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1. Introduction

Si solar cells are the most developed
practical solution for harvesting solar
energy and are widely available at a
>23% efficiency of solar-to-electrical power
conversion at the commercial photovoltaic
module level for a household and industrial
usage as install-ready 2m2 panels.[1–3] The
technology of Si solar cells is well matured
and produces energy at a cost lower than
that traditionally available from national
power grids distributing electricity from
power stations (coal, gas, nuclear).[4]

Recently, the world record performance
has been improved from the previously
achieved efficiency of Si solar cells
26.81%[5] and stands now at 27.1% mea-
sured by the National Renewable Energy
Laboratory (NREL).[6] An improvement by
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Large surface area applications such as high efficiency >26% solar cells require
surface patterning with 1–10 μm periodic patterns at high fidelity over 1–10 cm2

areas (before up scaling to 1m2) to perform at, or exceed, the Lambertian (ray
optics) limit of light trapping. Herein, a pathway is shown to high-resolution sub-
1 μm etch mask patterning by ablation using direct femtosecond laser writing
performed at room conditions (without the need for a vacuum-based lithography
approach). A Bessel beam is used to alleviate the required high surface tracking
tolerance for ablation of 0.3–0.8 μm diameter holes in 40 nm alumina Al2O3–
mask at high writing speed, 7.5 cm s�1; a patterning rate 1 cm2 per 20 min.
Plasma etching protocol was optimized for a zero-mesa formation of photonic-
crystal-trapping structures and smooth surfaces at the nanoscale level. The
maximum of minority carrier recombination time of 2.9 ms was achieved after the
standard wafer passivation etch; resistivity of the wafer was 3.5Ω cm. Scaling up
in area and throughput of the demonstrated approach is outlined.
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1% in the efficiency took 25 years from M. Green’s established
25% benchmark for the monocrystalline Si demonstrated
in 1999.[7] None of the modern solar cells perform at the
Lambertian (ray optics) limit of light trapping 4n2, where n is
the refractive index of solar cell material.[8] The practical limit
is predicted at 29.1%, which is lower than the theoretical
Shockley–Queisser 32% boundary for Si at 1 sun.[7]

Random micro-textured surfaces are used to reduce reflectiv-
ity and enhance light trapping; however, they fundamentally can-
not perform above the Lambertian limit, which requires
harnessing the interference, slow light, and normal-to-parallel
redirection of incident light.[9] Such light trapping can be made
with photonic crystal (PhC) thin films. It is possible to trap and
absorb a much larger number of photons throughout a broad
cone of incident angles and a broad range of frequencies, which
greatly enhance the overall efficiency of solar cells beyond the
Lambertian limit. With 10 μm thickness of Si, it is possible to
reach a photocurrent density of 42.5mA cm�2, close to the
100% solar absorption limit of 43.5 mA cm2.[9,10] The ability to
absorb sunlight well beyond the Lambertian limit, using wave-
interference effects, leads to an optimum Si solar cell thickness
of only 10 μm instead of previous estimates of about 110 μm
using Lambertian light trapping. The bulk Auger recombination,
which limits the achievable efficiency of thick Si solar cells,
becomes insignificant for thin Si when 98% of available sunlight
is absorbed within only 10 μm of Si.[9]

Harnessing of wave properties provides an enhanced absor-
bance at strongly localized resonances, especially at the energies
close to the bandgap.[11] The first experimental demonstration of
light absorption above the Lambertian limit in a Si slab was made
using PhC structures with etch masks patterned by electron
beam lithography with subsequent wet etching in KOH and
plasma.[12] The possibility to define etch mask by stepper projec-
tion lithography and direct laser write (DLW), which both have
the capability of larger area patterning, was demonstrated for a Si
wafer.[13] The same PhC pattern, which performed the above
Lambertian light trapping, was made on actual Si solar cells
and compared to a neighboring central cell of the same geometry
and structure on the same wafer but without PhC patterns
(7 solar cells in total per wafer).[14] This first demonstration of
PhC light trapping on a Si solar cell showed 23.1% efficiency
on the PhC textured region (independently verified by ISFH
CalTeC) as compared to 21.1% for the neighboring central cell
on the same wafer. Another active trend in solar cells is making
them thin, flexible, and low weight[15] including use of 2D mate-
rials.[16] PhC light trapping can be used to achieve 95% absorp-
tion of light within 10 μm thick Si solar cell to expand their
application potential.[17] Flexible Si solar cells of 54 μm thickness
showed the highest power-to-weight ratio of 1.9W g�1 for
274 cm2 area;[18] the light-to-electrical power conversion was
26.06%.

Both, wet and dry etching of Si strongly affects surface quality,
which is evaluated by the minority carriers’ lifetime τm. Also,
Ohmic contacts are of paramount importance to reduce losses
due to Joule heating. Even a KOH etch for a few minutes reduces
τm from 10 to 7 μs at low p-doped Si.[19] Fs-laser-ablated Si
showed a reduction of τm up to a factor of two after plasma etch
for the maskless case of pattern definition by femtosecond-laser

ablation.[20] When Cr–mask was used, the τm was reduced up to
2 μs from 12 μs on the untreated Si surface.[20] For high-
efficiency Si solar cells, τm ≥ 2ms is required,[14] which is by
one order of magnitude higher than those observed on as-etched
surfaces. The τm defines the surface recombination velocity
SRV ∝ 1=τm, which has to be ≤1 cm s�1 and this condition is
more demanding for thin solar cells;[21] SRV up to 100 cm s�1

sill cause no significant reduction of efficiency as was found
by simulations.[21,22] Low SRV 1 cm s�1 rate is achievable by
low temperature 175–200 °C hydrogenation[23] of high perform-
ing 26% (Panasonic 2013) Si/a-Si:H heterojunction solar cells.

