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Four-point bending tests are performedon50-μm-thick single-crystalline silicon (Si)waferswith dome- andpyr-
amid-shaped surface patterns, which are used as flexible Si solar cells. Surface patterns, which act as stress con-
centrators, reduce the flexural strengths, leading to larger critical bending radius. The critical bending radii of
surface-textured Si are much smaller than the calculated values for a single-notch geometry. The finite element
analysis shows that the stress concentrations at the tips of the surface patterns effectively disperse infine and pe-
riodic dome and irregular pyramid patterns.
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Among the various types of solar cells, crystalline silicon (Si) solar
cells are widely used owing to their high energy-conversion efficiency
and application feasibility. Recently, thin Si solar cells with a typical
wafer thickness of ≤100 μm, which are flexible and possess the advan-
tages of Si solar cells, have been developed. Thin Si wafers are fragile
[1]; thus, understanding the critical bending radius is important. Surface
texturing of Si wafer has beenwidely used to reduce reflectivity and en-
hance light-trapping efficiency [2,3]. However, the textured surface pat-
terns in these Si wafers act as stress concentrators for mechanical
deformation, which can reduce the flexibility of thin Si solar cells [4].
Thewidely used surface texturing in Si wafers is the patterning of irreg-
ular pyramids, which is accomplished by chemical etching using potas-
sium hydroxide (KOH) solution in which the etch rates are dependent
of the crystallographic orientations of Si [4,5]. Meanwhile, the reflectiv-
ity is reduced to approximately 15% due to pyramid surface texturing,
and the flexural strength is weakened even in thick Si wafers. On the
other hand, thin single-crystalline Si solar cells with surface texturing
have been reported to demonstrate higher power conversion efficiency
in a bent state and are more durable for cyclic bending [6,7]. When a Si
wafer has a single large notch, surface texturing in a fine and periodic
array enhances the flexural strength of the Si wafer because the stress
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concentration at the large notch is effectively dispersed by the surface
texturing [8]. The mechanical behavior of thin single-crystalline Si wa-
fers with surface texturing strongly depends on the shape, scale, and
distribution of the textured patterns; thus, investigating the effects of
surface texturing on the flexibility of thin Si wafers are highly required.

In this study, we perform surface texturing with dome and pyramid
shapes on a 50-μm-thick single-crystalline Si wafer. We carry out four-
point bending tests on three samples with non-, dome-, and pyramid-
textured surfaces. They show elastic bending followed by catastrophic
failures. The flexural strengths are analyzed using Weibull distribution,
and the critical bending radii are measured. We find that the dome sur-
face texturing has higher flexural strength and smaller critical bending
radius than the pyramid surface texturing, whereas the light reflectance
is similar to or lower than that of the pyramid-textured sample [9], sug-
gesting that dome pyramid surface texturing is more appropriate for
flexible solar cells.

Fig. 1 shows the fabrication procedures of the textured thin Si sam-
ples. Both side-polished (100) Si wafers with a thickness of 300 μm
were chemically etched in 45 wt% KOH solution at 90 °C from which
we obtained 50-μm-thick thin Si wafers, which refers to a flat surface
or a non-textured sample. Using the thin Si wafers, we performed sur-
face texturing on the dome- and pyramid-textured surfaces. Fig. 1(a)
shows the procedure for the dome-textured surface. SiO2 beads with a
diameter of 500 nm, which acted as a hard mask in the subsequent re-
active ion etching (RIE) process, were spread on a flat surface in a
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Fig. 1. Procedures for (a) dome and (b) pyramid texturing.

Fig. 2. Weibull distribution for flexural strength.
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packed monolayer by spin coating. This surface was subjected to RIE
using CF4 gas and O2 plasma until the SiO2 beads were removed. Nano
domeswith a height of 300 nmwere patterned. To form a pyramid-tex-
tured surface, we deposited a 400-nm-thick Si nitride layer as a protec-
tive layer at the backside of thewafers using plasma-enhanced chemical
vapor deposition and immersed the wafers in 5 wt% KOH and 20 vol%
isopropyl alcohol-mixed solution at 70 °C for 30 min. As a result of the
anisotropic etch rate of Si in low-concentration KOH solution, randomly
distributed pyramids were formed on the surface [5]. Fig. 1(b) shows
that the height of the pyramids ranged from 3 to 10 μm. The Si nitride
protective layer was removed using a 25 wt% hydrogen fluoride solu-
tion. Three samples, namely, non-, dome-, and pyramid-textured sam-
ples, were machined in the shape for a four-point bending test with a
width of 3 mm and a length of 13 mm using laser scribing. Four-point
bending tests were carried out at a loading rate of 2 μm/s, andmovie re-
cording was performed using a universal testing machine (Instron
5948). Because of the catastrophic failure of the three samples, at least
30 four-point bending tests were performed for each sample [10].

