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ABSTRACT

Reduction of surface reflection loss is crucial for high efficiency next generation Si solar cells. Surface texturing
provides a viable method to reduce loss over the full solar bandwidth. Previous studies have concentrated on
simple moth-eye silicon pillar arrays protruding from the surface. Using FDTD simulation methods, we undertake
a systematic investigation into performance benefits provided by complex semi-random photonic quasi-crystal
surface patterning methodologies whereby arrays of air holes are etched deep into the solar cell surface. In
contrast to other studies we carefully investigate the effect of lattice symmetry, systematically comparing per-
formance of simple 6-fold symmetric triangular photonic crystal patterning to 12 fold symmetry photonic
quasicrystal patterning and infinitely symmetric 2D Fibonacci patterning. We optimize key geometric parameters
such as lattice pitch, hole size and etch depth to maximize optical performance for each lattice type. 12 fold
photonic quasi crystal lattice is found to provide best overall anti-reflectance performance providing a solar-
corrected average reflectance of 8.3% for a hole depth of 1.5 pm and 300 nm diameter, in comparison to
36.4% for a bare silicon solar cell surface. Practical feasibility of the optimal designs is demonstrated by fabri-
cation of physical prototypes consisting of arrays of nm scale air-holes etched into the surface of a silicon slab
fabricated Using e-beam lithography and ICP/RIE etching. FDTD Simulation methodology is validated by
convergence studies as well as comparison to optical measurements on these fabricated devices. Furthermore, in
contrast to previous studies we provide an in depth analysis of the physical mechanisms responsible for reduction
in surface reflection, determining the parameter space where conventional Gaussian optical processes such as
effective refractive index, refraction and Fresnel reflection dominate, vs parameter space where sub wavelength
photonic crystal scattering effects play the main role. We finish up with an analysis of electrical performance for
the optimal designs to further validate real world performance. Taking electrical performance into account we
determine that infinite-symmetry 2D Fibonacci patterning far outperforms lower symmetry 12 fold and trian-
gular arrangement. We believe that this is the first in depth investigation into 2D Fibonacci patterning in silicon
solar cells.

1. Introduction - state of the art and context to the natural abundance of Si, well established supply chains and robust

fabrication processes. Over the last decade Si PV has provided sub-

Photovoltaic (PV) technologies have shown great promise in meeting stantial gain in efficiency and cost effectiveness [1-3]. In order to drive
ever increasing energy demands whilst avoiding environmental detri- performance-to-cost ratio higher and improve power conversion effi-
ment associated with non-renewable alternatives. Si based PV is ciencies (PCE) significantly further, it becomes necessary to carefully
currently the dominant technology in the solar market (> 90%) [1] due optimize photon management [4,5].
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Interdigitated back contact (IBC) cell architecture is one of the most
promising emerging Si PV technologies. IBC avoids optical losses asso-
ciated with front contact shading by eliminating the front contact fingers
entirely. It also lends itself well to front surface nano-structuring since
no doping of the front surface is required.

Minimization of surface reflectance is one of the most important
requirements for efficient PV devices [6]. Si solar cells with no
anti-reflectance (AR) measures reflect an average of 40% incident light
back into the surrounding medium [7]. The current solution is inclusion
of a single layer SiNy or SiOj, AR coating (SLAC) which reduces reflec-
tance via destructive interference between waves reflected at the layer
surfaces [8-10]. AR coatings can also be devised to serve as multi-
functional layers in novel cell architectures that target a reduction in the
fabrication cost of Si cells [11]. However, SLAC is only effective over
limited solar bandwidth and perfect perpendicular light incidence. SLAC
is therefore inefficient for diffuse light harvesting as required on a
cloudy or hazy day.

These limitations have led researchers to investigate surface nano-
texturing as an alternative, providing the exciting possibility to simul-
taneously reduce reflection over very wide wavelength range and in-
crease light trapping for large incidence angle range. Current state of the
art for surface structure enhanced light trapping in monocrystalline Si
PV utilizes micron scale pyramidal pits formed via alkaline etching [6,
12,13]. Further reductions in reflectance can be achieved through
combining micro-texturing with AR coatings [14].

Heterogenous ‘black silicon’ nano-texturing provides a good alter-
native [15] and can achieve very low reflectance values across a broad
range of incident wavelengths due to reduced refractive index associated
with the mesoporous structure and dense optical scattering within the
material. Subwavelength ‘top down’ surface etched structures have also
been shown to yield reflectance values below 2% across the visible
spectrum [16]. Although these methods provide large reduction in
reflection loss, they present new challenges due to requirement for good
surface passivation to mitigate increased charge carrier recombination
at the exposed silicon surfaces [17]. These structures generally work via
effective refractive index due to the ratio of air to Si.