Here we demonstrate the fabrication of PhC pattern for light
trapping on the face surface of actual Si solar cells. A dielectric
Al2O3 mask of tens of nm thickness was laser ablated by ultra-
short laser pulses (515 nm/167 fs) using an axicon lens for the
formation of the Bessel beam.[24] Ablated holes in the mask
had a diameter smaller than the diffraction limit at the focusing
conditions due to the threshold effect, i.e., the ablation threshold
of the mask was exceeded only in the optimal center of the focal
spot. The dry plasma etching protocol was optimized for a nano-
smooth surface of PhC pattern with minimal ridges between
inverted pyramidal pits of PhC, without apparent debris and
oxidized nanoscale regions. Optimization of plasma etching over
a wide parameter space of chemistry used, process pressure, and
flow rates of gasses is presented. The PhC light-trapping
structures were fabricated on polysilicon on oxide-interdigitated
back-contacted–POLO2–IBC cell; such cells have the potential
to perform at >26% efficiency of solar-to-electrical power
conversion.[25]

2. Experimental Section

The thickness of the electron (e)-beam (JKLesker AXXIS)-coated
Al2O3 was determined by ellipsometry (Woolam, VASE). Masks
of 30 and 40 nm were investigated for optimization of the laser
ablation and plasma etch protocols. The refractive index
nþ iκ ≈ 1.595þ i0.011 of Al2O3 was determined by ellipsome-
try. Thinner 20 nm masks showed up to a few percent reduction
in κ while n was proportionally larger.

Si wafers (catalog number 783, University Wafer Inc.) were
p type (Boron doped) with resistivity 1� 10Ω cm and were close
to that of the actual POLO2–IBC p-type solar cells. The wafer’s
primary flat (see inset in Figure 1) was used to align the PhC
mask pattern. The alignment is critical for plasma etching
while low ICP power is used and the etching result resembles
structures, similar to those obtained by wet etching in KOH
with a distinct pattern of inverted pyramids. Imperfect
mask alignment causes defects in mesa ridges and corner posts,
which should be minimized for the best-performing light
trapping.

The axicon used in this study was designed for λ ¼ 515 nm
wavelength and it was femtosecond-laser inscribed inside the
bulk of silica glass. The form birefringence of nano-gratings
was used to engineer the refractive index of concentric grating
for the required phase retardance. The cone angle of the flat axi-
con corresponded to 178°. A f ¼ 400mm lens combined
with �20 magnification; NA ¼ 0.4 objective lens was used to
scale down the Bessel beam using an optical 4 F relay scheme.
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The first minimum of the Bessel intensity profile is at
dBmin ¼ 0.383λ= sin γ, where λ ¼ 515 nm is the laser wavelength,
γ ¼ 18.46° is the cone angle with respect to the optical axis
along beam propagation; dBmin ¼ 4.816

k⊥
, where k⊥ ¼ k sin γ is

the wavevector component perpendicular to the propagation
(k ¼ 2π=λ). The final cone angle on the sample was
γ ¼ 18.46°, the diameter of dBmin ¼ 1.24 μm at the first minimum
or 0.88 μm at 1=e2–intensity level. The length of the non-
diffracting Bessel beam zone was �400 μm.

The central spot as well as every ring of the Bessel beam in the
focal region carry the same amount of energy. The average inten-
sity and fluence per pulse of the optical Ep ¼ 44 nJ energy used in
mask patterning are estimated considering the central spot of
the diameter equal to the first minimum dBmin: Ip ≡ Fp=tp ¼
21.76 TWcm�2 and Fp ¼ Ep=ðπ½dBmin=2�2Þ ¼ 3.63 J cm�2, respec-
tively, for the tp ¼ 167 fs pulse (ctp ¼ 50 μm axial extent). This
calculation is carried out the same way as for the Gaussian pulse
and can be used for protocol development. For the actual com-
parison of fluences between Bessel and Gaussian pulses, the
axial extent of the beams can be compared since all the depth
of focus (DoF) of a Bessel beam carries laterally distributed rings
that converge onto the optical axis. The same focal spot for a
Gaussian beam can be achieved with focusing using NAG lens
defined by dBmin ¼ 1.22λ=NAG. Then, the DoF or double the
Rayleigh length 2zR ¼ 2π½dBmin�2=λ ¼ 18.8 μm. This is 21 times
shorter than the DoF of the Bessel beam. Hence, the correspond-
ing fluence of the Bessel beam reduced by this factor is
0.17 J cm�2 and is close to the ablation threshold of Si. For
the Gaussian pulse, the ablation threshold of Si is
0.2 J cm�2.[26] Laser patterning of the alumina mask was carried
out using single pulses of λ ¼ 515 nm wavelength and τ ¼ 167 fs
pulse duration (Pharos PH-10W-SP, Light Conversion). The
sample was placed on a porous stone sample holder and secured

using vacuum suction. Patterning was performed using linear
nanopositioning stages (ANT130XY, Aerotech) moving in the
xy plane. Focusing objective, mounted on Z-axis stage
(ANT130LZS, Aerotech), was kept stationary. The stage control-
ler (XR3, Aerotech) equipped with position synchronized output
(PSO)-feature-synchronized laser triggering to the motion of
nanopositioning stages. Fabrication sequence was defined and
controlled from SCA software (WoP, Ltd.).