The stress and strain distributions were analyzed by finite element
analysis (FEA). Abaqus 6.12 and Abaqus CAEwere used for the FEA sim-
ulations and creation of input files, respectively. A two-dimensional de-
formable shell model was applied, and sample geometries in FEA were
designed based on typical cross-sectional scanning electronmicroscopy
(SEM) images of the experimental samples. Young's modulus of
169 GPa and Poisson's ratio of 0.27 were set as the mechanical proper-
ties of the Si wafer [11–13].

Fig. 2 shows theWeibull distribution of the flexural strengths, where
P(f) on y-axis is the survival probability of a brittle material. Flexural
strength σf is calculated using the following equation:

σ f ¼
3PL

4bd2
; ð1Þ

where P, L, b, and d are the fracture force, distance of 8mmbetween the
support spans, samplewidth of 3mm, and sample thickness, respective-
ly. Characteristic strength σ0 which corresponds to a survival probabil-
ity of 37% [8,14,15], is 138.5 MPa for the non-textured samples,
103.4 MPa for the dome-textured samples, and 89.8 MPa for the pyra-
mid-textured samples. The characteristic strength of the flexural
strength is on the order of non-, dome-, and pyramid-textured Si sam-
ples. Surface texturing forms surface notches that act as stress concen-
trators; thus, the flexural strengths of the dome- and pyramid-
textured samples are lower than that of the non-textured sample. Pyra-
mid texturing can likely form sharper and deeper notch than dome tex-
turing, resulting in higher flexural strength of the dome-textured Si
sample, which will be discussed in detail later. Weibull modulus m is
3.28 for the non-textured samples, 5.0 for the dome-textured samples,
and 5.21 for the pyramid-textured samples. TheWeibullmodulus corre-
sponds to themagnitude of scattering in the data. A lowerWeibullmod-
ulus results inwider distribution [16]. The three samples all showelastic
bending and catastrophic failure in the four-point bending tests, which
means that the flexural strength depends on the highest stress concen-
trator between the inner spans where identical tensile stress is applied
at the surface. The thin Si wafer with a flat surface has the lowest
Weibull modulus than the two textured surfaces. This result indicates
that the flexural strength of a non-textured sample depends on the
probability of containing the highest stress concentrator that is possibly
generated in the thinning process bywet etching orwafer growth [8,17,
18]. In the other two surface-textured samples, surface texturing most
likely provides the highest surface concentrators. The pyramid-textured
sample has a higher Weibull modulus than the dome-textured sample,
which implies that irregular stress concentrators are introduced at the
pyramid-textured surface.

Fig. 3(a) shows typical cross-sectional SEM images of a fracture sur-
face for the dome- and pyramid-textured samples. The dome texturing
formed V-shape notches with notch angle α of 75° and tip radius r of
60 nm. SiO2 beads with hard mask RIE for dome texturing were spun-
coated in the form of closed-packedmonolayer inmost areaswhere pe-
riodic domes were formed. In the pyramid-textured samples, V-shaped
notcheswithα=70.5° and r=28nmwere formed. The size of the pyr-
amids was irregular, ranging from a pyramid height of 3 to 10 μm, and
the tip radius was not dependent on the pyramid size. The schematic



Fig. 3. (a) Typical SEM images for fractured cross-sections of dome and pyramid texturing. (b) Schematic for geometry of single notch. Distribution of vonMises stress in two-dimensional
(c) dome and (d) pyramid texturing.
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of the rectangular parallelepiped with a single notch shown in Fig. 3(b)
describes stress-concentration factor K as

K ¼ σmax=σnom; ð2Þ

where σmax is themaximum stress at the notch tip and σnom is the nom-
inal stress far from thenotch [8], which is expressed asσnom=6M /wt2,
where M is the bending moment, w is the width, and t is the thickness
[19]. The measured stress-concentration factors of the dome- and pyra-
mid-textured samples, which were calculated using the ratio of charac-
teristic strength σ0 to that of the non-textured sample, were 1.34 and
1.54, respectively. When notch angle α is smaller than 90°, the stress-
concentration factors of the U- and V-shaped notches are identical
[19], whichmeans that the difference in α=75° for the dome-textured
sample and α = 70.5° for the pyramid-textured samples did not influ-
ence the stress concentration at the tips of the surface patterns. The
stress-concentration factor for a single U-notch is expressed as