Photonic crystals (PhCs) present a promising alternative for light
management in Si [18]. PhCs have been shown to be suitable for mul-
tiple uses in waveguide applications where light propagates parallel to
the plane of the periodicity, and are now utilized in data transceivers for
optical networking [19-21]. In these applications they provide precise
control over in-plane light propagation and scattering. They have also
been incorporated directly into the epi-structures of LEDs where they
provide benefit of beam shaping along with substantial improvement in
light extraction efficiency [22-27]. In this case light is incident
perpendicular to the plane of the structuring.

PhCs have also been incorporated into thin film Si PV devices in an
attempt to improve absorption, particularly at longer wavelengths,
achieving efficiency improvement of 26% [28]. Arrays of protruding
nano-pillars arranged in a 2D hexagonal lattice, have been shown to
reduce reflectance to below 10% over the visible spectrum for
near-normal light incidence [29]. For the tapered rod structures the
reflectance reduction works similarly to moth eye texturing, where the
light sees a gradually changing refractive index [30,31].

1.1. Summary of this paper

In this paper we undertake an in-depth analysis of the benefits of
etching high symmetry photonic quasi- crystal structures onto the top
surface of silicon solar cells as opposed to simple low symmetry trian-
gular lattice PhCs and moth-eye lattices used to date.

Using the established FDTD numerical modeling [6,32] we system-
atically investigate influence of lattice symmetry in reducing surface
reflection over the full solar spectrum, and determine that high sym-
metry Photonic Quasi-Crystal (PQC) lattices provide exceptional
reflection reduction far beyond that possible with standard photonic
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crystal patterning. PQCs are non-natural lattice arrangements which
exhibit short range disorder, and long-range periodicity. Hence, they can
be considered semi-random patterns [33-35].

By performing extensive pitch/fill fraction (FF)/hole depth param-
eter scans, we derive optimized designs for three example lattice types (6
fold triangular photonic crystal, 12 fold symmetric random Stampfli
inflated PQC, infinite symmetry 2D Fibonacci lattice PQC) [36]. Due to
its resemblance to the head of the sunflower, the 2D Fibonacci lattice
PQC is commonly referred to as the sunflower PQC and we will use this
term throughout this work [37]. We compare optimal design perfor-
mance across lattice types, and compare usable design window for
robust fabrication.

In order to validate the simulation predications, we fabricate a set of
example prototype devices by e-beam lithography and reactive Ion
etching, and compare measured broadband reflectance against simula-
tion results for the fabricated structures. The details of the fabrication
are described in the methods section. Through simulation convergence
testing, we demonstrate that quasi periodic structures can be accurately
modeled using a large periodically bounded simulation area.

By comparing PhC/PQC results against an equivalent effective index
medium model we are able to provide a detailed insight into the un-
derlying physical mechanisms causing reduced reflectance, and deter-
mine the design parameter window where conventional Gaussian optics
(refraction, reflection, effective index medium theory) are applicable vs
parameter space where nano-scale photonic crystal scattering is appli-
cable. Periodic refractive index modulation provided by the PQC gives
rise to a large number of photon-dispersion bands (similar to electron
dispersion bands in semiconductor materials) each of which provides a
scattering mechanism to couple photons incident onto the surface to
‘trapped modes’ inside such structures [38]. We show that PQC
patterning provides significant reduction in surface reflection over a far
larger pitch-FF parameter space/design window due to suppression of
Fabry Perot resonances associated with conventional SLAC and low
symmetry photonic crystal lattices. We attribute improved scattering to
increased density of optical sates available in PQC lattices compared to
low symmetry photonic crystal lattices.

Although surface structuring provides a means to radically reduce
surface reflection, increased surface area associated with the etched
holes could potentially cause degradation of the electrical performance
due to increased surface recombination at the surfaces of the etched
structures. To mitigate this, we analyze and cross compare electrical
performance for optimal designs for each lattice type.

Overall, we demonstrate that PQC surface nano-structuring can
achieve broad spectrum reflectance reduction with weighted average
reflectance values of 9.2% with no detriment to electrical performance.
Furthermore, we give evidence for this reduction of reflectance being
the result of PhC effects rather than a simple effective medium as is the
case for random texturing. The higher symmetry lattice types are shown
to be much more effective in producing a smooth and broad decrease in
the reflectance spectra (effective average reflectance (EAR) 12.5% for
triangular, 9.2% for 12 fold and 10.1% for sunflower for depth of 1 um)
while keeping the additional surface area at a minimum.

2. Methods
2.1. Simulation setup

FDTD simulation method provides an accurate way to model in-
teractions between light and nano-structures on the same order of
magnitude as the wavelength [39-41]. Lumerical’s FDTD solutions
package was used for all FDTD simulations [42]. Starting with a Si
substrate, periodically arranged cylinders with a refractive index of 1
(representing the air holes) are superimposed with the top surface. For
the triangular lattice, a simple unit cell with periodic boundary condi-
tions in the x and y directions and perfectly matched layer (PML)
boundary in the z direction were used to represent the entire structure,
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as is shown in Fig. 1a and b.