Sinton WCT-100 was used to determine the minority carrier
lifetime τm via inductive detection of the cumulative recombina-
tion currents in the bulk and on the surface of solar cell or Si
wafer. A light flash creates electron–hole pairs (e–h) with concen-
tration Δn ¼ Δp, which are much smaller than those due to dop-
ing (n or p). A short minority carrier lifetime τm is related to the
high surface recombination velocity SRV and limits collection of
photo-carriers, i.e., reduces the efficiency of light-to-electricity
power conversion.

3. Results

For this study, we chose an Al2O3 mask due to its mechanical
strength even at nano-film conditions and being compatible with
antireflection coating of Si solar cells. Metal masks such as Cr or
Ti make good adhesion to Si and can withstand plasma etch used
in this study;[13] however, they can deteriorate the performance of
Si in terms of increased surface recombination velocity. Also, a
hard mask of 20 nm thick silicon nitride was used to ablate
600 nm diameter holes by femtosecond laser for subsequent
anisotropic wet etch of Si in KOH;[27] Gaussian laser pulses
were utilized. Similar patterns can be made by high-resolution
lithography;[28] however, here, we focus on patterning without
the conventional lithography approach which is not amenable
to large-area solar cells.

1 �m

1

2

3

629 nm

Al2O3 40 nm

1     2      3

1 x 1 cm2

629 nm

629 nmPulse energy: 32.4 nJ

Al2O3 38 nm

38 nm

38 nm

43.8 nJ

56.2 nJ

1 pulse:
2 pulses:

axicon
fs-laser

Al2O3 mask
Si (front)

PhC
pattern

Stage scan in-plane

Figure 1. 1–3) SEM images of 38 nm thick Al2O3 film (nþ iκ ¼ 1.595þ i� 0.01054) ablated using single pulses of 515 nm/167 fs laser (Pharos PH-10
W-SP, Light Conversion) light shaped into Bessel beam using axicon optics. Pulse energies were Ep ¼ 32.4, 43.8, 56.2 nJ—as marked on each SEM image.
The 629 nm diameter circle markers correspond to the observed laser modified spot size at the smallest pulse energy. This diameter is smaller than the
1=e2–intensity cross section of the central core of the Bessel beam which was 880 nm; top right inset—schematic representation of Bessel beam for-
mation by axicon used for mask patterning; bottom left inset—photo of the alumina-coated silicon wafer with 1� 1 cm2 areas laser patterned using one
and two pulse per site modes and pulse energies listed earlier.
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3.1. Bessel Beam Patterning of Al2O3 Mask

The DLW by 515 nm/167 fs laser pulses with Bessel beam focus-
ing was carried out on blank Si wafers coated by 30� 2 and
40� 2 nm Al2O3 films deposited by electron (e)-beam evapora-
tion. Single and double pulse per ablation site was used to write
1� 1 cm2 masks at 7.5 cm s�1 scan speed; the laser repetition
rate was 0.6MHz. It takes 20min to pattern a 1� 1 cm2 area.
These scan and repetition rate conditions were chosen for the
reliable positioning of ablation sites within �20 nm tolerance
from the designated positions (laser trigger on position in the
PSO mode of writing) on a square grid with Λ ¼ 3.1 μm period
as required for the PhC light trapping. The writing speed can be
further increased since 30 nm positioning errors were observed
for the maximum tested writing speed of 10 cm s�1; further
increase of a writing speed will be studied separately. The posi-
tioning errors translate into mesa errors, especially at the corners
of the etched pit. The orientation of the mask was aligned to the
base cut of Si wafer to have the best etching conditions and small-
est mesa regions. Irradiation of two pulses per ablation site
caused a larger debris field as well as holes in the mask clogged
by droplets of quenched melt (similar as in region 3 of Figure 1).
Notably, debris on a mask and small changes in the shape of the
hole in mask were still acceptable for plasma etch. Thinner
30 nm Al2O3 masks showed less debris and smaller holes; how-
ever, this thickness value was not selected for the final fabrication

on Si solar cells due to being prone to fracture when undercut
etched. Thicker 50 nm masks showed the presence of brittle
fracture at the rim of the opening and larger debris fields.

3.2. Plasma Etch: Optimization of Conditions

First, different chemical mixtures for dry plasma etching were
investigated with the aim of identifying those that yield the
smoothest surfaces of Si production. One of the simplest mix-
tures of SF6=O2 was the most promising since the addition of
CF4 and/or CHF3 resulted in more nano-rough surfaces even
if the etch rate was faster (for illustration see selected conditions
shown in Figure A1).

