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The optical properties of one-dimensional nanostructure-arrayed silicon (1IDNSASi), which was
fabricated by the metal assisted electroless chemical etching method under different conditions,
were characterized in the wavelength range of 220 - 1000 nm. Whether the optical absorption of
the 1IDNSASi was enhanced relative to that of the polished Si was determined from the detailed
morphology of the 1D nanostructures. For the yellow 1DNSASi prepared at a high etchant con-
centration and high temperatures, its optical absorption was relatively nice in the ultraviolet light
region, while a gradual attenuation was shown in the visible and the near-infrared regions, and the
optical absorption was lower than that of the polished Si at wavelengths above 800 nm. When the
effects of zeroth-order reflectance and zero transmission were combined, the optical absorption of
the black 1IDNSASI prepared at a low etchant concentration and room temperature was very high
(> 99%) in the wavelength range of 220 - 1030 nm and displayed a slight decrease at wavelengths
above 1030 nm. Our results demonstrate that the optical absorption of the black 1IDNSASi could
be further improved by increasing the etching depth and exhibited its measurable maximum value
when the etching depth was large enough. These results indicate that the IDNSASi may be a
promising candidate for high-efficiency photovoltaic devices, high-sensitivity sensors and detectors.
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I. INTRODUCTION

Recently, quasi-one-dimensional nanostructures have
been being widely researched due to their unique physi-
cal, chemical and mechanical properties [1-5]. Because of
their high aspect ratio and large surface-to-volume ratio,
one-dimensional (1D) nanostructures exhibit promising
applications based on individual 1D nanostructure or ar-
rays in photodetectors, photovoltaics, biosensors, chem-
ical sensors and other nanoscale devices [6-10]. Si mate-
rial is being widely researched and has been applied in
theory and practice because of its several beneficial fea-
tures: 1) Si is plentiful and ubiquitous and is the second
most abundant element on earth; 2) Si is usually nontoxic
and stable; 3) its band gap is almost ideally-matched to
the terrestrial solar spectrum. However, many problems,
such as limited photoelectrical conversion efficiency due
to the indirect band gap, large device size blocking an im-
proved integration level, too high a cost, high power con-
sumption, and so on, still exist with Si-based optoelec-
tronic devices. Thus preparing Si material with excellent
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optical absorption properties in a cheap way is very sig-
nificant. In the past decades, much theoretical [4, 11]
and experimental research [1,12] has been carried out to
suppress reflections, including coating antireflective films
[13], etched textured surfaces [14] and ‘moth eye’ surfaces
[15-17]. Nevertheless, antireflective coatings are usually
fabricated by using a vacuum evaporation method and
have poor adhesion, fabrication of ‘moth eye’ surfaces by
using conventional methods needs complex and expen-
sive lithography technology, and textured surfaces only
have a limited suppression of the optical reflectance in a
short spectral range.

Sub-wavelength resonance effects between nanostruc-
tures are expected and have been demonstrated to
suppress the optical reflectance [18]; therefore, 1D
nanostructure-arrayed Si (1IDNSASi) has the potential
to improve the performances of various Si-based pho-
toelectrical devices [19]. Here, we present the ultralow
broadband reflectance of Si covered by 1D Si nanostruc-
ture arrays synthesized by metal-assisted chemical etch-
ing. Besides, we compare the optical reflection and trans-
mission characteristics of various 1DNSASi with differ-
ent nanostructure lengths in the spectral range of 220
- 1100 nm. We ascribe the observed behaviors to the
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Fig. 1.

(Color online) (a) photograph of polished Si
(left), black IDNSASi (middle) and yellow 1DNSAS;i (right);
cross-sectional SEM images of (b) black and (d) yellow
1DNSASI, and top-view SEM images of (c) black and (e)
yellow 1DNSASi.

strong trapping of the incident light among the nanos-
tructures, combined with light scattering on the surfaces
of the nanostructures.