Due to the quasi periodic nature of the PQC, no simple unit cell can
be used to extrapolate to the behavior of the full crystal symmetry. Since
the structures investigated here are limited to a lattice pitch of 800 nm,
this was taken into account by using a very large simulation domain of 6
by 6 um, as can be seen in Fig. 1c and d for the 12 fold and sunflower
lattice types. Convergence tests showed that this domain size is suffi-
cient to achieve accurate results. A MATLAB script was used to generate
a set of coordinates at which the cylinders were to be placed. The 12 fold
lattice is generated by iteration of the Stampfli inflation rule [43]; while
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Fig. 1. Overview of lattice types showing both simulated and fabricated
structures: (a) Simulation setup XZ cross-section of the triangular lattice type
structure. (b) Top view of triangular lattice type structure. (c) Top view with
indicated simulation region for 12 fold lattice type structure. (d) Top view with
indicated simulation region for sunflower lattice type structure. (e) Cross-
sectional SEM image of fabricated sample of sunflower lattice type structure.
(f) Top view SEM image of triangular lattice type. (g) Top view SEM image of 12
fold lattice type. (h) Top view SEM image of sunflower lattice type.
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the sunflower type PQC is based on a generative spiral and is closely
related to the Fibonacci sequence [44]. This set was imported into the
FDTD solutions package and a cylinder of a chosen length and diameter
was added to each point. A plane wave source of a wavelength range
between 300 and 1100 nm with polarization in the x direction was used
as a normal incident light source.

Field and power monitors were placed behind and parallel to the
plane wave source in order to measure the reflected power as a function
of incident wavelength in steps of 1 nm. This arrangement ensures only
power reflected from the top surface is detected by the monitor.

2.2. Air fill fraction for PQC lattices

In order to investigate the effects that the details of the PQC geom-
etry have on the amount of light reflected from the structure, the pa-
rameters that define the PQC were varied. The main parameters of
interest are center to center distance between neighboring holes, (lattice
pitch), diameter and the length of the cylinder representing the etched
air hole in the Si substrate. Air FF is conventionally given by fractional
unit cell area surface occupied by the holes, and is consequently
dependent on pitch and hole diameter. The triangular PhC lattice is
depicted in Fig. 1b and has a simple FF given by:

2
&0
®

FFr,; = \/5*132
where d is the cylinder diameter and p lattice pitch.

Due to their inherent semi-random nature, PQCs lack a true unit cell.
A numerical FF function was instead determined by plotting a high
resolution image of filled circles on a blank background with accurately
scaled dimensions mimicking the PQC layout. We then find the sum-
total number of black image pixels and calculate the ratio to total area
image pixel count. This methodology was repeated for a wide range of
diameter to pitch ratios and the results fitted with a quadratic poly-
nomial, to yield the following analytical formulas for 12 fold PQC and
sunflower lattice types:

(d\? (d

FFu = 8256%(=) +0.993%(=) —0.103 )
L[4\’ L(d

FFgn = 70.365%( =) —0.36%( =) +0.071 3)

The effect of lattice pitch, hole diameter and hole depth on spectral
reflectivity were investigated. In the simulation setup the plane wave
source was placed 600 nm above the top surface of the structure. The
mesh type was set to auto non-uniform with the accuracy set to 3 and the
minimum mesh step set to 1 nm. In addition to this a substrate mesh
with a grid step size of 10 nm was placed in the bulk of the substrate and
a mesh with an xy stepsize of 8 nm and a z stepsize of 5 nm was placed to
cover the volume taken up by the patterned Si to optimize computing
time while maintaining accuracy. These mesh settings were determined
by performing convergence tests with decreasing mesh stepsizes. In both
the positive and negative z direction a stretched coordinate PML was
used while the boundary conditions for the x and y directions were set to
periodic.

To gain physical insight into how the photonic crystal structuring
differs from a simple effective index layer, the same simulation setup
was used, and the part of the substrate that would be penetrated by the
PhC holes was replaced with a uniform layer with a refractive index
defined by the volume average effective refractive index based on the FF
of the corresponding photonic crystal layer [45].

Due to the overall size of the simulation the actual computation was
performed by a high performance computing cluster with the highest
RAM requirement being 240 gigabytes.
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2.3. EAR metric for performance comparison

Broadband reflectivity R for normal incident light, was evaluated by
scanning wavelength from 300 to 1100 nm in the simulation tool, then
calculating EAR. EAR was calculated by weighing measured reflectance
values R for each wavelength with AM1.5 sun spectrum intensity F, as
shown in Eq. (4) [46].