The parameter space of optimal etch protocol was investigated
with a change of inductively coupled plasma (ICP) power, which
favors isotropic all-direction material removal as well as bias
power, which defines anisotropic directional (between electro-
des) etching; see Figure A3a for the surface produced by the opti-
mized etch protocol. Figure 2 shows optical images of pattern
evolution at large ICP power with bias at 0W. When the corner
posts of Si below the mask become sub- 1 μm in the lateral cross
section, they appear colorful under optical inspection with an
objective with numerical aperture NA ¼ 0.9 (see inset in
Figure 2d). Different colors are related to the small differences
in shape of pillars which evolves from small changes of ablated
holes in the mask (see scanning electron microscopy [SEM] inset

5 min 10 min 13 min

16 min 18 min
mask removed after 18 min etch

10 �m coloured posts:
ablated hole
in mask < 1�m

Al2O3 38 nm 
mask 

support 
every 
1 mm

mask
residue 

1 �m
Si

Al2O3

SEM:

smaller
hole: 

(a) (b) (c)

(d)

(e)

(f)

1 �m

Figure 2. a–f ) Optical microscope images of photonic crystal (PhC) light-trapping surface dry-etching evolution in time. Images were taken using Nikon
LV100POL microscope with an objective lens of numerical aperture NA ¼ 0.9. Labels indicate cumulative etching time up to 18min. The optimized
protocol of the isotropic reactive ion etching (RIE-101iPH, Samco) at high etch rate was carried out at 200W of inductively coupled plasma (ICP) power
and at 0W Bias power. Gas flows used were 50/5 sccm of, respectively, SF6=O2 at the process pressure of 2 Pa with He lower electrode cooling enabled.
The inset in (c) is a scanning electron microscopy (SEM) image of a PhC etched in SF6 plasma for 15min. It illustrates the mesa structures and Al2O3

mask adhered on corner pillars surrounding the square pits. The rainbowmarker highlights locations that appeared colored under the optical microscope.
When those corner structures become smaller than 0.5 μm in size (close to the diffraction limit of optical observation 0.61λNA�1 at central visible
wavelength λ ¼ 530 nm—green), they appear colorful (see inset in (d)). This condition may be used as a reference for etching process termination
timing. Over etching causes mask release and likely failure as shown in (e). The 38 nm alumina mask was removed by ultrasonic agitation in isopropanol.
Mask writing was done using Bessel beam.
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image in (c)). This stage of color appearance in pattern formation
is indicative that the plasma etch should be finished, since the
Al2O3 mask breaks when the undercut etch progresses and some
of the posts will not support the mask (38 nm thick in Figure 2).
A mask is removed by immersion of the sample into an ultra-
sonic bath of isopropyl alcohol (IPA) for 5min. If the mask is
not fully removed from the Si post, it appears colorful under opti-
cal inspection. Since alumina is part of the antireflection coating
in the final design of the solar-trapping surface, this is not con-
sidered a critical issue. For the final etch protocol, the slow etch
rate was used. This resulted in posts of the same color (dark blue)
under microscope observation, which indicates size and shape
uniformity (Figure A6).

The PhC pattern was defined by etch mask on a 1� 1 cm2 area
which had unablated 4� 4 holes every 1mm in x and y direc-
tions of the pattern by design. Those posts were added to support
the Al2O3 membrane during dry plasma etch (this action is illus-
trated in Figure 2e where mask is fixed to the post after it fails in
the free-suspended region). Their contribution to an increased
reflection from Si solar cell with PhC light-trapping patterns
can be considered small.

Even though ICP is known for favoring isotropic etch, at lower
ICP powers, the etch becomes slower and the crystalline struc-
ture of Si becomes prominent on the etched surface (Figure A2).
We chose low 30W ICP power for the optimized protocol and no
oxygen was used to reduce surface oxidation, which caused non-
homogeneous islands/residue formation apparent under SEM
inspection.

Next, the influence of the bias power was investigated.
Figure 3a–c shows side-view cross sections aligned to the original
surface of Si etched under increasing bias, i.e., directional
plasma bombardment of the surface. Elliptical markers are added
as eye guides to facilitate a small increase of depth at large
powers. The effect of bias was not very prominent understand-
ably due to the small sub-1 μm opening in the mask through
which the etching of Si was made. An increased bias power also
affected the thickness of Al2O3 mask, which is undesirable. Zero
bias was used for the final protocol. During SEM observation of
samples after different times of plasma etch, it was observed that
charging nano-debris are increasingly present (Figure 3c,d) after

repeated exposures of the sample to the air (in class 1000 clean-
room). This residue of etchants or/and oxidized Si is minimized
with reduced steps of air exposures as in the final fabrication.
With a lower content of oxygen in SF6=O2 mixture, the surface
had less of the oxidized residue and smoother surfaces. For the
final protocol, no oxygen was selected.

The process pressure in the chamber is another important
parameter, especially due to the ICP-dominated etch, which
was selected for the PhC pattern. The He gas flow below the sam-
ple was used for cooling the sample and was negligibly contrib-
uting to the process pressure. The reactivity of plasma and the
isotropic nature of etching depended on the process pressure
(Figure A3). The low pressure facilitated the smooth morphology
of Si with the largest depth (Figure A3), which are both desirable
virtues selected for the final protocol (shown in Figure A3a). The
sensitivity of etched surface roughness and presence of oxidized
textures is illustrated in Figure A4 where ambient pressure
changes are shown to strongly affect the morphology at larger
ICP powers and O2 flow even at 0W bias.

