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Abstract: Wave-interference-based light trapping with photonic crystal structures offers a
promising avenue for improving the power conversion efficiency of crystalline silicon solar
cells beyond the current world record of 27.3%. Recent research on such devices has focused
on structures with wet-etched inverted pyramidal pores. Using finite-difference time-domain
simulations of Maxwell’s equations, we demonstrate the remarkable robustness of this architecture
and that in previously optimized 15 micron thick photonic crystal cells, light absorption can
be further improved by 0.6% by slightly modifying the pore shape from a pyramid to that of a
"golf-tee".
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1. Introduction

Thin silicon film photonic crystal (PhC) solar cells offer a new paradigm for solar energy
harvesting through wave-interference based light trapping effects. PhCs are artificial structures
that have a spatially periodic dielectric function e(r, w). Such structures can exhibit strong light
trapping effects such as slow light [1] or parallel-to-interface refraction (PIR), whereby normally
incident light is bent almost 90° upon entering the material [2]. Slow light and PIR enhance light
absorption by increasing light’s dwell-time in the device: slow light modes travel more slowly,
and PIR modes have a longer average path length due to being directed along the length and width
of the cell, rather than its depth. In silicon PhC solar cells, a micron scale periodicity is desirable
in order to create strong light trapping effects for infrared light. Silicon stands to gain the most in
this wavelength range because it suffers from a weak intrinsic ability to absorb this light due to
its indirect bandgap [3-5]. If PhC based thin silicon solar cells are to one day be used for large
scale power generation, it is essential to optimize light absorption in these PhC structures.
Developing solar cells for wide-scale power generation requires a delicate balancing of many
different constraints, some of which are in direct opposition to each other. Generally, such solar
panels must be clean, scalable to mass production, and efficient. Silicon solar cells currently
represent over 90% of the market [6—8] because they presently achieve the best balance of
these criteria: silicon is much cleaner [6], more abundant [9] than, and cheaper to process [2]
than direct bandgap semiconductors such as CdTe and GaAs. Silicon’s weak absorption of
infrared light due to its indirect bandgap has been overcome by using relatively thick layers of
light absorbing materials, on the order of 100s of micrometers thick [7], compared to around 3
micrometers for thin cells made from other semiconductors such as CdTe [10]. In designing thin,
silicon based PhC solar cells, the hope is to achieve a best-of-both worlds device that can benefit
from the material advantages of silicon and the technological advantages of requiring only a thin
light absorbing layer. Thinner devices suffer from less charge carrier recombination because
the photo-excited charges have a smaller distance to travel to reach the contacts [11]. This also
allows for less stringent requirements on material purity, which can help lower fabrication costs.
These devices’ ability to absorb sunlight is characterized by the maximum available photocurrent
density Jyapp. This is the current that the cell would generate if every single absorbed photon
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contributed exactly one charge carrier to the current. It is given by:

/lmax /l
Jmapp = / e (h—l(/l)) A()da, (D
/lmin ¢

where e, h, and ¢ are respectively the (positive) elementary charge, Planck’s constant, and the
speed of light. 7() is the solar intensity spectrum, and A(A) is the absorption spectrum of the
solar cell. e, h, c, and A are organized to emphasize the physically relevant quantities under
consideration. Fundamentally, solar light absorption is characterized by the total number of solar
photons that the device can absorb per unit time. %I () is the photon number per unit area per
unit time with which the sun irradiates the device. The device then absorbs a fraction A(1) of
these incident photons. The factor of e then converts this quantity into a current density. To
standardize MAPD comparisons, /(1) is taken to be the AM1.5G spectrum, which is the solar
intensity spectrum under average conditions for the contiguous 48 states of the United States
[12,13]. There are various sharp dips in the AM1.5G spectrum. These are due to resonant
absorption of light by various chemical species in the atmosphere. The dips at around 750 nm
and 950 nm are due to resonant rotational and vibrational modes of H,O [14,15]. In this paper,
we calculate Jyapp between 300 nm and 1160 nm for the purposes of comparing structures, and
for a select few structures it is calculated up to 1190 nm. Silicon’s room temperature band gap
is 1.12eV [5], which corresponds to a photon wavelength of 1107nm. 1160 nm is a sufficiently
large cutoft wavelength to capture absorption through the exponentially suppressed Urbach tail
and adequately characterize the structures’ ability to absorb sunlight.

