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Abstract This study reports a high-resolution hard-mask laser writing technique to facilitate the selective
etching of crystalline silicon (c-Si) into an inverted-pyramidal texture with feature size and periodicity
on the order of the wavelength which, thus, provides for both anti-reﬂection and eﬀective light-trapping
of infrared and visible light. The process also enables engineered positional placement of the invertedpyramid thereby providing another parameter for optimal design of an optically eﬃcient pattern. The
proposed technique, a non-cleanroom process, is scalable for large area micro-fabrication of high-eﬃciency
thin c-Si photovoltaics. Optical wave simulations suggest the fabricated textured surface with 1.3 μm
inverted-pyramids and a single anti-reﬂective coating increases the relative energy conversion eﬃciency
by 11% compared to the PERL-cell texture with 9 μm inverted pyramids on a 400 μm thick wafer. This
eﬃciency gain is anticipated to improve further for thinner wafers due to enhanced diﬀractive light trapping
eﬀects.

1 Introduction
A major trend driving the development of low-cost
high-eﬃciency c-Si based photovoltaics is a reduction in
material cost through the use of thinner wafers [1,2]. However, thin Si wafers do not readily lend themselves to higheﬃciency photovoltaic devices owing to large penetration depth of infrared wavelengths. Therefore, along with
surface reﬂection reduction, an eﬀective light-trapping
scheme is imperative for the use of thinner wafers in photovoltaic devices.
In present commercial solar cells, 160–200 μm thick cSi wafers are chemically etched in hot potassium hydroxide (KOH) solution to form random pyramids of few to
ten microns in size on the wafer surface [3] that reduces
the surface reﬂection by promoting multiple bounces of
the incident light. However, such texture with large-scale
pyramids is not appropriate for thin wafers due to the
high Si consumption during etching and little to no optical
diﬀraction for eﬃcient light-trapping. In contrast, optical
modeling has shown reduced surface reﬂection and strong
diﬀraction for eﬀective light-trapping in thin wafers only
when grating textures are reduced to feature size comparable with the wavelength [4]. Although various textures
consisting of rods [5, 6], cones [6], inverted-pyramids [7],
holes (honey-comb structure) [8], grooves [9], etc. have
a
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been applied in diﬀerent lattice conﬁgurations and with
diﬀerent pitches to decrease reﬂectivity. Inverted-pyramid
texture and honey-comb texture are the most preferred
in practice due to the simple, cost-eﬀective wet chemical processes that are widely available for Si wafers in
industry [10]. Further, assessment by Zhao et al. [11]
favours an inverted-pyramidal texture over a honeycomb
pattern of holes. In addition, the exposed (111) planes
in the inverted-pyramidal texture can be readily passivated, a critical requirement for eﬃcient collection of
photogenerated carriers. Photolithography has produced
inverted-pyramidal texture with 9 μm feature size that
demonstrates record energy conversion eﬃciency in solar
cells [12], while further improvements are anticipated from
nano-imprint and colloidal lithography [7] that pushes the
inverted-pyramid size to sub-micron scale for thin wafers.
These methods have been researched extensively and have
yet to be adopted for mass production.
In this paper, we present an alternative approach of
patterning silicon with inverted pyramids using a noncleanroom laser direct hard-mask writing technique. The
process avails femtosecond laser interaction for blistering
(Fig. 1a) and catapulting (Fig. 1b) of thin-ﬁlm dielectric
coatings on c-Si (100) to form a high-resolution hard-mask
on c-Si which in turn facilitates chemical etching of Si
into inverted-pyramidal structure (Fig. 1c). The technique
enables inverted-pyramidal texturing of Si with ﬂexible
pattern designs, thus exploiting the low reﬂection, high
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diﬀractive light-trapping capability and passivation beneﬁts of such texture. While femtosecond lasers have been
used to texturize c-Si with chemical assistance [13], the
produced ‘black’ silicon has signiﬁcant structural damage that prevents passivation and decreases carrier lifetime. Alternatively, femtosecond lasers have been applied
to SiOx thin ﬁlms on c-Si to form micro-blisters [13, 14]
and induce catapulting which we extend to SiNx and further exploit here to form a high resolution hard mask for
KOH etching.