The key attribute of the proposed plasma etch protocol using a
large area laser patterning of 40 nm thick Al2O3 mask is timing.
Etching should be stopped at the moment of the smallest pillar
posts’ formation (Figure 4). The posts provide mechanical sup-
port for the mask. Undercut etching and narrow mesa formation
are already present even before posts are etched out. With the
posts of 150� 50 nm in cross section, the deepest PhC pattern
is formed with minimized mesa ridges. The final optimized
recipe of PhC etch was selected for the slow etch, which caused
the formation of the smallest posts (same deep blue color;
Figure A6), no oxygen in the etching gas mixture (only SF6),
0W bias, 30W ICP, and 1 Pa of process pressure. Such etching
revealed the (111) Si planes typically observed in wet KOH etch-
ing. Minimum oxidation debris is formed on the surface, which
is subsequently processed via wet etch KOH passivation and anti-
reflection coating steps for the final solar cell.

Figure 5a shows the appearance of etched PhC pattern using
Al2O3 mask patterned by femtosecond-Bessel beam on the sur-
face of actual solar cells. The total etch time to achieve minimal
mesa ridges (Figure 5b) was approximately twice as long for
the entire Si wafer as compared with the test samples of

Si

Mask Al2O3

1 �m

Si

1 �m0 W Bias; 15 min 2 W Bias; 12+5 min 10 W Bias; 17 min 50 W Bias; 15 min

Top-viewSide-view

(a) (b) (c) (d)

1 �m

1 
�m

residue

Figure 3. SEM images of etch cross sections at different Bias powers: a) 0 W, b) 2W, c) 10W, and d) 50W (top view in (d)). Etch time is shown at the
bottom of panels; when repeated etching was applied, times were shown with a summation marker “þ” in (b). RIE was carried out at 2 Pa process
pressure, 200W ICP power at 50/0 sccm SF6=O2 gas mixture. For comparison of evolution of etched pattern oval and right-triangular markers of the same
size are shown in (a–c). Thickness of Al2O3 mask was 28.4 nm; mask writing was with Bessel beam. The amount of dry-etching residues correlates with
bias power level, most probably. Note that the residues which appear as white particulates in SEM images are caused by exposure of etched surface to
room conditions and was becoming increasingly apparent under repeated sample’s inspections. Formation of residue can be avoided when all the etch
process is carried out in a single step.
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�1� 1 cm2 patterned masks used for the development of the
etch protocol; mesa ridges contribute to unwanted reflection
from the front surface. However, the quality of the etched sur-
face, mechanical integrity of the mask, and residue formation
were the same as per the optimized recipe. One important dif-
ference of the wafer scale etch was the slight radial variation of
undercut etching, which is an important and favorable attribute
of the plasma processing of PhC light-trapping surface
(Figure 5). Dedicated wafer-size optimization of the etch protocol
is required. For that, we foresee the requirement of a mechani-
cally stronger mask for longer etching with an undercut etch con-
ditions as discussed in the next section.

3.3. Minority Carrier Lifetime

In the best performing POLO2–IBC solar cell with PhC light
trapping η ¼ 23.1%,[14] τm � 2.3ms was achieved over
2� 2 cm2 area after a prolonged 300min isotropic etch in the
ammonia peroxide mixture (APM) with an etch rate of
1 nmmin�1; the short current density Jsc ¼ 40.2mA cm�2.
The initial values τm ¼ 0.35ms for plasma-treated surface and
Jsc become 40.83mA cm�2 after the first (from four) 75min step
of APM passivation etch. Noteworthy, APM wet etch caused a
slight increase in overall reflectivity from 11.2% to 13.1%, where
the reflection and charge carrier lifetime were determined with
AlOx passivation at each step.

Figure 6 shows the minority carrier lifetime τm dependence
on the density of photoexcited carriers Δn (Figure 6a) and spa-
tially resolved maps (Figure 6b) for Bessel beam patterned cells.
The same APM passivation etch was carried out as for the cells
previously patterned with Gaussian beam and plasma etched.[14]

The maximum of τm ≈ 2.9ms lifetime was achieved. This is
comparable with the high efficiency 26.1% cell where 2.1ms
time was obtained for random micro-pyramidal surface texture;
note that the resistivity of the wafer was 1.5Ω cm[25] while
3.5Ω cm in this study.

4. Discussion

4.1. Bessel Beam Patterning on Front Side of POLO2–IBC Cell

Figure 5 and A7 show the currently achieved patterning of poly-
silicon on oxide-interdigitated back-contacted– POLO2–IBC cell.
This POLO2–IBC architecture, same materials, and fabrication
protocols achieved 26.1% solar-to-electric power conversion effi-
ciency.[25] The mask writing throughput by the Bessel beam was
1 cm2 in 20min. A further increase is possible by combining
xy-stage scan with Galvano-mirror scanning,[29] especially, due
to the stitch-less mode of writing over large areas. The actual
increase in throughput of 2D patterning depends on the pattern
complexity; however, it is expected to be a considerable factor
based on the 3D polymerization study.[29] For the Bessel beam
with the axial extent of the 400 μm used in this study, there is
a high tolerance for axial position of the focal region on the Si
surface with 40 nm thick mask even for an existing tilt of the
sample and surface unevenness. Curved surfaces can be, in prin-
ciple, patterned with the Bessel beam. The virtue of large DoF of
Bessel beam is particularly valuable for large area patterning and

1 �m Si

30 min; 50/0 ccm

Pr
es

su
re

: 2
 P

a

ICP: 100 W 100 W 50 W 30 W

45 min 45 min 45 min

original surface
undercut etch~1 �m posts ~0.2 �m posts

54.7o
no ridges

Figure 4. Evolution of under etching at decreasing ICP power from 100 to
30W (the final optimized condition) at 0 W bias; SF6=O2 50/0 sccm, pres-
sure of 2 Pa. The under etching removes the post regions. The minimum
size of the posts also corresponded at the largest depth of the etched pat-
tern (appeared colorful under optical observation; Figure A6). The timing
of etching is the main parameter for the optimal conditions of PhC for-
mation. Thickness of Al2O3 mask was 38 nm; mask writing was with
Bessel beam. The angle of 54.1° between top surface (100) plane and
(111) plane is shown by dashed-inclined lines.

