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19.1 Introduction

In the past decades, great efforts have been undertaken to develop various photo-
voltaic (PV) devices [1-11]. Today Si-based PV devices remain the basis of the
current PV industry due to the abundance of Si materials and the high efficiency of Si
solar cells [12]. However, the high reflective index of Si causes the reflection of more
than 30% of incident light. As a result, the photoconversion efficiency of the Si-PV
device greatly reduces. For traditional Si wafer-based solar cells, the pyramidal or
inverted pyramidal structures were generally constructed on Si surface to reduce the
reflection loss for incident light and to increase the light absorption [13, 14]. How-
ever, such microstructured surfaces are not able to reduce reflectance below 10%
[15-18]. At the same time, the anti-reflecting coating layers, such as SisNy, MgF,,
and SizN4,/MgF,, are also applied to suppress light reflection of microstructured
surface, but they suffer from destructive interference of reflected light and lead to a
narrowing of the solar spectrum of absorbed photons, as a result [19-21]. In this
regard, the nanotexturing of Si surface is widely studied to reach maximum values of
the absorption coefficient and to reduce reflection in a wide spectral range, improv-
ing the efficiency of solar cells.

Among microstructures, Si nanowires (SiINWSs) are also widely considered as an
important class of nanoscale building blocks for high-performance devices due to
their unique structural, electrical, and thermoelectric properties in addition to their
compatibility with current Si-based microelectronics [22-33]. Recent studies on the
optical characteristics of SINWs demonstrate their promising applications in solar
cell [34-40]. These nanostructures are long enough to absorb most of incident light,
and their small diameters provide a short collection length for excited carriers in a
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direction normal to the light absorption [38, 41]. Additionally, unlike bulk Si with its
indirect optical band gap of 1.12 eV and low absorption coefficient of 10%*/cm, the
optical band gap of SiNWs can be varied between 1.1 eV and 3.5 eV by decreasing
SiNW diameter between 7 nm and 1.3 nm, respectively [41, 42]. Several research
groups showed that in the near ultraviolet-visible-near-infrared region, optical
reflectance of SINWs is one to two orders of magnitude lower than Si [43—47]. How-
ever, such structures are effective the best under direct sunlight illumination and
could not face the sun at the appropriate angle from morning to evening [48, 49]. The
use of sun-tracking systems for the purpose of receiving direct light illumination is
not cost-effective for practical applications. The concept of a complex structure
combining the advantages of pyramids and SiNWs might help to achieve the
omnidirectional light absorption and overcome the directional dependence of PV
performance [49]. Realization of this concept predicts utilizing of traditional alkaline
texturing of Si wafer to produce the pyramidal Si and the metal-assisted chemical
etching (MACE) to fabricate SiNWs on the side faces of pyramids. The use of
MACE method for fabricating of SINWs was motivated by its simplicity, good cost-
efficiency, versatility, and ability to control various parameters, €.g. cross section,
shape, diameter, length, and orientation [50, 51]. In contrast, the crystallographic
orientation of SINWs grown by vapour-liquid-solid (VLS) technique depends upon
the diameter of nanowire [52, 53]. Moreover, the crystalline quality of SiNWs
produced by MACE method generally is high, and their surfaces are typically
rougher than VLS-grown NWs [50, 54]. In general, SINWs prepared by MACE
demonstrate higher solar cell performance over VLS-grown SiNWs [55].

Here we present experimental results on application of MACE method for
fabricating different morphologies on the surface of Si wafer and the comparison
of their optical properties in terms to develop photosensitive structures with low
reflectivity and high light absorption over an extended solar spectral range.

19.2 Experimental Details

Single-crystalline p-type Si (100) and Si (111) wafers with resistivity of
0.3—-1 Q x cm were chosen for experiments. The wafers were cut into square
samples of 2 x 2 cm? and then sequentially cleaned in acetone, isopropyl alcohol
(IPA), and deionized (DI) water for 20 min at room temperature. Afterwards,
samples were dipped in the mixed solution of ammonium hydroxide NH,OH
(30%), hydrogen peroxide H,O, (35%), and DI water H,O with volumetric ratio
v/v/v = 1/1/5 at 70 °C for 10 min to remove any organic residues. In order to obtain
an efficient anti-reflecting surface with a maximum absorption and the least possible
reflection for possible use in photovoltaics, three types of morphology of Si surface
were made and examined, namely, (1) rough nanograss, (2) random pyramids, and
(3) pyramids with nanotextured side faces.

