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Silicon nanostructures can improve the bending strength of wafers, but often trap particle contaminates. A double-sided surface nanostructure
with a morphology controlled via wet chemical etching is used to both improve the mechanical strength and reduce surface reflection.
Compared with a conventional polished silicon wafer, the bending strength was increased by 3.4 times and the surface reflection was
reduced to 1%, and so can provide a promising solution for photovoltaic applications. The optically unused side of the wafer was
protected by a thin silicon layer that prevented the entrapment of particles that might cause glitches in subsequent fabrication processes,
all the while maintaining the enhancement in strength. The particle test confirmed that incorporating protection layer intacts the particle
count with polished silicon sample.
1. Introduction: The unique electrical and mechanical properties
of silicon wafers have seen them widely used in industry [1], but
a brittleness caused by microdefects in their surface can often
lead to catastrophic fracture [2]. These microdefects are typically
introduced during manufacturing processes such as grinding [3]
and polishing [4] and represent a major hurdle to improve the
strength of silicon wafers. Strength improvement techniques that
currently exist include dopant diffusion [5], defect size reduction
[4] and crack deflection [6], but these all affect the bulk
properties of the material.

Surface nanostructure strengthening is a relatively new method for
improving brittle materials while retaining their bulk properties [7].
Silicon nanostructures arewidely used in semiconductor, photovoltaic
(PV) and bio-medical applications [8, 9]. Silicon nanostructures used
in PV applications are either focusing on improving bending strength
or acting as an antireflective coating for better light absorption [10, 11].
Silicon nanostructures can also be used to strengthen rollable inte-
grated circuits (ICs) [12], but the entrapment of particles between
nanostructures [13] can affect the electrical and mechanical properties
of the device, aswell as subsequent fabrication processes, to the extent
that device failure can occur [14].

The current Letter presents a solution for simultaneously achiev-
ing higher strength and lower surface reflection from silicon wafers
using surface nanostructures by covering the optically unused
surface with a protective layer to prevent particle trapping. As
both the front and back of a silicon wafer contain unavoidable ran-
domly distributed microdefects that affect the mechanical strength
of PV or IC devices [15], nanostructures were fabricated on both
sides of the wafer to mitigate against their strength degrading
effect. The morphology of these nanostructures was controlled so
as to achieve both an enhancement in strength and a sufficient
reduction in light reflection to produce black-silicon wafers. As
only a single wafer surface was needed to absorb light, the optically
unused nanostructured side was protected by a thin silicon layer.
This prevents particles being trapped within the gap between
adjacent nanostructures, but still maintains the enhanced bending
strength compared with a non-protected nanostructured silicon
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wafer. It also helps to prevent the silicon nanostructures being
damaged during subsequent processing steps.

2. Fabrication and testing: Silicon nanostructures were fabricated
using metal-assisted wet chemical etching process. The silver (Ag)
particle was deposited which act as noble metal catalyst. The
oxidising agent oxidises the silicon to silicon dioxide beneath the
noble metal which was further etched away by dissolving in
hydrofluoric acid (HF) at noble metal and solution interface [16].
The aqueous solution consists of 0.01 M Ag nitrate, HF (49 wt%)
and hydrogen peroxide (H2O2) (30 wt%) was used to fabricate
silicon nanostructures as shown in Fig. 1a. The as-fabricated
nanostructures had an irregular etching depth because of
aggressive etching rate of 1 µm/min, which resulted in a
non-uniform base nanostructure that can reduce the strength of
the silicon wafer by concentrating the stress at irregularities [7].

The wet chemical etching method was therefore modified by re-
moving the strong oxidising agent (H2O2) from the etchant to form
the uniform silicon dioxide beneath the Ag particle. The etching
rate was reduced from 1 to 0.1 µm/min. Though the etch rate of
this metal-assisted etching approach is slower, it produced nanos-
tructures with a more regular depth profile than the first recipe, as
shown by the tilted-view scanning electron microscopy (SEM)
images in Fig. 1b. The top-view SEM images in Fig. 1 also
confirm that the nanostructure fabricated without a strong oxidising
agent has more uniform thickness than the nanostructure fabricated
with a strong oxidising agent. Both nanostructure types were subse-
quently immersed in nitric acid (70%) solution to dissolve the Ag
particles, and then a thin layer of silicon was deposited by chemical
vapour deposition. Finally, this protective layer of silicon was
polished by chemical mechanical polishing (CMP).