1 Pa, 30 W ICP, 50 ccm SF638 nm Al2O3 mask
Bessel beam 515 nm/ 167 fs

60 min

+ 60 min+ 45 min

Mask removed (solar side):

SEM:

Contacts (back side):
� = 3.1 �m

(a)

(b)

stronger 
under-etch

1
2

5
4

3

7
6

Figure 5. PhC light trapping for polysilicon on oxide-interdigitated back-
contacted–POLO2–IBC cell. The thickness of a Si solar cell is 190 μm.
a) The mask (38 nm thick Al2O3) was patterned by femtosecond-laser
direct write with Bessel beam 515 nm/167 fs, pulse energy Ep ¼ 43.8 nJ
over 2.2� 2.2 cm2 areas on the front side above of an integrated Si cells
with backside contacts. Plasma etches and PhC pattern evolution were
observed at different paused times during etching. The optimized protocol
was used: 1 Pa process pressure, 30W ICP power, SF6=O2 50/0 ccm flow
rate. b) The center image is the final PhC-trapping surface after mask
removal in an IPA ultrasonic bath. Insets show SEM images of the final
PhC light-trapping surface at different locations. There was a slight differ-
ence in terms of the under-etch conditions across the wafer recognizable
in a) optical and b) SEM images. The right-bottom inset image shows the
backside contacts.
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large speed mask writing when vertical displacements of the
surface of solar cell are present and/or changing during laser
writing. In this study, the pulse duration corresponds to
50 μm in air as it travels through the non-diffracting section
of 400 μm.

What was observed in the full wafer etch (Figure 5) is a twice
longer etch time required for the same depth of the PhC pattern.
This longer etch puts more stringent requirements against
mechanical failure of the patterned mask. A higher ICP power
would facilitate a faster etch rate, however, mask thinning with
more erosive plasma would take place.[20]

4.2. Mask with Distributed Support: Numerical Modeling of
Light Trapping

A practical solution to make better support for the etch mask
would be to omit every second ablated hole in every second line
(see concept in Figure 7a). Finite difference time domain (FDTD)
modeling (Lumerical, Ansys) of a toy model of such PhC texture
for 3 μm thick Si is shown in Figure 7b for the spectra of absorp-
tion and scattering cross sections. Such a pattern has very similar
cross sections as compared with an inverted pyramid PhC.
Figure 8 shows light intensity distributions at very different
wavelengths for a normally incident plane wave. The incident
intensity is normalized and the jEj shows the enhancement of
electrical E-field due to interference inside Si especially at the
longer wavelengths. This toy-model simulation qualitatively cap-
tures the wave nature of PhC light trapping which can perform
above the Lambertian 4n2 ray optics trapping used in solar
cells.[12]

Maskless patterning of Si surface using ablation by interfer-
ence of three[19] or more[30] laser beams was proposed for the
definition of etching sites on Si for inverted pyramidal structures
produced by wet etch. Different wet etch solutions can be used
for anisotropic etch of Si.[31] Plasma etch can also form a pattern
of inverted pyramids after the femtosecond-laser direct write
defines it by ablation.[20] Laser-marked ablation sites have
nano-volumes of structural defects[19] (nanosecond-laser
ablation) and nano-cracks[31] (femtosecond-laser ablation), which

can be located up to few-hundreds nanometers below surface in
the case of maskless laser patterning. Those defect rich nano-
volumes are etched out in KOH. Similarly, for plasma etch when
transparent alumina mask is used as in this study, the laser
affected regions are removed during the formation of inverted
pyramids.

The proposed model of the etch mask is amenable over large
areas (10 in wafer) and larger. Due to a mechanically stronger
mask, it can potentially be thinner and smaller ablation holes
can be printed if required for a smaller PCh period. The very
same etch chemistry at a higher ICP and bias were also tested

Figure 6. a) The photoinduced carrier density dependence in the selected central cell (region 4 in Figure 5) on the 190 μm thick wafer with the POLO–IBC
Si solar cells (see 2� 2 cm2 marker on the wafer map in (b)). b) Minority carrier spatially resolved lifetime maps under 0.72 sun illumination. PhC light-
trapping regions were patterned with femtosecond-laser Bessel beam by ablation of alumina mask and plasma etched for the minimal mesa widths. The
resistivity of wafer was 3.5Ω cm.
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Figure 7. a) Concept for a better mechanical support of the nano-film
mask over large areas for a deeper etch of PhC patterns: laser inscribed
mask in 30 nm thick Al2O3 with periodic micro-posts (not ablated sites).
b) Finite difference time domain (FDTD) calculations of absorption and
scattering cross sections for the pattern in (a) and same geometry only
with four pyramidal pits. Periodic boundary conditions are applied for
the xy plane (lateral dimension) and perfectly matching layers in the lon-
gitudinal direction (along light propagation). The thickness of the cell is
3 μm; Si permittivity ðnþ iκÞ2 is from the Lumerical, Ansys database.
Geometrical cross section (footprint) of the pyramid (or inverted pyramid)
is 9.61� 106 nm2.
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for thinning of Si from 0.5 to 0.1 mm (Figure A8). Such thinning
opens the possibility to use a compatible process to thin Si solar
cells with backside contacts to the required thickness before add-
ing the PhC-trapping surface, which is the most efficient in thin
tens-of-micrometers Si solar cells.[17]