Previous theoretical studies of PhC silicon solar cells have revealed possible power conversion
efficiencies of up to 31% [16], which approaches the thermodynamic efficiency limit of 32.33% for
single junction silicon solar cells [17], and greatly surpassing the current world record efficiency
of 27.3% for crystalline silicon solar cells [18,19]. All of this is while simultaneously reducing
thickness by an order of magnitude compared to both the silicon solar cells that are available on
the market today and to the state-of-the art single junction silicon solar cells, including the cell
that achieved the 27.3% world record [19,20]. This is possible because these state-of-the art cells
do not employ optimized photonic crystal texturing for wave interference-based light-trapping.
Achieving an improved total efficiency with a thin-film enables light-weight, flexible solar cells
that can be coated on building surfaces, vehicles, and even clothing.

In silicon PhC cells, periodicity in the dielectric function is achieved by etching away silicon
from the top surface in a regular pattern. The etching can be performed with wet chemical
solutions like KOH [21,22], or through reactive ion (plasma) beams [23]. The surface of the
silicon slab is selectively exposed to the etching agent through means of a mask: a masking agent
is deposited on to the top of the slab, and then holes are ablated in the mask with the desired
periodicity for the PhC structure. Only the silicon exposed by these holes is then etched away, and
then the mask is removed, leaving behind the periodic pattern of pores that constitutes the PhC.

The ablation and etching processes are key components of the overall cost and throughput
of the manufacturing of PhC structures. Ablation can be done with standard or Deep UV
photolithography [21-23], which ablates the holes in parallel but requires vacuum conditions.
Direct laser writing is a serial ablation method that can be performed at room conditions which
consists of moving the laser beam across the surface of the silicon with the laser pulses ablating
the necessary holes [21,24]. There has already been experimental work seeking to improve
the throughput of this method, including optimizing the beam profile to reduce the tracking
tolerance and allow for faster beam movement [24]. This method has been proposed to be used
in conjunction with Galvano-mirror scanning to achieve further increases in beam movement
speed [25].

Recent work in optimizing silicon-based PhC solar cells has focused on PhC structures with
inverted pyramidal pore shapes because this shape is both relatively easy to etch and has desirable
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light trapping properties [21]. While conical pores have also demonstrated strong light trapping
effects [26-28], they are harder to fabricate. The inverted pyramid shape arises naturally during
a KOH wet-etch, whereas conical pores require more involved processes such as etching stacks
of cylindrical excavations with successively smaller diameters [29]. A Jmapp of 41.79 % in the
300-1200 nm range has been measured experimentally on a 10um thick inverted pyramid pore
PhC [26], whereas a recent world record thick-silicon solar cell with a power conversion efficiency
of 26.81% had Jyapp = 41.16;%; with a 130 um thick layer of silicon [20]. Furthermore,
numerical studies have suggested that Jyapp of the 10um thick inverted pyramid PhC can go as
high as 43.59% in the 300-1200 nm range with idealized anti-reflection coatings [30]. These
thinner cells could result in improved power conversion efficiency through both the increase
of the total light absorbed, and the reduction in charge carrier recombination that accompanies
thinner layers of light absorbing material.

There has been much research into optimizing PhCs with inverted pyramidal pores by optimizing
characteristics of the cell such as lattice constant and overall cell thickness [16,30,31]. In this
paper, we seek to optimize light absorption for thin film silicon PhC structures by considering
changes to the shape of the pore itself by considering pore shapes that are different, but similar,
to the inverted pyramid. The new, experimentally accessible, pore shapes under consideration
are that of a golf-tee, upright pyramids, and inverted pyramidal pores of different depths. These
shapes are chosen because previous works have already demonstrated that it is feasible to achieve
these pore shapes, and because their optical properties have yet to be studied.