To evaluate what significance the uniformity of the nanostruc-
ture base has, the room-temperature bending strength of both
nanostructure types was estimated from a three-point bending
test using (1) [17]. For this, the samples were placed into material
testing machine (Hung Ta HT-2102A) with a 980-N load cell
(Hung Ta 8336)
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Fig. 1 Tilted- and top-view SEM images of
a Non-uniform
b Uniform base nanostructures (all scale bars are 500 nm)
sbr =
1.5FrL

wt2
(1)

where Fr, L, w and t are the load at rupture, span length, width and
thickness of the sample, respectively.
The optical properties of a silicon wafer are known to be

improved by surface nanostructures [18], which can enhance light
absorption by reducing surface reflection. The surface reflection
of the uniform base nanostructures was therefore measured in the
400–1000 nm range using a ultraviolet (UV)–vis–near infra red
(NIR) spectrophotometer (U4001, Hitachi Inc.) equipped with an
integrating sphere at a fixed incident angle of 5°.
3. Result and discussion: The bending strength of the non-uniform
base nanostructure was measured with different depths of 500 nm,
1 μm, 1.5 μm, 2 μm, 2.5 μm, 3 μm and 3.5 μm. In Fig. 2a, the
Fig. 2 Bending strength of different depths
a Uniform
b Non-uniform nanostructures, as evaluated by a three-point bending test
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maximum bending strength was with a depth of 1.5 μm, which
represented a two-and-a-half-fold increase (0.25–0.62 GPa). Any
subsequent increase in nanostructure depth, however, led to a
decrease in bending strength due to the irregular etching depth
generating non-uniform stress near irregularities [7]. That is, these
areas of irregular depth can act as crack initiation points that
cause the sample to break at a lesser force.

The bending strength of the uniform base nanostructures was
measured for samples with nanostructure depths of 1, 2, 3, 4, 6
and 8 μm. As shown in Fig. 2b, this found that the bending strength
increased three-and-a-half-fold (from 0.25 to 0.88 GPa) and satu-
rated at a depth of 4 μm. As this is a greater strength improvement
than was achieved with the non-uniform base nanostructure, a
uniform base nanostructure is considered a more suitable candidate
for practical application.

As shown in Fig. 3a, the average surface reflection of the polished
silicon sample was measured as 40%. The reflectivity of uniform
nanostructure sample decreased with increasing depth, reaching a
minimum of 1% at a depth of 4 μm. This reduced surface reflection
is indicative of higher absorption in the silicon wafer; i.e. a black-
silicon wafer (Fig. 3b) suitable for PV applications.

Using a double-sided nanostructure can not only reduce the
strength degrading effect of microdefects on both sides of the
wafer, but also improve the optical performance of both sides.
However, double side optical performance is not important in
every application. Thus, in applications in which single side optical
performance enhancement is sufficient, or optical improvement is
not required, the nanostructures of optically unused side can be pro-
tected using a thin layer of a suitable material deposited on top of the
fabricated nanostructure. In this Letter, nanostructures were protected
by thin layer of silicon, and after polishing this protection layer
surface reflection was nearly same as polished silicon sample.
Thus, this side of protected wafer can only improve the bending
strength without affecting the optical properties. This can reduce
the risk of failures caused by particles being trapped between nanos-
tructures, and so for this Letter, a silicon layer was used to ensure
compatibility with current PV and IC technology (Fig. 4).
Fig. 3 Average surface reflection of the polished silicon sample
a Reflection of uniform base nanostructures with different depths
b Polished and nanostructured (black) silicon
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Fig. 4 Compatibility with current PV and IC technology
a Schematic and SEM for (a) nanostructure fabrication on both sides
b Silicon layer protection after nanostructure fabrication (all scale bars are
500 nm)