[ FQ)*R(2)dA

EAR .
[ F()da

4

EAR provides a convenient single figure of merit to judge solar cell
performance over the entire solar spectrum.

2.4. Electrical simulations in Quokka

To evaluate the results of the optical simulations in a device context,
the reflectance spectra for the best performing geometries were used in a
Quokka simulation [47,48]. Quokka is a MATLAB-based tool developed
for the simulation of silicon solar cell devices in three dimensions and
employs the general semiconductor carrier transport model to solve for
the steady-state electrical characteristics of such devices. This is used to
define an IBC silicon solar cell using the experimental parameters taken
from the 24.4% PCE IBC made at Australian National University [13,49,
50]. The simulation calculates a current density (J) for a range of volt-
ages (V) giving a J-V curve that allows the short circuit current density
(Jsc), open circuit voltage (Voc) and efficiency to be calculated.

To account for the differences in total surface area due to the designs,
the surface recombination velocity (SRV) of the top surface was scaled
by a correction factor based on sidewall area of each design. This area
can be calculated by multiplying the total circumference of the holes in a
fixed substrate area by the depth of the holes. This sidewall area will
depend on both the lattice pitch, lattice type and hole diameter. Adding
this sidewall area to the surface area of the unpatterned surface and
setting it in relation to this unpatterned surface area, results in a
correction factor that can be used to scale the base SRV of 2 cm/s. This
was done to account for the fact that the additional sidewall area in-
troduces additional recombination sites. In a real device the surface of
the Si would have to be passivated using an appropriate passivation
layer. Since good passivation levels can be achieved with very thin
layers, such as 10 nm of Al;03, this would not have a large effect on how
the light interacts with the structuring and was therefore not included in
the optical simulation [51].

2.5. Fabrication

In order to demonstrate the feasibility of the proposed nano-
structures and to support the validity of the simulation results, com-
parison samples were fabricated. An overview of the fabrication steps is
depicted in Fig. 2. A polished Si wafer of 650 um thickness was used as
the substrate for the fabrication. First a 300 nm SiO, hard mask was
deposited using a Leybold HELIOS reactive sputtering system. The
desired pattern was then defined in a 400 nm thick ZEP500 positive
resist using a 100 kV JEOL 9300 E-Beam lithography system. E-Beam
lithography was chosen for the patterning of this fabrication process,
because it enabled the definition of multiple different lattice types and
geometries on the same wafer. Furthermore, small sizes of the holes
(< 500 nm) required very precise lithography. After development the
pattern was transferred to the hard mask using an Oxford Instruments
Reactive Ion Etching (RIE) tool. A highly selective SiO5 etching recipe
based on CHF3 gas was used for the hard mask etch. The etching was
carried out in a cyclical fashion with N; cooling steps in-between etching
steps to prevent burning of the resist. This was followed by etching the
pattern into the bulk Si substrate by using an Oxford Instruments
Inductively Coupled Plasma (ICP) RIE tool. For this transfer step a Cl
based etching recipe was used to achieve fast etching with reasonably
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Fig. 2. Fabrication process flow for PhC/PQC nanostructures in Si.

straight sidewalls. The ICP etcher used an ICP power of 750 W and the
table was kept at 20 C. The remaining hard mask was then removed via
buffered HF wet etching. Scanning Electron Microscopy (SEM) images of
the results of the fabrication were taken using a Zeiss NVision 40
Focused Ion Beam system with the cross-sectional images being of a
cleaved sample. The cross-sectional image can be seen in Fig. le.

2.6. Accurate simulation of fabricated structures

In order to ensure that realistic device dimensions were used in the
simulations, sample devices were fabricated and dimensions measured
by SEM. Hence Fig. 1e-h shows top and cross-sectional view SEM images
of fabricated samples for each lattice types. From the SEM images it can
be seen that all the PhC and PQC holes are well defined and uniformly
etched. From the cross-sectional SEM image it is apparent that there is a
slight narrowing of the hole diameter with increasing depth.

2.7. Measurement

Optical performance of fabricated devices was measured using a
Bentham PVE 300 system utilizing a Xenon and Halogen source with the
incoming beam at 8 degrees from the normal of the sample surface. The
measurement is conducted using an integrating sphere setup to collect
all reflected light (both specular and diffuse) over 2z SR solid angle.