II. EXPERIMENTS

Vertically-aligned 1D nanostructure-arrayed Si was
fabricated directly by etching an n-type Si(100) wafer
with a resistivity of 1 - 10 Qcm. The whole process is rel-
atively simple and low-cost, which is similar to our previ-
ously reported technology [20,21]. The detailed process
was performed in four steps: 1) Commercial Si wafers
were cut to nominal 1 x 2 cm?, cleaned ultrasonically in
de-ionized water, acetone and ethanol for 10 min each,
and then immersed in boiling mixed solution of HySOy
(97 wt.%) and HoO2 (40 wt.%) in a volume ration of
4:1 for 10 min, this was followed by several washes with
de-ionized water and then the samples were stored in
de-ionized water for use. 2) As-cleaned Si chips were
soaked in a diluted HF (4 wt.%) solution for 2 min to
remove the native oxide layer, and then were immersed
immediately into a 4 M HF-based aqueous solution con-
taining 0.02 M AgNOj for 1 min for electroless deposi-
tion of Ag nanoparticles (AgNPs). 3) AgNP coated Si
chips were soaked in an etching solution composed of a
4 M HF and H5Os for various times at room tempera-
ture. The yellow 1IDNSASi sample was prepared in 0.4
M H505 at a 70 °C water bath, and the black ones in
0.2 M Hy05 at room temperature (about 15 °C). 4) Fi-
nally, the 1IDNSASi samples were immersed in boiling
50% HNOj3 for 1 h to remove the residual AgNPs.

The 1DNSASi morphologies were characterized by us-
ing a field emission scanning electron microscope (FE-
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SEM, Hitachi S-4800). Etching depths were determined
to digitally analyze the cross-sectional SEM images by
using computerized correlations of pixel intensities along
lines parallel to the etched surfaces. Reflection and
transmission spectra were obtained by using an UV-Vis
spectrophotometer equipped with an integrating sphere
(SPECORD 200, Analytik Jena AG). Total optical re-
flectance spectra (R) were measured by illuminating
samples at 8° off-normal and integrating the specular
and diffuse reflectance. Total transmission spectra (T)
were measured by keeping the samples over the opening
of the integrating sphere and illuminating them with nor-
mal light. The effective absorption (A) was calculated by
using A=1 — R — T without correction or other possible
losses.

III. RESULTS AND DISCUSSION

Figure 1(a) present photographs of the as-cleaned Si
chip and of the two kinds of 1IDNSASi prepared in dif-
ferent conditions. The diverse colors indicate their mor-
phologies and optical reflectance properties are discrim-
inating. For the black 1IDNSASi, the internal distances
between adjacent nanostructures ranged from tens of
nanometers to several micrometers, and most were sev-
eral hundreds of nanometers. Furthermore, by compari-
son of Figs. 1(b) and (c), we observe that the nanos-
tructure surfaces of the black 1DNSASi sample were
relatively smooth. However, most of the internal dis-
tances between the adjacent nanostructures of the yel-
low 1IDNSASi sample were several micrometers, and the
density of 1D nanostructures was much smaller than that
of the black sample (as demonstrated in Figs. 1(d) and
(e)). The disparity of colors and morphologies can be ac-
counted for by using the various etching conditions. The
black 1IDNSASi was fabricated in a 0.2 M Hy0O5 mixed
with 4 M HF aqueous solution at room temperature for
30 min, while the yellow sample was fabricated in a 0.4
M H505 mixed with 4 M HF aqueous solution in a 70 °C
water bath for 30 min. In the view of the motility of the
metal nanoparticles in Si and induced anisotropic Si etch-
ing [22], the Si etching is a redox process, performed at
the AgNP/Si interfaces. In the conditions of low oxidant
concentration and low reactive temperature, the etching
velocity and the area of the Si etching region for given
Ag nanoparticles are smaller than those for high oxidant
concentration and high reactive temperature. Clearly,
the average internal distances and the overall lengths
(namely, the etching depth) of the 1D nanostructures
of the yellow 1DNSASi sample were larger than those of
the black sample.

Figure 2(a) shows the hemispherical optical reflectance
spectra of the as-cleaned Si and nanostructured Si. The
reflectance of planar Si shows a typical behavior similar
to other reports [12,23,24], whereas the reflectance of the
black 1IDNSASi sample is smaller than 1% over the spec-
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Fig. 2. (Color online) (a) Reflection spectra, (b) transmission spectra, and (c) absorption spectra of planar Si and nanos-

tructured Si with different morphologies.