Fig. 6 Comparison of particle counts between polished silicon and
protected nanostructured silicon samples
As shown in Fig. 5a, the bending strength of the silicon wafer
increased from 0.25 to 0.84 GPa after nanostructure fabrication, but
decreased to just 0.82 GPa after deposition of the protective layer.
Fig. 5 Bending strength of the silicon wafer
a Three-point bending strength
b Weibull analysis of polished silicon, nanostructured silicon and protected
nanostructured silicon
c Simulation results for nanostructured silicon: nanostructured silicon with a
uniform protection layer and nanostructured silicon with a non-uniform
protection layer
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The fact that this value is very close to that of the non-protected
nanostructure confirms that this is a valid protection method.

The reliability of the protected surface nanostructure strengthen-
ing method was evaluated from the Weibull modulus (m) obtained
from statistical variations in the bending strength of nearly identical
samples under the same testing conditions, which is related to
bending strength and failure probability [19]. As shown in
Fig. 5b, the value of m for the polished silicon, nanostructured
silicon and protected silicon was found to be 10.4, 23 and 19.5,
respectively. As the strength degrading effect of pre-existing ran-
domly distributed defects in polished silicon causes a large devi-
ation in the bending strength, the higher m values of the
nanostructured and protected nanostructured samples further
confirm the usability and reliability of this method.

While a protective layer for nanostructures can help prevent
contamination by foreign particles, a uniform surface is very im-
portant to improve the bending strength. Thus, any non-uniformity
arising from irregular deposition of the protective layer will reduce
the bending strength through increased stress concentration. To
confirm this, the stress distribution of uniform and non-uniform
protection layers was examined through mechanical simulation
using ANSYS 12.1 (finite element analysis) software. As shown
in Fig. 5c, maximum stress (0.37 GPa) occurs at the bottom of
the nanostructure, but this is effectively the same as the
maximum stress with a uniform protective layer (0.38 GPa).
Moreover, the distribution of stress in the uniformly protected
and non-protected nanostructures is similar. Non-uniform
deposition of the protective layer, however, increased the
maximum stress by 50% (from 0.37 to 0.57 GPa), with maximum
stress occurring at discontinuities created by the non-uniform
deposition. This increase in stress confirms that uniform deposition
of the silicon protection layer is needed to ensure uniform stress
distribution.

Particle testing was performed to identify the presence of any
unwanted particles on the polished sample and nanostructured
sample with protection, but as shown in Fig. 6, the number of par-
ticles on both samples was much the same. As the chance of trap-
ping a smaller particle is higher due to their greater ability to get
between nanostructures, the equal number of smaller particles
suggests an absence of foreign particle contamination.

4. Conclusion: This method for producing a double-sided
nanostructure presented here provides a new way to
simultaneously improve both the bending strength and optical
properties of a silicon wafer by controlling the nanostructure
morphology. With a uniform base nanostructured surface, the
bending strength was increased three-and-a-half-fold (0.25–0.88
GPa), whereas a two-and-a-half-fold increase (0.25–0.62 GPa)
was all that could be achieved with a non-uniform base
nanostructure. The surface reflection of the uniform base
nanostructure was reduced to just 1%. A higher value of m (19.5)
for the protected nanostructured silicon compared with polished
silicon (10.4) confirmed the reliability of this method. Protecting
the optically unused nanostructured surface prevents particle
contamination of the wafer without affecting its bending strength.
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Mechanical simulation demonstrated that a non-uniform protection
layer can increase the maximum stress by 50% (from 0.37 to 0.57
GPa) through a reduction in deposition depth irregularity within the
nanostructure, which leads to a less uniform stress distribution. This
confirmed the importance of ensuring a uniform protection layer to
maximise the improvement in strength. As the number of particles
on the polished and protected nanostructured samples was the same,
indicating that there was no entrapment of contaminants. This
method presents a new way of fabricating improved black-silicon
wafers for PV and IC applications.
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