The measurement system, as depicted in Fig. 3, utilizes two light
sources, one Xenon and one Halogen source to produce a wide range of
wavelengths. This light then enters a monochromator where a grating
reflects the different wavelengths, so that only a single wavelength hits a
slit leading to the optics of the system. The optics then focus the light
into an integrating sphere. The sample is mounted at the back of the
integrating sphere with the monochromatic light being incident on the
sample at 8 degrees. The monochromator sweeps the incident

Integrating
Sphere
QH + Xe Light
Monochromator Sources
Detection
Electronics

——{ ]

Si Photodetector

Fig. 3. PVE300 reflectance measurement system used to measure reflectance of
fabricated samples.
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wavelength from 300 to 1100 nm in steps of 5-10 nm. A Si based de- 3. Results and discussion
tector then produces a current due to the light incident upon its surface.
Using a comparison measurement from a Bentham calibrated diffuse 3.1. Simulation convergence testing

reference sample the measurement electronics then convert this current

into a reflectance value. PQCs are highly unusual in possessing long range order but short-
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Fig. 4. Validation of FDTD simulation setup. (a,b) Domain convergence for sunflower PQC structures for lattice pitch of 500 nm with a FF of 54% and hole depth of
700 nm with (a) showing individual spectra and (b) showing EAR values for domain sizes. (c—e) FDTD simulation results compared to measurement for (c) triangular,

(d) 12 fold and (e) sunflower lattice type.
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range disorder, and so can be classed as semi random structures [33].
Although this attribute is highly useful in applications (and is exploited
here), it makes accurate simulation extremely challenging since the
simulation domain size must be large enough to include several repeti-
tions on the scale of the long-range order. As the level of symmetry in-
creases this distance increases. To put this in context of conventional
semiconductor solid state theory for defect lattices, the simulation
domain must extend over the lattice ‘super-cell’ size, hence the need to
perform convergence tests.

To validate FDTD simulation accuracy, reflectance vs wavelength
was plotted as function of increasing simulation domain size (Fig. 4a).
Domain size < 3 by 3 um? is found to overestimate reflectance for
wavelengths > 500 nm whilst change in reflectance become negligible
for domain sizes > 4 by 4 um? as further validated by Fig. 4b EAR plot.
Both sunflower and 12 fold PQC lattice types are well converged at a
domain size of 6 by 6 um? hence this was chosen for all subsequent
simulations. Additional domain space would only add to simulation time
without improving accuracy.

3.2. Comparison between experiment and simulation

In order to demonstrate validity and give confidence in accuracy of
the simulation methods which underpin the key findings of this paper,
we first present a comparison between simulated and experimental
reflectance measurement for a set of fabricated devices with each lattice
type.

Fig. 4c shows simulated and measured reflectance spectrum for a
triangular lattice PhC patterned solar cell. The simulation follows the
general trend of the measured reflection spectrum, but has highly pro-
nounced dips at 700, 800 and 950 nm. These dips are also present in the
experimental measurement but weakly pronounced. Difference in
extinction ratio for these features between measurement and simulation
is due to the fact that the simulation models directional incidence and
reflection of a coherent light source, whereas the experimental inte-
grating sphere measurement system measures both directly reflected
and diffuse light scattered at all angles from an incoherent light source,
and so blurs the fine features due to lack of angular resolution.
Furthermore, difference in the wavelength step size used in the simu-
lation (1 nm) and limited step size available from the experimental
measurement (5-10 nm) further reduces resolution of the measurement.
Nonetheless the features are clearly present in the measurement at
equivalent wavelengths albeit with reduced modulation amplitude.
Computing the EAR values for the simulated and measured results shows
a 1.8% point difference.

Fig. 4d shows simulated and measured reflectance spectra for a 12
fold symmetric PQC device. Simulation and measurement plots are far
more closely matched compared to the triangular lattice, with a small
deviation at UV wavelengths below 400 nm. The EAR values only show
a 1.3% point difference.

Fig. 4e compares simulation and measurement for the sunflower
lattice device. In this case we find a near perfect match over wavelength
range 350-800 nm with a small deviation at longer wavelengths.

We note that the deviation occurs at a wavelength close to the lattice
pitch. Over these short length scales, regions of the lattice appear quite
periodic and so it is likely diffraction will occur due to interference
between light reflected from ensembles of neighboring holes. Over the
longer length scale however the positional placement of the holes de-
viates slightly, and the lattice becomes more random. Noting that the
experiment averages over a very large lattice area, diffraction effects
would be expected to become visible only in the simulation if a relatively
small area of lattice is incorporated in the simulation.

Due to its near-infinite symmetry and subsequent longer periodic
length scales, the sunflower lattice is most sensitive to simulation
domain size in comparison to 12 fold lattice. Hence we attribute the
deviation between experiment and simulation at longer wavelengths to
the limited domain size used in the simulation. Domain size could not be
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increased further due to the limitations of the available computational
resources.

The EAR values show a difference of 0.8% points, clearly showing
that the sunflower gave the closest match between simulation and
experiment.