Fig. 3. Cross-sectional SEM images of four kinds of black
nanostructured Si fabricated in (a) 5 min, (b) 10 min, (c) 30
min and (d) 60 min.

trum from UV to near IR and exhibits a slow increase
at wavelengths above 1030 nm. The ultralow reflectance
can be ascribed to the strong light scattering and trap-
ping among the high-density, random and unbroken 1D
nanostructures [15]. However, not all the IDNSASi sam-
ples show a low reflectance. The reflectance of the yellow
1DNSASIi sample is samller than 3% at wavelengths be-
low 360 nm, but shows a gradual increase at wavelengths
above 360 nm, and even become larger than that of the
planar Si at wavelengths above 880 nm. This may be due
to the internal distances among 1D nanostructures being
larger than the wavelength value of incident light and to
the combined effects of weak light trapping and strong
light scattering, resulting in an increased reflectance with
increasing incident wavelength. Moreover, most of the
1D nanostructures in the yellowlDNSASi sample are
broken, and the optical absorption of unsmooth and bro-
ken 1D nanostructures are usually weakened due to the
numbers of breakpoints or opening mouths and to the
anisotropy of the optical absorption [25]. Although the
etching depth (d) of the yellow sample is much larger
than that of the black sample, the densities, distribu-
tions and shapes of the nanostructures of the two sam-
ples are different, and both depths are much larger than
the incident wavelength (X). Thus, in this instance, the
suppression of the reflectance is not positively related
to the depth, which disagrees with other research [23,
26], where the reflectance ratio of the etched Si and the
polished Si falls exponentially with increasing d/\ value.

This may need to determine whether the etching depth
is comparable to the incident wavelength.

To further investigate the optical absorption proper-
ties of the Si with different nanostructural surfaces, we
measured the transmission spectra. Figure 2(b) shows
almost zero-transmission for all samples at wavelengths
below 1000 nm and a gradual increase in the transmis-
sion at wavelengths above 1000 nm, while the overall
transmissions are low, and the increasing gradients are
different. Planar Si has the greatest rate of increase of
the transmission with increasing wavelength while the
yellow 1DNSASi sample shows the smallest rate of in-
crease. These phenomena can be attributed to three rea-
sons: 1)The energy of incident light at wavelengths above
1000 nm is smaller than the band gap of Si; 2) the thick-
ness of the Si chips is much larger than the wavelength
value of incident light, and the effective thickness is re-
duced during nanostructuring treatments, so the largest
etching depth of the yellow sample indicates the largest
transmission and the greatest rate of increase at wave-
lengths above 1000 nm; 3) nanostructured Si may have
a smaller band gap compared to bulk Si, so the nanos-
tructured Si may have a higher wavelength upper limit
of light absorption.

The absorption spectra derived from the reflectance
and the transmission of the three samples with differ-
ent morphologies are shown in Fig. 1(c). The black
nanostructured Si has a ultrahigh absorption (> 99%)
at wavelengths below 1030 nm, and a slow decrease at
wavelengths above 1030 nm; the absorption of the yellow
sample is also high (> 97%) in the UV spectrum, has a
gradual reduction at wavelengths above 400 nm, and is
lower than that of the planar Si in the near-IR spectrum.
Furthermore, two absorption peaks as designated by the
vertical dotted lines can be observed at the same wave-
length for all samples. The observations indicate that
the intrinsic optical properties of the Si with different
morphologies are not modified by the nanostructuring
operation, which can be interpreted as the scale of the
nanostructure being much larger than the scale of the
change in the electronic structure [23,26].