2 Optimization of the texturing process
Various thicknesses of SiOx and SiNx ﬁlms were grown
to serve as hard masks (100 nm to 300 nm for SiOx ; 20 nm
to 266 nm for SiNx ) for alkaline etching. The SiNx layer
was grown by plasma enhanced chemical vapor deposition
(PECVD) on single-side polished p-type (100) c-Si wafers
of 400 μm thickness in a PlasmaLab 100 PECVD system (Oxford Instruments) at 300 ◦ C and 650 mT chamber pressure using a gas mixture of 5% silane in nitrogen (400 sccm), ammonia (20 sccm) and pure nitrogen
(600 sccm). The deposition was carried out at the rate of
14 nm/minute by using alternating combinations of high
frequency (13.56 MHz) plasma for 13 s and low frequency
(100 KHz) plasma for 7 s successively. The RF power was
set to 50 W and 40 W for high and low frequencies, respectively. For SiOx , the PECVD procedure was modiﬁed to
1000 mT chamber pressure and a gas mixture of 5% silane
in nitrogen (170 sccm) and nitrous oxide (710 sccm). The
deposition was carried out at the rate of 55 nm/minute by
using 30W RF power. Owing to the high etching rate of
18 nm/min of SiOx in KOH compared with 1.2 nm/min for
SiNx , a minimum of 100 nm thick SiOx and 20 nm thick
SiNx is required for hard-masking Si during KOH etching.
Thus, a systematic study on laser-induced blistering and
catapulting was carried out on 100 nm to 300 nm thick
SiOx and 20 nm to 266 nm thick SiNx ﬁlm to establish
ﬂuence thresholds and exposure windows that produced
the smallest ablation craters in hard mask with high reproducibility and minimal collateral damage to expose Si
for alkaline etching. The femtosecond ﬁber laser (FCPA
μJewel D-400-VR, IMRA) output was frequency doubled
to 522 nm via second harmonic generation, and applied
at 100 kHz pulse repetition rate to avoid cumulative heating eﬀects by such rapidly arriving laser pulses. The beam
was linearly polarized and of 170 fs pulse duration. By
monitoring the back reﬂection on a CCD camera, a planoconvex lens of 8mm focal length (5724-H-A New Focus)
focused the Gaussian-shaped laser beam to a diﬀractionlimited spot size of 1.25 μm diameter (1/e2 ) precisely onto
the sample surface that was mounted on a XY motorized stages (ABL1000, Aerotech). A linear polarizer and
waveplate power attenuator varied the laser pulse energy
between 0.2 and 1.25 nJ to drive diﬀerent levels of surface modiﬁcation in hard masks of various thicknesses.
Additional laser processing details are provided in reference [15]. Further, the smallest craters in all the ﬁlms were
tested for eﬀective anisotropic etching in 30 wt% aqueous