K ¼ C1 þ C2
h
t

� �
þ C3

h
t

� �2

þ C4
h
t

� �3

; ð3Þ

where C1 is 0:953þ 2:136
ffiffiffiffiffiffiffiffi
h=r

p
−0:005ðh=rÞ , C2 is −3:255−6:281ffiffiffiffiffiffiffiffi

h=r
p

þ 0:068ðh=rÞ, C3 is 8:203þ 6:893
ffiffiffiffiffiffiffiffi
h=r

p
þ 0:064ðh=rÞ, and C4 is−

4:851−2:793
ffiffiffiffiffiffiffiffi
h=r

p
−0:128ðh=rÞ for 2.0 ≤ h/r ≤ 20.0 [19]. In Eq. (3), h is

the notch depth as shown in Fig. 3(b). The stress-concentration factor at
the tip of a single U-notch with a notch depth of 300 nm and a tip radius
of 60 nm,which corresponded to dome texturing, was 5.54 and that with
a notch depth of 10 μm and a tip radius of 28 nm corresponding to pyra-
mid texturing is probably N5.54 because it has higher h/r than the dome
texturing. However, we did not quantitatively present this because the
equation of the stress-concentration factor is valid only up to h/r = 20.
These values aremuchgreater than themeasured 1.34 for dome texturing
and 1.54 for pyramid texturing, which can be possibly attributed to the
dispersion of stress concentration due to surface texturing. According to
previous reports, fine and periodic array of notches more effectively dis-
perse the stress concentration at the highest stress concentrator, resulting
in a low stress-concentration factor [20]. Fig. 3(c) shows that the stress-
concentration factor calculated using the FEA results for dome texturing
is 3.01 and that for pyramid texturing is 4.59. In the FEA simulations,
the highest stress concentrationwas attained at tips of periodic domepat-
terns simultaneously as shown in Fig. 3(c), and at the tip of the deepest
pyramid pattern as shown in Fig. 3(d). The distributions of the von
Mises stress show that the stress concentration at the tips of the surface
patterns effectively dispersed, depending on the geometries of the neigh-
boring notches, which resulted in lower stress-concentration factors,
namely, 3.01 for dome texturing and 4.59 for pyramid texturing, than
the theoretical values of a single notch. However, these values were
higher than the measured ones, namely, 1.34 for dome texturing and
1.54 for pyramid texturing. Two-dimensional models were used in the
FEA simulations, indicating linear notches through the thickness direction
in the three-dimensional samples. In the surface-textured samples,
domes and pyramids were also distributed along the thickness direction;
thus, dispersion of the stress concentration was also effective along the
thickness direction. The measured stress-concentration factors of 1.34
for dome texturing and 1.54 for pyramid texturing, which were much
lower than the value of the single notch, could be most likely attributed
to the effective dispersion of stress concentration in the fine and periodic
array of dome patterns and irregular distribution of pyramid patterns.

Fig. 4 shows the critical bending radii of the three samplesmeasured
immediately before fracture in the four-point bending test. The critical
bending radius was 37.1 (±11.5) mm for the non-textured samples,
46.8 (±14.2) mm for the dome-textured samples, and 59.3 (±17.5)
mm for the pyramid-textured samples. The critical bending radius for
the dome-textured sample was 26.1% greater than that of the non-tex-
tured sample and 26.7% smaller than that of the pyramid-textured sam-
ple. The dome-textured sample was more flexible than the pyramid-
textured sample. In a previous work, the average reflectance was
found to be 32.7% for the non-textured surface, 9.8% for the pyramid-
textured surface, and 4.7% for the dome-textured surface in the wave-
length range between 700 nm and 900 nm. In this wavelength range,
the reflectance of the dome-textured surface was lower than that of
the pyramid-textured surface [9]. In terms of the light-trapping effect
and mechanical flexibility, dome texturing exhibited better perfor-
mance than pyramid texturing.

We have measured the flexural strength and bending radius of thin
textured Si wafers using the four-point bending tests. From theWeibull
analysis, the characteristic strengthwas 138.5MPa for the non-textured
sample, 103.4 MPa for the dome-textured sample, and 89.8 MPa for the
pyramid-textured sample. This result was affected by the stress concen-
tration of the geometries of the textured patterns. With respect to the
single-notch concept, the pyramids form deeper and sharper notches
than the domes, which induced higher stress concentration and result-
ed in lower flexural strength. Themeasured stress-concentration factors
of the dome- and pyramid-textured patternsweremuch lower than the



Fig. 4. (a) Critical bending radius and typical optical microscope images immediately before fracture in the four-point bending test of (b) non-, (c) dome-, and (d) pyramid-textured Si.
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theoretical values of single notches. Through the two-dimensional FEA
simulations, we found that dispersion of the stress concentration is
more effective in the dome-textured patterns with finer andmore peri-
odic surface patterns than the pyramid-textured patterns. The critical
bending radii of the non-, dome-, and pyramid-textured samples were
37.1, 46.8, and 59.3 mm, respectively.
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