Fabrication of the nanograss morphology was carried out through metal-assisted
chemical etching of Si (111) wafer, accompanied by the following steps. At the first
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stage, clean square Si wafer samples were dipped in a solution of 5 M HF and 2 mM
AgNO; for 2 min at room temperature that resulted in a deposition of Ag particles on
the Si surface. Then, samples were rinsed by DI water for 10 s and immersed in the
etchant solution HF(40%) + H,0,(35%) + H,O (v/v/v = 4/1/4) at room temperature
for 10 min. After etching process, samples were immersed in a mixed solution of
NH4OH and H,O, (v/v = 3/1) at room temperature for 10 min to remove Ag
residues. Prepared samples were rinsed with DI water for 10 min and dried.

Random pyramids were fabricated by anisotropic etching of Si (100) wafer in a
mixed solution of potassium hydroxide (KOH) (9 wt %) and acetic acid (5 vol %) at
75 °C for 10 min. The textured Si samples were then immersed in dilute hydrochloric
acid (HCI) for 10 min and hydrofluoric acid (HF) for 5 min to remove any residue
KOH and silicon dioxide, respectively. At the next, pyramid-textured Si samples
were rinsed with DI water for 20 min at room temperature and dried.

For the nanotexturing of the side faces of Si pyramids, the MACE method was
used. First, Ag particles were deposited on precleaned pyramid-textured Si wafers by
immersing samples in a solution of 0.14 M HF and 0.5 mM AgNO; for 7 min at
room temperature and then rinsed by DI water for 10 s. Low molar concentrations of
HF and AgNO;5 were used in order to obtain well-defined and small seeds of Ag on
the side faces of Si micropyramids. Subsequently, pyramid-textured Si samples
covered by Ag nanoseeds were immersed in the mixed etching solution of HF
(40%), H,0,(35%), and DI water (v/v/v = 4/1/4) at room temperature for 12 min.
Finally, all the samples were immersed in a mixed solution NH,OH + H,0,
(v/v = 3/1) at room temperature for 10 min to remove the residual Ag on the surface
of the samples.

The surface of Si wafer was characterized by using a SELMI 1061 scanning
electron microscope (SEM). Optical spectra of the samples were measured by
spectrophotometer at the wavelength ranging from 300 to 1100 nm.

19.3 Results and Discussion

Figure 19.1 shows the cross-section view SEM images of Si wafer after 10 min of
Ag-assisted chemical etching in HF + H,O, + H,O solution at room temperature. As
a result, vertically aligned SiNWs were formed on Si surface. As can be seen
in Fig. 19.1a-b, the NWs are preferentially cone-shaped reminding a grass, with
diameters ranging from 100 nm to 500 nm and an average height of about 4 pm.
Shown in Fig. 19.2a-b are the top-view and cross-section view SEM images of
random Si pyramids formed as a result of etching of Si wafer in KOH-based solution
at 75 °C for 10 min. As we see, the average size of pyramids does not exceed 5 pm.
Fig. 19.3 shows the top-view SEM image of pyramid-textured Si wafers with
predeposited Ag nanoseeds after immersing samples in a solution of 0.14 M
HF/0.5 mM AgNO; for 7 min at room temperature. Consequently, chemical treat-
ment of pyramidal samples covered by Ag nanoseeds in etching solution of HF
(40%)/H,0,(35%)/H,0 (v/vIv = 4/1/4) at room temperature for 12 min revealed to
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Fig. 19.1 Cross-section view SEM images of Si wafer after 10 min of Ag-assisted chemical
etching in HF/H,0,/H,O (v/v/v = 4/1/4) solution at room temperature at different scale. (a) The
scale 10 pm. (b) The scale 2 pm
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Fig. 19.2 SEM images of random Si pyramids formed as a result of etching of Si wafer in a
solution of KOH (9%) and acetic acid (5%) at 75 °C for 10 min. (a) Top view. (b) Cross-section
view

the formation of <111> — oriented SiNWs which were etched normally to the
surface planes of Si pyramids (see Fig. 19.4a). As can be seen in Fig. 19.4b, the NWs
are 325 nm in height with mean diameter about 130 nm.