solution of KOH maintained at 60 ◦ C using a two-step
procedure. First, the sample was etched for 30 s, and then
cleaned and washed in DI water followed by nitrogen drying. Second, the sample was etched again over a variable
time to yield a high-ﬁdelity inverted-pyramid structure.
The ﬁrst step served to mainly remove ablation debris.
The ﬂuence threshold for blistering and catapulting
of SiNx was found to increase strongly from 0.29 J/cm2
and 0.45 J/cm2 , respectively, for a 20 nm thick ﬁlm to
0.67 J/cm2 and 1.02 J/cm2 , respectively for a 266 nm thick
ﬁlm. However, the values modulate with varying FabryPérot interference eﬀects as the optical ﬁlm thickens. Over
this ﬁlm thickness range, the minimum ablation crater diameter was found to increase monotonically from 0.6 μm
to ∼2 μm. Generally, higher ﬂuence was necessary to generate larger internal ablation pressure to delaminate and
lift thicker ﬁlms, but at the cost of creating larger diameter
craters in the c-Si substrate. The observed ﬂuence thresholds and the ablation crater diameters were nearly identical in SiOx ﬁlms in comparison with SiNx ﬁlms of the same
thickness, and are in accord with the results reported for
147 nm SiOx ﬁlms [13]. During KOH etching, the smallest
ablation craters in 100 nm thick SiNx /SiOx ﬁlms did not
etch to form inverted-pyramids. This is attributed to the
high ﬂuence (0.96 J/cm2 ) used to delaminate 100 nm
thick ﬁlms that crystallographically damages the underlying Si and thus rendering it unetchable in KOH [16].
The results show that the thinnest possible dielectric ﬁlm
is favoured to yield the smallest ablation crater diameter
with minimum Si damage. Hence, a 20 nm SiNx ﬁlm was
deemed optimal for creating the smallest possible mask
aperture with suﬃcient thickness to resist KOH etching.
The blister dynamics observed in 20 nm SiNx with
increasing laser ﬂuence was similar to that reported for
a 100 nm SiOx ﬁlm [17]. The blister grows in diameter until a threshold for the perforation of the blister
is reached at which point a nano-hole is formed, followed by mechanical ejection of the blistered SiNx ﬁlm
at higher ﬂuences, leaving behind approximately a 50 nm
deep crater in the underlying Si substrate. Figure 2a
shows scanning electron micrographs (SEMs) of this sequence beginning with the threshold for blister formation
(0.29 J/cm2 ), and following with the threshold for perforating the blister with a nanohole (0.31 J/cm2 ), the collapse of a blister with a nanohole (0.41 J/cm2 ), the catapulting threshold ﬂuence for mechanically ejecting the
blister (0.45 J/cm2 ), and the catapulted blister at a ﬂuence above the threshold (0.49 J/cm2 ). The corresponding
atomic force micrographs and line proﬁles of this morphology are shown in Figures 2b and 2c, respectively, while
Figure 2d shows SEMs of the corresponding features after KOH etching for 2.5 min (step1: 30 s, step2: 2 min).
The blistered SiNx layer (intact, perforated and collapsed)
was found to protect the underlying Si from KOH etching whereas the unprotected Si crater formed due to
a blister catapulting (0.45 J/cm2 ) resulted in typical
inverted-pyramid structure after KOH treatment. Further,
the ablation crater diameter and the eﬀect of KOH etching was, comprehensively, examined over a broad range
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(a)

(b)

(c)

Fig. 1. A schematic illustrating (a) blistering of a dielectric coating upon interaction with femtosecond pulses, (b) catapulting
of the blisters at higher laser ﬂuence to form a pattern of shallow ablation craters in c-Si, and (c) the resulting inverted-pyramid
structure following KOH etching.

of laser exposure conditions to determine the smallest
possible inverted-pyramid structure that could be reproducibly formed with the tightest packing density and the
results are summarized in Figure 2e. The graph shows the
crater diameter and the resulting inverted-pyramid width
after etching in KOH for 2.5 min to increase from 0.6 μm
and 1.13 μm, respectively, at 0.43 J/cm2 to 1.25 μm
and 1.31 μm, respectively, at 0.53 J/cm2 ﬂuence. The
degree of undercutting increases dramatically as the ﬂuence decreases towards the catapulting threshold, below
which only blistering is observed. This is attributed to
the decrease in laser-induced Si damage at low ﬂuence.
The undercutting was essential to etch beyond the laser
damage zone in the c-Si surface to expose damage free
(111) planes. The increasing damage apparent in the SEM
images (Fig. 2e inset) with increasing laser ﬂuence required longer etching times to compensate for damage but
with the trade-oﬀ of forming larger sized inverted-pyramid
structures. The smallest (1.13 μm) clean inverted-pyramid
was reproducibly formed at 0.45 J/cm2 whereas a 1.07 μm
wide inverted-pyramid was formed at 0.43 J/cm2 with
only 33% reproducibility.
A high density grid of inverted-pyramids was next
investigated using the optimized 0.45 J/cm2 ﬂuence exposure. At 100 kHz repetition rate, the pitch (Λ) of
craters along the scanning direction (x) was examined
over a range of Λx = 1.2 to 1.5 μm by varying the scan
speed between 120 to 150 mm/s, while line-to-line oﬀsets
(y-direction) of Λy = 1.2 to 2 μm were tested to create tightly packed arrays with minimum collateral damage. The densest packing was found for 1.5 μm spacing in
both directions, yielding the grid of craters shown in Figure 3a that etched into a high-ﬁdelity array of invertedpyramids seen in top and cross-sectional views (inset) in
Figure 3b. In the array of ablation craters produced at
optimized ﬂuence, the inverted-pyramid size can be varied from 1.13 μm to 1.3 μm by increasing the KOH etching
time from 2.5 to 5 min, leaving a 370 nm to 200 nm wide
ﬂat mesa, respectively, between the inverted-pyramids. A
further increase in the inverted-pyramid size would lead
to occasional over-etching that manifests in the fusion of
neighboring pyramids. Larger area SEM observation of the
inverted-pyramidal texture (Fig. 3c) did not reveal any
pyramid defects over our whole sample set (∼14,000 holes