Overall these measurements provide evidence that the simulation
setup is reliable in its ability to accurately predict spectral reflectance of
PQC structures, and reveals the limitation of the conventional inte-
grating sphere measurement system in tracking fine angular diffractive
features.

The smooth PQC reflectance spectra observed in Fig. 4 suggests that
angular diffraction efficiency decreases as lattice symmetry increases
from 6 fold (triangular) to 12 fold PQC and infinity (sunflower), making
light scattering more homogenous.

3.3. Optimization of PQC design parameters

Having established validity of the simulation methods we next
determine optimal PQC designs to minimize EAR for each lattice type.
We start by investigating effect of PQC pitch and FF and compare rela-
tive merits of each.

Fig. 5 shows EAR encoded as color map, as function of lattice pitch
and FF, with an air cylinder etch depth of 1000 nm for all cases.
Maximum achievable FF is limited by the packing density of the holes
for each lattice type and reduces with lattice symmetry according to Eqs.
(1-3) presented in the methods section, hence non-physical regions of
the graphs are crossed out. Blue areas denote low reflectance (desirable)
and red high reflectance (to be avoided).

It can be seen that the behavior of all three lattices is very similar in
terms of overall trend. We observe that reflectance decreases signifi-
cantly for FF > 50% over lattice pitch range 400-700 nm (blue areas of
color map). However, lattice pitch > 700 nm gives higher reflectance. It
is particularly noticeable that FFs < 30% yield significantly worse
reflectance performance (red areas) than higher FF.

Looking more closely at the triangular lattice plot Fig. 5a, we observe
structured features in the blue shaded regions, corresponding to sharp
PhC dispersion modes. These features are not evident in the plots for the
PQC lattices (Fig. 5b,c) due to the low density of optical states (DOS)
provided by the 6-fold symmetric triangular lattice. DOS actually in-
creases with lattice symmetry due to the fact that PQCs provide a con-
tinuum of dispersion bands as opposed to sparse discrete bands for the
triangular lattice, hence 12 fold PQC and infinity sunflower do not
exhibit dispersion features in the EAR plots [52].

More significantly, we find that the triangular lattice cannot achieve
the same low level of EAR as the PQC lattices (blue color scale). The
triangular lattice type achieved a minimum EAR of 12.5%, while the 12
fold lattice achieved 9.2% and the sunflower gave a minimum of 10.1%.
With regard to design parameter space, we conclude that FF must be
carefully controlled in order to minimize EAR, whereas pitch precision is
less important. To give context to these performance numbers we pre-
sent the EAR values of typical AR approaches in Table 1. As can be seen
the PQC structures outperform both SLAC and pyramid based AR
schemes unless the pyramids are combined with a SLAC. It should be
pointed out that combining a SLAC with structuring could also improve
the EAR performance of the PQCs.

For the design of a realistic device the fabrication restrictions and
process repeatability need to be considered, hence a realistic window of
parameters for these structures would leave 20-50 nm between adjacent
holes, which somewhat limits the achievable FF (around 78% for
triangular, 75% for 12 fold and 63% for sunflower). Patterning of small
structures that require e-beam lithography for prototyping can be done
using nanoimprint lithography to scale up the patterning area and
enable higher throughput [54].
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Fig. 5. EAR calculated from simulated reflectance spectra for depth of 1000 nm with lattice pitch and FF being varied for lattice types (a) triangular, (b) 12 fold and

(c) sunflower.

Table 1

Comparison of PQC EAR performance to typical AR schemes.
AR scheme EAR (%) Reference
Bare Si 36.69 OPAL2 [53]
SLAC 85 nm SiNx 11.36 OPAL2 [53]
Random pyramids 10.96 OPAL2 [53]
Best sunflower for depth 1000 nm 10.1 This work
Best 12 fold for depth 1000 nm 9.2 This work
Random pyramids with 80 SiNx SLAC 2.3 OPAL2 [53]

3.4. Physical mechanisms responsible for performance enhancement

Fig. 6 shows simulated reflectance spectra (as opposed to EAR) for
PhCs/PQCs with a fixed lattice pitch of 500 nm and a hole depth of
1000 nm as a function of FF.

As mentioned in the introduction, periodic refractive index modu-
lation provided by PhCs creates ‘photon dispersion bands’ (akin to
electronic dispersion bands in semiconductor materials) each of which
provide an optical transmission/leakage path from the external world to
trapped modes in the silicon solar cell. Hence dispersion bands couple
light to multiple trapped modes associated with the thick silicon solar
cell. PQCs have a far higher density of dispersion bands, providing a
higher density of optical states than regular PhCs and so are able to trap
more light, more efficiently, than conventional triangular and square
PhC lattice arrangements.