The rough nanograss on micropyramids predicted to have a strong absorption and
extremely low reflection ability. This suggestion is confirmed by experimental
results of measurement of absorbance (Fig. 19.5a) and reflectance spectra
(Fig. 19.5b) of Si wafer samples with various surface morphologies. It was found
that in comparison to other textures, the pyramidal Si samples textured by Si
nanograss demonstrate a highest value of light absorption, more than 98%, whereas
for a non-textured Si wafer and a pyramid-textured Si, this value is found to be
typical, 60% and 85%, respectively (Fig. 19.5a). The high absorption of Si
nanograss, about 95%, could be explained in terms of specific nanowire geometry,
which is conical (see Fig. 19.1b). According to [16], compared with planar thin film
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Fig. 19.3 Top-view SEM
image of pyramidal Si wafer
with deposited Ag
nanoseeds after immersing
samples in a solution of
0.14 M HF/0.5 mM AgNO;
for 7 min at room
temperature
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Fig. 19.4 Cross-section view SEM images of Si micropyramids nanotextured by Si nanograss after
etching in HF(40%)/H,0,(35%)/H,0 (v/v/v = 4/1/4) at room temperature for 12 min. (a) General
view of the pyramid. (b) Scaled-up view of the side face of a pyramid with SINWs

and NWs with uniform diameters, the cone-shaped Si nanostructures show improved
absorption because of a gradual increase of the effective refractive index from the Si
surface to air. From another hand, in aperiodic SiNWs, absorption at long-
wavelength regime is not degraded, unlike periodic NWs, in which calculated
absorptance for early band edge photons dwarfs due to the significant transmission
loss [56]. In their work [56], authors showed that optimization of aperiodic NWs by
using a random walk algorithm reveals to an over 100% enhancement factor in PV
efficiency compared to the periodic counterparts.

Figure 19.5b compares the optical reflection between pyramid-textured Si, Si
nanograss, and Si pyramids with a nanograss texture of side faces of pyramids. In
contrast to pyramid-textured Si and Si nanograss, the Si pyramids with a nanograss
texture possess a lowest reflection ability (< 1%) in all optical spectral range of
wavelength. For the record, the low reflection value (about 4%) was observed for Si
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Fig. 19.5 (a) Absorbance spectra for pyramid-textured Si, Si nanograss, complex structure Si
pyramids+Si nanograss, and planar Si wafer (serve as reference). (b) Reflectance spectra for
pyramid-textured Si, Si nanograss, complex structure Si pyramids+Si nanograss

nanograss as well. These findings confirm the accusation that vertically aligned NWs
with random position or diameter can also achieve similar low reflectance and high
absorption as the ordered NWs with uniform diameter [57]. In their work [57],
authors showed that the random diameters of the nanowire arrays can lead to
different broadened resonant frequencies which give rise to absorption enhancement.
While the absorption at the original off-resonance frequency is enhanced, the
original resonance frequency maintains high, caused by multiple scattering induced
by the random arrangement or diameter of NWs. In other words, aperiodic Si NWs
demonstrate suppression of light reflection similar to the random pyramid texture.
Thus, almost the same behaviour of a reflection dependence for Si nanograss and
pyramidal Si samples is observed (see Fig. 19.5b).

19.4 Conclusions

It was demonstrated that the metal-assisted chemical etching is a simple, versatile,
and flexible method, which can be successfully utilized for fabrication of Si
nanostructures on the surface of Si wafer with good anti-reflecting properties. By
using this method, an array of SiNWs and a complex Si structure composed of Si
pyramids, obtained by conventional alkali chemical etching, and SiNWs prepared on
the side faces of pyramids have been produced on Si wafers. It was found that Si
micropyramids textured by a rough SiNWs with an average diameter of 130 nm, and
325 nm in height, show a strong absorption and extremely low reflection ability. In
particular, the absorbance of pyramidal Si samples textured by Si nanograss was
more than 98% and reflectance less than 1% in all range of wavelength
(300-1100 nm), whereas for a non-textured Si wafer and a pyramid-textured Si,



19

Fabrication and Characterization of High-Performance Anti-reflecting. . . 281

these values were found to be typical. The low reflection value (about 4%) was also
observed for Si nanograss. Such nanostructured surfaces in the form of Si
micropyramids and SiNWs might exhibit better omnidirectional light-trapping abil-
ity by multiple reflections resulting in enhanced optical characteristics and will find a
wide variety of significant applications in solar cells, photodetectors, and optoelec-
tronic devices.
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