viewed) in spite of a non-cleanroom processing environment, suggesting a high reproducibility of the devised
technique with less than 1 defect per 104 holes.

3 Flexibility oﬀered by the texturing process
The method oﬀers the advantage of independently
varying pattern pitches in x- and y-directions with the
help of computer-controlled motion stages, as illustrated
in Figure 3d. Also, the laser exposure can be modulated
during wafer scanning with the help of an acoustic optical modulator (AOM) driven by position-synchronized
output (PSO) of the motion stages to create patterns
of inverted-pyramids; this is illustrated through the creation of the University of Toronto crest which is shown in
SEM and optical images (Figs. 3e and 3f, respectively). A
micro-pattern of the inverted-pyramid structure is shown
in Figure 3e (inset). In the optical image, the bare silicon appears bright, whereas the texturized regions appear
dark, demonstrating their strong optical anti-reﬂection
property.

4 Optical performance
After optimization, 2 cm × 2 cm textures with inverted
pyramids of 1.13 μm and 1.3 μm sizes arrayed at our highest pitch density (Λx = Λy = 1.5 μm) were fabricated to
measure the anti-reﬂection eﬃcacy and the eﬀect of mesa
width on the anti-reﬂectance eﬃcacy of the textures. Figures 4a and 4b show total reﬂectance at normal incidence
and specular reﬂectance at diﬀerent angles of incidence,
respectively, together with the total reﬂectance spectrum
measured for a bare Si wafer. With 1.13 μm wide invertedpyramids, the surface reﬂectance was reduced to an average of 18.6% compared with untextured silicon which
reﬂects 34.7% of incident light in the wavelength range
400 nm–1000 nm. For 1.3 μm pyramids, the reﬂectance
was reduced to 13.6% due to the 42% decrease in the width
of mesas. For the same sample, the total reﬂectance was
further reduced to 4% with the addition of an incompletely optimized 70 nm thick SiNx anti-reﬂective coating
(ARC). Calculated optical reﬂectivity curves are also plotted for the cases of 1.3 μm inverted-pyramids (with 200 nm
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Fig. 2. (a) SEM images of surface modiﬁcations in a 20 nm
SiNx ﬁlm on c-Si as a function of laser ﬂuence. Corresponding atomic force micrographs and line proﬁles of the features
are shown in (b) and (c), respectively. The vertical scale bar is
20 nm in each panel of (c). (d) Shows post-etching SEM micrographs of the morphology shown in (a), when etched in KOH
for 2.5 min. The ablation crater diameter (circular marker (o))
and the inverted-pyramid size (square marker ()) observed
after 2.5 min KOH etching are shown in (e) together with select SEM images as a function of ﬂuence. The mask aperture
and the inverted pyramid are outlined by a dashed circle and
a square, respectively, in each of the SEM images. Fluence
zones for blistering (Region I) and low (Region II) and high
(Region III) reproducible ejection are identiﬁed.