PhC dispersion features manifest themselves in the data as sharp
near-vertical features in the reflectivity plots. These are particularly
evident as ‘fine texture’ in the blue regions of the triangular lattice plot
(450-600 nm and FF 30-70%). Since geometric parameters of the PhC/
PQCs directly affect the dispersion bands, small changes in lattice pa-
rameters can have a significant effect on how the light couples into the
Si. Optimizing the geometry therefore allows efficient photon
management.

We observe that for very small FF (< 10%) spectral reflectivity
converges to the same EAR value as an un-patterned Si surface irre-
spective of lattice type, suggesting that the PhC has virtually no inter-
action with incident light. Deviations from the bare Si reflection spectra
become significant when FF is larger than 25%. For small FF it is entirely
likely that the etched structure simply acts as a reduced refractive index
medium, effectively acting as an AR coating, in which case conventional
refraction and Fresnel reflection processes dominate.

The situation is very different for high-symmetry PQCs whereby a
densely packed continuum of dispersion modes provides a high density
of optical states, into which light can couple and consequently very
efficient light transmission across the PQC lattice. Incidentally,

utilization of dense PhC transmission modes in this way is in complete
contrast to most other PhC applications whereby strong light reflection
is ensured by total lack of dispersive modes within the photonic band
gap. Furthermore, in this configuration light propagates along the length
of the holes perpendicular to the plane of the patterning (equivalent to
the gamma point on a photonic band diagram).

3.5. Comparisons to effective medium model

To investigate the effective index medium hypothesis in detail, FDTD
PhC/PQC simulations compared against an effective medium AR coating
model (Fig. 6d), whereby the etched layer is considered as a homoge-
nous material of reduced refractive index (see Section 2 for full detail).

Fig. 6d exhibits clear Fabry Perot (FP) interference fringes (diagonal
features) due to destructive/constructive interference within the top
layer [55,56]. Two broad diagonal FP fringes are evident for the trian-
gular lattice pitch > 600 nm, modulated by vertical dispersion features.
However, FP fringes are entirely absent for the PQC lattices.

Fig. 6e compares reflectance spectra for example devices with
identical lattice parameters but different lattice symmetry/type. The
triangular lattice clearly shows FP interference fringes for wavelength
> 600 nm, but has a pronounced dip over range 450-550 nm, hence it
seems that for this design two modes of operation (PhC/effective me-
dium) switch over at 600 nm. 12 fold symmetry PQC lattice follows the
same trend closely but does not exhibit the large modulations above
600 nm (but they are weakly evident). We conclude that reduced
amplitude of the FP modulation over the long wavelength range
significantly improves overall EAR for this lattice. The infinite symmetry
sunflower lattice has a very smooth plot, with no clear band gap region
or FP fringes. It seems there may be a broad but weak band gap between
500 and 750 nm. Apart from the band gap region it mostly follows the
same trend as the lower symmetry lattices. Overall Fig. 6e gives insight
into the physical process of operation for the different lattice types.

Fig. 7a plots EAR for similar devices to Fig. 6e (500 nm lattice pitch
and 1000 nm hole depth) but in this case over a range of FF (hole di-
ameters). Effective medium simulation is also superimposed.

We observe a near-linear relationship between EAR and FF for all
lattice types over FFs range 10-45%. For the effective medium model, a
linear relationship largely holds true for the entire FF range, whereas the
behavior of the nanostructured surfaces deviates significantly for FF
> 50%. As discussed in the previous section, spectral reflectance for
PhCs with FF < 10%, behave almost identically to a bare Si surface.
Hence results for all lattice types converge to the same value.

Curves for triangular lattice type flattens off when FF > 45% with
little further reduction in reflectance. However, EAR values for the PQC
lattices continue to show significant reduction in reflectance. Overall,
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it’s clear that high-symmetry PQC structures provide greatly enhanced
EAR performance compared to the low symmetry triangular PhC
structures.

3.6. Optimization of hole depth

Having determined physical mechanisms of operation, as well as
optimal PhC/PQC design parameters for each lattice type, we now
investigate effect of etch depth on EAR performance. Fig. 7b plots EAR as
function of hole depth for optimal pitch/FF combinations for each lattice
type. Again, effective medium model is included as a baseline

comparison.

We observe a sharp reduction in EAR for all PhC lattice types over
etch depth range 0-100 nm. A clear dip is visible at 75 nm depth in the
case of the effective medium material. This is typical behavior for a
single layer AR coating (SLAC). Both the triangular and 12 fold lattice
types show a similar dip in reflectance around 100-150 nm hole depth.
The effective medium model stabilizes to a minimum EAR of 16% when
hole depth > 350 nm. The triangular lattice follows a very similar trend
to the effective medium model with increasing hole-depth, exhibiting
clear ripples relating to FP fringes at identical hole depth. This further
confirms that the triangular PhC lattice predominantly behaves as a
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reduced refractive index medium under vertical illumination conditions.