4.3. Surface Defects Due to Plasma Etch

Plasma etch is known to cause surface defects due to ion bom-
bardment and implantation of contaminants with penetration
from nanometers to a micrometer.[32,33] The surface defects
usually removed via a defect-removal etch (KOH, HNO3 :HF,
etc.).[34,35] Hence, we used here the zero-bias plasma etch to
reduce directional bombardment of surface by ions and APM
defect-removal wet etch. ≈300 nm isotropic APM etch resulted
in defect-free performance of front surface of solar cell;[14] details
on determination of efficiency and electrical characteristic of
23.1% POLO2–IBC cell will be reported elsewhere. The open-
circuit voltage Voc was reduced for nanosecond-laser written
mask and KOH etch.[19] In the case of POLO2–IBC best perform-
ing cell with a random pyramidal texture (without PhC light trap-
ping), Voc ¼ 730.2mV and Jsc ¼ 42.2mA cm�2 (the fill factor
FF ¼ 84.44% and efficiency 26.02%). For the best performing
cell with PhC light trapping, Voc ¼ 710mV and Jsc ¼
39.9mA cm�2 (the fill factor FF ¼ 81.5% and efficiency
23.1%) while a neighboring wafer-central cell with a flat non-
textured surface Voc ¼ 720.5mV and Jsc ¼ 36.21mA cm�2

(FF ¼ 81% and efficiency 21.1%).[14]

5. Conclusions and Outlook

Direct laser writing of a hard etch mask using ultrashort
femtosecond-laser pulses is demonstrated for fabrication of

PhC light-trapping surface on actual high-efficiency polysilicon
on oxide-interdigitated back-contacted– POLO2–IBC cells. Using
tens-of-nanometers Al2O3 hard mask ablated by femtosecond-
laser Bessel beam at high 7.5 cm s�1 scan speed at room condi-
tions makes this approach scalable for solar cell applications.
Periodic PhC patterns are required to break the ray optics
Lambertian limit of light trapping. A detailed account of explored
parameter space to optimize plasma etching is presented for
different etch chemistries, powers of ICP and bias, and process
pressure. Only an optical inspection of the evolution of PhC
formation is required to determine the required etching time
and degree of under etching.

Scalability of such lithography-less and vacuum-less
micro-patterning of PhC textures over even larger areas is
outlined and the feasibility of light trapping based on wave
nature of light is qualitatively evaluated using a numerical
toy model. Detailed performance of these PhC� POLO2–IBC
cells will be reported in a dedicated study. Here, the experimen-
tal account for the selection of hard-mask thickness for direct
laser writing by Bessel beam and dry plasma etching were
all synergistically optimized and solved for an upscalable
application. The optimized dry-etch recipe uses ICP plasma
without bias power resulting in minimal plasma damage to
the etched surface.

Appendix

Here, a set of supplementary figures illustrates and summarizes
experimental observations with a selection of qualitative
illustrations of the main consequence of particular etch parame-
ter change. Figure captions are self-explanatory with technical
details and main conclusions.
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Figure 8. Light intensity enhancement at two cross sections (monitors) at difference wavelengths simulated by FDTD with periodic boundary conditions
applied for the lateral dimension and perfectly matching layers in the longitudinal direction (along light propagation); same geometry as in Figure 7.
The thickness of the cell is 3 μm; Si permittivity ðnþ iκÞ2 is from the Lumerical, Ansys database. Incident light intensity jEj2 ¼ 1.
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1 �m20 min; 50/5 ccm

ICP: 300 W 200 W 100 W 50 W

10+10+10 min; 50/10 ccm 30 min; 50/5 ccm 40 min; 50/5 ccm

(a) (b) (c) (d)

Mask Al2O3

Figure A2. Dependence of etch on ICP power in SF6=O2 mixture (ratios are shown at the bottom of panels) at 0 W bias. Representative SEM
images of top view after different times of etching. Presence of oxygen shows propensity of oxidation on the etched surface. At low ICP powers,
crystallographic structure typical for the Si <001> becomes discernable, see (a) versus (d). The thickness of Al2O3 was 38 nm; mask writing by
Bessel beam.

CF

1 �m 1 �m 1 �m

1 �m

mask Al O

Al O 28.4 nm

(a) (b) (c)

30 min etch

60 min

optical images:

CF CHF

mask Al O

hole in mask

post

Figure A1. Typical PhC structures at different etch chemistries. a) CF4 test: 2 Pa process pressure, 200W ICP, 0W Bias, 50/5 ccm of CF4/O2 for 60 min.
Strong under etch. Thickness of Al2O3 mask 37.6 nm, Bessel beam. b) same as a) only 50W ICP for 150min. c) Etch mixture with CHF3 : 2.5 Pa process
pressure, 180W ICP, 0W Bias, 50/10/10 ccm of SF6=o2/CHF3. Thickness of Al2O3 mask 28.4 nm; Bessel beam was used for ablation. The inset in (c)
shows optical images of etched pattern evolution, which turns into colored posts after 60min of etch.