The optical properties of the black IDNSASi samples
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Fig. 4. (Color online) (a) Reflection spectra, (b) transmission spectra, and (c) absorption spectra (calculated from R and T
data) of the black nanostructured Si prepared for different etching times.

with various depths prepared in relatively facile condi-
tions for different etching time were studied. Figure 3
shows the cross-sectional SEM images of four kinds of
black 1IDNSASi samples, and their top-view SEM im-
ages are similar to that in Fig. 1(c). From Fig. 3, one
can observe that the four samples have similar 1D nanos-
tructures, except for various lengths, which were etched
in a mixed solution of 0.4 M HF and 0.2 M H5O5 at
room temperature for 5, 10, 30 and 60 min, respectively,
and the corresponding etching depths were about 2.1,
3.3, 12.5 and 24.8 pm, respectively. Figure 4(a) shows
the optical reflectance spectra of the four kinds of black
nanostructured Si. As shown in the spectra, all the sam-
ples show low reflectance in the UV and the Vis regions.
However, the optical reflectance of the 5-min-etched sam-
ple shows a slow increase in the wavelength range of 600
- 1030 nm and a rapid increase at wavelengths above
1030 nm, and the other three samples show a similar
tendency, namely, a low reflectance in the spectral range
of 220 - 1030 nm and a rapidly increasing reflectance at
wavelengths above 1030 nm. The reflection properties
of the ‘moth eye’ surface is dependent on the height of
the protuberances when the height is smaller or com-
parable to the wavelength of incident light [15,16], for
the 5-min-etched sample, the etching depth is small and
is comparable to the wavelength of visible light, so the
reflectance increases with increasing incident light wave-
length. Because the etching depths of the other three
samples are much larger than the wavelength of incident
light, once the light enters into the nanoholes or inter-
spaces among nanostructures, the light will be scattered
repeatedly until it is absorbed in or is transmitted out
of the sample, and it will not be reflected out of the
nanostructures [11]. When the wavelength of the inci-
dent light reaches 1030 nm, the energy of the incident
light is above the band gap of Si, and light trapping is
very limited for all Si structures due to the fact that Si is
an indirect-band-gap material and that optical absorp-
tion needs photon assistance. This is the reason that
the reflectance spectra of Si with different morphologies
show an increasing tendency at wavelengths above 1030
nm.

Optical transmission spectra of the four samples are
shown in Fig. 4(b). The four samples have simi-
lar transmissions-zero transmission at wavelengths be-
low 1000 nm and an increasing tendency at wavelengths
above 1000 nm due to the large thickness of Si film and
the small energy of the incident photon. Moreover, dif-
ferent transmission spectra are observed for the four sam-
ples with different etching depths when the wavelength
is over 1000 nm; this observation is due to the effective
thickness of the Si thin film being reduced as the etching
time increases.

The combined effects of low reflectance and zero trans-
mission in the wavelength region below 1000 nm causes
the excellent absorption for the four kinds of black
nanostructure-arrayed Si (as shown in Fig. 4(c)). In
the wavelength region of 220 - 1000 nm, it is interesting
to note that the samples synthesized with larger than 10
min show similar high absorptions (> 98%), independent
of the etching depth, while the absorption of the 5-min-
etched sample shows a gradual decrease at wavelengths
above 600 nm. On the other hand, the absorption rapidly
decreases with increasing wavelength over 1000 nm. The
absorption of black nanostructured Si can be inferred to
be independent of the etching depth when it is larger
than a certain value, but when smaller than that certain
value, the depth has a significant influence on the optical
absorption of the black 1IDNSASi sample.

IV. CONCLUSION

The optical properties of two kinds of 1D
nanostructure-arrayed Si fabricated under different
conditions were investigated, and the nanostrcturing
operation not only could enhance but also could weaken
the optical absorption, depending on the etching
conditions. At a high oxidant concentration and high
temperature, the nanostructuring process was drastic,
with many unsmooth and broken 1D nanostructures
with low density being obtained, and with the nanos-
tructured Si showing a yellow appearance. By adjusting
the etching conditions, a black nanostructure-arrayed
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Si was obtained, which had ultrahigh absorption (>
99%) at wavelengths below 1030 nm. Furthermore, we
demonstrated that the influences of the etching depth on
the absorption properties of black nanostructure-arrayed
Si: namely, when the etching depth was larger than
a certain constant, the absorption reached saturation
and was independent of the etching depth. Because
of the large surface-to-volume ratio, the few-defect
nanostructures and the low-cost preparation, the black
1D nanostructure-arrayed Si has promising applica-
tions for photoelectric devices with high efficiency,
photodetectors, and sensors with high sensitivity.
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