The 12 fold PQC has quite different characteristics, suddenly
changing behavior when hole depth reaches 350-400 nm. This appears
to be the critical depth at which the structure transitions from behaving
as an effective index medium to a diffractive PhC structure. EAR for 12
fold and sunflower lattice reduces smoothly as etch depth increases
further. The sunflower type lattice behaves quite differently overall with
a smooth continuous reduction in EAR with increasing hole depth.

In summary, it’s now clear that the PQC lattices behave very
differently to the effective index medium model. Deep air holes are
found to yield lower overall reflectance values, but with diminishing
returns beyond 1000 nm. 12 fold symmetric PQC lattice gives the lowest
overall reflectance, achieving 9.2% EAR at 1000 nm depth in compari-
son to 8.3% for 1500 nm depth (1% point improvement for 500 nm
extra hole depth). Very shallow (300 nm deep) holes reduces reflectance
to just 12.5% compared to 18% for an equivalent AR coating (30%
improvement). This is a promising result since holes deeper than
1000 nm are very challenging to fabricate.

3.7. Other design constraints

PhC/PQC surface texturing inevitably results in a greatly increased
surface area due to the large internal surface area of the holes. This could
impair electrical properties of a solar cell due to counter-productive
surface recombination effects. Surface passivation strategies must
therefore be employed to mitigate this problem. Since fabrication of
very deep holes is challenging, and excess surface area is to be avoided,
sunflower lattice PQC with 500 nm hole depth provides a good practical
compromise.

Charge carriers generated in the absorber region must also be
extracted to electrodes before electron-hole recombination can occur.
The extraction problem relates to carrier lifetime and charge carrier
mobility, but is effectively mitigated by use of high-lifetime Si in IBC
cells.

3.8. Electrical performance

As explained in detail in the methods section, Quokka simulations
were performed to determine electrical performance of the optimal PQC
design for each lattice type (determined from the previous analysis)
assuming a practically achievable etch depth of 500 nm. These designs
had EAR values of 11.5% for the 12 fold, 11.9% for the sunflower and
15.1% for the triangular. A standard IBC solar cell model was utilized
with the top surface recombination velocity (SRV) scaled by a correction
factor equivalent to the increased surface area due to the etched holes
[47,48] (correction factors: 5.24, 5.05, 3.96, 1.0 for triangular PhC, 12
fold PQC, sunflower PQC and unpatterned Si respectively).

From Fig. 8a we observe significant increase in Js¢ as lattice sym-
metry increases, with an overall boost of 35% for the sunflower lattice
compared to a non-patterned silicon surface. We also observe a 2%
reduction in Voc. The 12 fold and triangular lattice types show an in-
crease in Jgc of 28% and 22%, respectively. As Fig. 8b shows, the overall
power conversion efficiency is highest for the sunflower lattice with
21.1%., representing a 32% boost over the unmodified Si surface. The
sunflower lattice has a higher power conversion boost than any other
lattice because it achieves its low EAR with a lower additional surface
area, as is reflected in the lower correction factor for the SRV. The
triangular lattice is the worst performing type with an efficiency of
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18.9%. This is due to a combination of improved EAR and reduced
additional surface area as lattice symmetry increases. A general trend of
increasing efficiency with higher lattice symmetry is observed. Overall,
electrical performance is greatly improved compared to a bare silicon
surface despite the huge increase in surface area (and associated surface
recombination) due to the holes.

4. Conclusion

In summary, after establishing the validity of our simulation setup
through comparison to fabricated devices and convergence testing, we
rigorously investigated the photon management capabilities of PQC and
PhC nanostructuring for Si. We have demonstrated that substantial re-
ductions in top surface reflectance are achievable, with air FF and hole
depth emerging as the most important design parameters. For a depth of
1 um, the 12 fold lattice type yielded the lowest EAR at 9.2% with the
sunflower a close second at 10.1%. These low EAR values were shown to
be the result of the broad reduction in spectral reflectance seen in the
high symmetry PQC lattices. The 6-fold symmetric triangular lattice
produced a much less pronounced reduction in reflection, yielding an
EAR of 12.5%. The investigation of the physical mechanism behind this
reduction showed that PhC type nanostructuring goes beyond a simple
effective medium effects offered by random or porous structuring.
We’ve presented a realistic comparison for simulated electrical perfor-
mance of different lattice types for a realistic etch depth of 500 nm in an
IBC solar cell design. Compared to a planar surface, the sunflower lattice
emerged as the most promising candidate achieving a 35% boost in Js¢
and a 32% increase in efficiency this is due to its low EAR of 11.9% for
only a modest increase in surface area and thus manageable surface
passivation requirements. We conclude that high symmetry PQC struc-
turing offers a novel approach to photon management for next genera-
tion Si PV devices.
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