Si

1 �m1 Pa; 40+30+20 min

Mask Al2O3

(a) (b) (c) (d)

2 Pa; 40+5+5+5 min 4 Pa; 20+10+5 min 1 �m1 �m 1 �m 2 Pa; 45+30+8 min

ICP: 30 W 30 W 30 W 15 W

1 Pa

90 min

2 Pa

55 min

4 Pa

90 min

2 Pa

83 min1 �m

Figure A3. SEM images of etched PhCs on Si at different process pressures: a) 1 Pa, b) 2 Pa, c) 4 Pa, and d) 2 Pa. Top insets show side-view cross section.
Etch time is shown at the bottom of panels; when repeated etching was applied, times were shown with a summation marker “þ” at the bottom of panels.
RIE was carried out at 0 W bias, (a–c) 30W ICP power and (d) 15W, at 50/0 ccm SF6=O2 gas mixture. Thickness of Al2O3 mask was 28.4 nm; mask writing
was with Bessel beam. Conditions in (a) were selected for fabrication of PhC light-trapping patterns on solar cells.
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Period 3.1 �m

40 min

mask 
support
every 
1 mm

70 min

90 min 90 min + mask removed

Same colour of posts:

Figure A6. The optimal-etch conditions. Optical images of etching progression for a pressure of 1 Pa, 30W ICP, 0W bias, and 50/0 ccm of SF6=O2 at the same
position on the sample. The smallest corner posts are of the same color (dark blue) observed after 90min etch; see different colors at conditions of faster etch in
Figure 2d. At this condition, etching is stopped and themask is removed in ultrasonic bath. Thickness of Al2O3 maskwas 38 nm;maskwriting was with Bessel beam.

1 �m

45 min 
50/0 ccm
2 Pa

ICP: 30 W
(a) (b)

40+5+5+5 min 
50/0 ccm
2 Pa

30 W

1 �m

54.7o

54.7o

1 �m

1 �m

579 nm

1 �mmask

under etched

579 nm

Figure A5. Time, the ratio of flow rate of SF6=O2 gas mixture, and pressure are shown. Bias power was 0W and that of ICP 30W. a) Single run of etching and
b) with three repeated inspections to achieve minimal mesa regions and under etching. Top inset in (b) shows the typical opening in the mask used for this
etching with its projections on the etched inverted pyramids as central circles. Thickness of Al2O3 mask was 38 nm; mask writing was with Bessel beam. The
angle of 54.7° between top surface (100) plane and (111) plane is shown. Repeated exposure to room conditions caused a larger amount of the oxidized residue
shown in (b). Under-etching conditions in (b) affected the depth and slope of side walls and was stronger at larger ambient pressure (see Figure A3).

1 �m

3x10 min; 50/10 ccm

Pressure: 1 Pa 2.5 Pa 5 Pa 10 Pa

15 min; 50/10 ccm 30 min; 50/10 ccm 20 min; 100/10 ccm

(a) (b) (c) (d)

Mask Al O

0.5 Pa

Ar: 50 ccm

ICP: 200 W 200 W 200 W 100 W 100 W

40 min; 20/2 ccm

(e)

Figure A4. SEM images of etched PhCs on Si at different process pressures: a)1 Pa, b) 2.5 Pa, c) 5 Pa, d) 10 Pa, and e) 0.5 Pa. Etch time is shown at the
bottom of panels. RIE was carried out at 0 W bias in all cases, while ICP was 200 and 100W (marked); Ar at 50 ccm was added for (c). The ratio of flow rate
of SF6=O2 gas mixture is shown below the panels. Thickness of Al2O3 mask was 28.4 nm; mask writing was with Bessel beam.
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Figure A7. a) Backside view of polysilicon on oxide-interdigitated back-contacted– POLO2–IBC cell with the top-inset image of patterned etch mask
by Bessel beam 515 nm/167 fs, pulse energy Ep ¼ 43.8 nJ. The thickness of Si solar cell 190 μm. Insets show laser patterned mask and final PhC
light-trapping surface and optimized plasma etch and mask removal. b) Optical dark-field image of laser inscribed mask in 38 nm thick Al2O3.
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Figure A8. Thinning of 500 μm wafers down to sub-100 μm thickness
(Samco ICP-RIE). Plasma thinning of p-type Si at different bias powers,
when ICP power was 700W, process pressure 1 Pa, He back pressure
2 kPa, and etching chemistry SF6. Etching time was 90min; error bars
15%. There was a strong dependence on the size of Si substrate, i.e., a cen-
timeter-sized sample was etched 50% faster than a wafer. The cleanest
debris-free surface was obtained at the highest bias power of 160W, when
the etch rate was 4.6 μmmin�1 and the roughness was 25 nm. Noteworthy,
n-type Si had a strongly light-scattering appearance at the visible spectral
range after etching; the intrinsic and p-type Si was etched identically.
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S. Juodkazis, M. Malinauskas,, Opt. Express 2019, 27, 15205.

[30] B. Voisiat, S. Indrišiūnas, R. Suzanovičienė, I. Šimkienė,
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