with high property through a facile
two-steps process, stain-etched and titanium deposition in nitrogen. It has strong light harvesting effects
with an absorptivity of 80% in visible light and 70% in near infrared band. For further study in plasmonic
enhanced optoelectronic device, a novel silicon-based PIN photoelectronic detector with composited
absorption layer fabricated on the back surface has been prepared. Through the contrast of responsivity
with commercial Si based PIN detector (S1336-44BK from website [27]) and similar structure of BSi
detector [28], it is concluded that above absorbing layer has certain positive signi�cance for the effective
photoelectric conversion of near infrared light. The photoelectronic detector has a substantial increase in
responsivity, particularly in the near infrared wavebands, rising to 0.46 A/ W at 1060 nm and 0.27 A/W at
1100 nm, respectively.
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Figures

Figure 1

Real image of the detector (a) and structure of Si-PIN detector based on LSPs-BSi Absorber(b)

Figure 2
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SEM images of BSi microstructures manufactured by stain-etched method at various etching time, (a)
1min; (b)5min.

Figure 3

Stain-etched BSi with TiN nanoparticles at different deposition times (a) 5 sec; (b)15 sec; (c) 25 sec

Figure 4
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Absorption curve of the BSi samples with different Ti targets deposition time, stain-etched BSi and
planar-silicon

Figure 5

Responsivity spectra of three different detectors: device 1 from ref. [26], device 2 from ref. [27], and the
proposed device based on the results of present paper