mesas) and the untextured Si surface. Optical wave analysis based on the scattering matrix method [18] was used
to simulate the total optical reﬂectance at normal incidence over the 280 nm–1000 nm spectrum. Reﬂectivity
of the inverted pyramid texture on a 400 μm thick polished silicon wafer was calculated for a set pitch of 1.5 μm
and inverted pyramid size of 1.13 μm and 1.3 μm. For
70 nm thick SiNx PECVD antireﬂective coating, the optical constants were experimentally obtained by ellipsometry. The simulated and measured curves match in the
case of untextured Si, whereas a slight incongruity is seen
for the 1.3 μm inverted-pyramid texture; this deviation

Fig. 3. (a) Top view of a Si wafer with a grid of catapulted blisters at 1.5 μm spacing. KOH etching results in a clean array of
1.3 μm inverted-pyramids seen in top and cross-sectional views
(inset) (b) and in a large area oblique-view (c). The defect-free
texture indicates the high reproducibility oﬀered by the devised technique. (d) Shows an array of 1.27 μm sized invertedpyramids placed at a Λx = 1.5 μm and Λy = 1.7 μm. (e) SEM
image of a University of Toronto crest micro-patterned with
inverted-pyramid structure shown in (e) (inset) demonstrates
the capability of the technique to selectively texture areas, leaving untextured planar areas for front contacts. The patterned
areas appear bright in this image. (f) The optical image of
the crest demonstrates the strong anti-reﬂective eﬀect in the
textured areas.

is possibly due to our theoretical assumption of a square
grid arrangement of inverted pyramids, whereas the laboratory sample had skewed alignment of adjacent rows due
to the limited control available in the motion stages. The
average specular reﬂectance over 280 nm–1000 nm for the
AR coated (70 nm thick SiNx deposited by PECVD) texture with 1.13 μm inverted-pyramids lies below 2% for
incidence angles of 8◦ to 40◦ and rapidly increases to 3%,
4.6% and 7.9% for incident angles of 48◦ , 56◦ and 64◦ ,
respectively, indicating better optical performance when
compared with the grid-less PERL-cell [19] that is also
plotted in Figure 4b for comparison.

5 Eﬃciency calculations
Given the strong anti-reﬂective characteristics observed in the present inverted-pyramid structures, it is
instructive to simulate the cell eﬃciency as a function of
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both cases. For eﬃciency calculations, the total number
of photons absorbed in the solar cell Nph was calculated
by integrating absorption of AM1.5 solar radiation over
the wavelength range of 280 nm–1000 nm. Consistent with
Feng et al. [20], a collection eﬃciency of 85% was assumed.
The short circuit current was given by Jsc = 0.85 × eNph ,
where e is the electronic charge. The open circuit voltage was obtained from Voc = (kT /e) ln(Jsc /Jo + 1), where
k is the Boltzmann constant, T = 300 K, and Jo is the
reverse bias saturation current. Given that the smallest
Jo value of about 10−15 A cm−2 [21] for Si at 300 K,
here we use Jo = 1.5 × 10−15 A cm−2 . A ﬁll factor of
80% was assumed, representing an achievable value for a
well-designed photovoltaic device operating at the maximum power point [21]. Finally, the solar cell eﬃciency
was expressed as η = 0.8 × Jsc × Voc /PAM1.5 , where
PAM1.5 = 0.1 W cm−2 is the incident power of AM1.5
solar radiation.
The simulation results (Fig. 4c) show a moderate eﬃciency gain of 2.7% and 0.4% for the 1.3 μm and 1.13 μm
inverted-pyramids, respectively, in relation to the 24.4%
for the PERL-cell texture in the case of a 400 μm thick
wafer. Smaller mesas are clearly favoured as expected,
while the smaller pyramids on the size scale of optical
wavelengths beneﬁt from reduced reﬂection due to the
graded refraction index eﬀect. However, much stronger
enhancement is found in thinner wafers. Eﬃciency gain
of 5.7% is obtained in the case of 1.3 μm sized inverted
pyramids on 20 μm thin wafers in relation to the 18.2%
PERL-cell texture, due to the enhanced light trapping
from the larger diﬀraction angles possible in the smaller
periodic surface structure that directs the weakly absorbing infrared light laterally and thus resulting in a marked
increase in performance in such thin wafers. Further, the
1.3 μm texture eﬀectively etches less silicon for a given
wafer thickness compared to the PERL-cell texture, and
hence it provides more silicon for light absorption.
Fig. 4. (a) Experimental (solid lines) and simulated (dashed
lines) total reﬂectance spectra at normal incidence from fabricated samples (1.13 μm and 1.3 μm inverted-pyramids) and
bare silicon as a function of wavelength. (b) Measured specular reﬂectance spectra from 1.3 μm inverted pyramid texture
coated with a 70 nm thick SiNx ARC and from a grid-less
PERL-cell with dual layer ARC [19] for the various incidence
angles shown. (c) Predicted eﬃciency of a solar cell with the
presently fabricated (1.13 and 1.3 μm inverted-pyramid) and
the PERL-cell textures at various wafer thicknesses. A 70 nm
thick PECVD deposited SiNx ARC is considered in eﬃciency
calculations.

wafer thickness for the textures fabricated in this study
and the 9 μm inverted-pyramidal texture with Λx = Λy =
10 μm that was used in the grid-less PERL-cell. Inverted
pyramids were placed on the light facing side of the wafer,
etched in to a polished silicon wafer of a given thickness. A
70 nm thick SiNx ARC and a perfect back reﬂector were
assumed for the front and rear surfaces, respectively, in

6 Results and discussion
We have demonstrated a simple and versatile hardmask writing technique for inverted-pyramid texturing of
c-Si with texture feature size and pitch on the order of
wavelength. The technique uses individual laser pulses to
deﬁne the pattern of catapulting blisters in a 20 nm-thin
SiNx layer to expose the underlying c-Si with minimal
laser damage, which is then eﬀectively etched with KOH to
form a high ﬁdelity inverted-pyramidal texture. The technique oﬀers control over the periodicity through the use
of computer controlled motion stages whereas feature size
can be modulated by varying laser ﬂuence or alternatively
by chemical etching time. It also oﬀers precise control
of the patterned areas. Further, the proposed patterning
technique along with the feature size of the order of wavelength leads to minimal removal of silicon (∼1 μm) and
consequently has beneﬁcial implications for high-eﬃciency
ultra-thin (∼20 μm) silicon PV where excess Si for etching
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is not available. A relative Si material savings of ∼80% is
anticipated when using our inverted pyramids of 1.3 μm
size in comparison with the 9 μm PERL-cell inverted
pyramids.
Detailed optical wave calculations on a 400 μm thick
wafer suggest relative eﬃciency enhancement of 11% and
1.4% for the 1.3 μm and 1.13 μm inverted-pyramids, respectively, when compared with the PERL-cell texture of
9 μm inverted-pyramids. Light trapping is not imperative
in thick wafers and hence, the predicted enhancement in
400 μm thick wafer is mainly due to the graded refractive index eﬀectively formed by the inverted-pyramids of
the order of wavelength that couples more light into the
Si substrate thereby increasing the cell eﬃciency. Smaller
mesas result in stronger enhancement as expected. However, in thin wafers the amount of light trapping signiﬁcantly aﬀects the cell eﬃciency. Speciﬁcally, for a 20 μm
thick wafer a much stronger enhancement of 31.6% and
17.7% is calculated in the case of 1.3 μm and 1.13 μm
inverted-pyramids, respectively, relative to the PERL-cell
texture. This enhancement in eﬃciency is due to two factors. First, due to the diﬀraction of light from the fabricated textures that directs the weakly absorbing infrared
light laterally which is eﬀectively absorbed in such thin
wafers. Second, 1.3 μm inverted pyramid texture etches
∼80% less Si and hence oﬀers more material for light absorption relative to the PERL-cell texture.
In the present study, catapulted blisters were formed
at the rate of 105 s−1 with 0.55 mW laser power. The current development of 100 W femtosecond lasers together
with multi-lens focusing arrays suggests a ∼2 × 105 fold
increase in the processing rate, i.e., 2 × 1010 blisters per
second, equivalent to 200 cm2 area production per second
that can meet the requirements of current c-Si solar cell
manufacturing processes. With further advances in lasers
and beam delivery methods the proposed approach has
the potential of becoming a practical texturing technique
for high-eﬃciency thin c-Si photovoltaics.
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