The golf-tee shape has been observed when using Al,O3 as a masking agent during the dry
etch process (as opposed to chromium) [32]. Al,O3 is preferable as a masking agent because this
material is already present in the contacts of the solar cell, whereas chromium should not be
present in the final product. This means that the chromium mask must be completely washed
away, and any remaining chromium atoms serve as impurities that increase the rate of charge
carrier recombination, reducing the performance of the cell [24,32]. We numerically model the
light trapping capabilities of the cells resulting from such an Al,O3 mask to determine if these
structures would still be good candidates for PhC solar cells with strong light trapping properties,
or if these shape changes significantly hamper the wave-interference-based light trapping effects
we desire in these devices.

Upright pyramids can occur during the etching process when holes are missing in the etching
mask. As the mask is removed, some silicon is removed from the top of the slab as well. When a
hole is missing in the mask, the silicon underneath the missing hole is not removed during the
wash. This silicon left at the original, pre-wash height then constitutes an upright pyramid with
respect to the new top-surface layer that remains post-wash [24,33].

Lastly, we considered a change in the depth of the pyramidal pore. The wet etching processes
described above results in pyramidal pores because the etching agent removes the (100) plane of
silicon, exposing the (111) plane. The angle between these two planes is then fixed at 54.7°, and
so the depth & of the pore is determined by the side length L of the base of the pyramidal pore by:

h= tan<s4.7°)§. ®)

It may be possible to achieve a different side wall angle by other dry-etching methods [21]. We
calculate Jyapp for PhC with inverted pyramid pores of different side wall angles to investigate
if solar light absorption could be further enhanced by intentionally changing the side wall angle.

It is worth highlighting that these modifications to the inverted pyramidal pore shapes were
observed in experimental studies that were not only seeking to improve the performance of silicon
based PhC solar cells, but were also seeking to improve the throughput of the production of such
cells [21,24,32]. Assessing the optical performance of the resulting pore shapes is therefore a
crucial aspect of improving the throughput of silicon-based PhC solar cells to bring the promise
of their low-cost mass-production to reality.
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Typical light trapping architectures for thick silicon cells, based on the principles of ray optics,
include large scale (compared to the wavelengths of light) inverted pyramids [34,35], and random
texturing [30,34]. In this context, it has become standard practice to compare silicon cells’ light
absorption to the Lambertian Limit: an estimate of MAPD based on an idealized Lambertian
scattering ray optics picture. In some instances, this model has been used to suggest a supposed
theoretical upper limit on the performance of single-junction silicon solar cells [36]. This model
assumes that normally impingent light rays (unrealistically) penetrate the cell with no reflective
losses and are scattered randomly off the normal according to a cos € probability distribution
(where 6 is the angle the ray makes with the normal of the slab). This distribution characterizes
diffuse Lambertian light scattering. The rays are then completely reflected by a perfect electric
conductor on the back surface of the cell and (unrealistically) either completely escape or undergo
total internal reflection at the top surface, whereby they are once again randomly scattered in an
independent scattering event, repeating the process until being scattered into an angle that allows
for the ray to escape. Wave interference effects are completely ignored. Under these assumptions,
the average path length of a light ray in a cell of thickness L, with index of refraction 7, is 4n*L.
A(Q) is then calculated as the ratio of the light’s absorption rate (calculated using experimental
data for the absorption length) to the sum of its absorption and escape rates.

The underlying assumptions of the Lambertian model should highlight that it is not a
fundamental limit on the amount of light a solar cell can absorb. As mentioned above, this model
completely neglects the wave properties of light by treating light transmission and reflection as
binary processes. Furthermore, light need not scatter according to a cos @ distribution. In fact,
an important part of wave-interference-enabling structures is to create scattering distributions
favouring larger values of 6.

In this paper, we compare the Jyapp of the new structures with that of the standard inverted
pyramid shaped pores, with the Lambertian limit Jyiapp, denoted by Jll\ﬁnpbb, and with the Jpyapp
of a hypothetical perfect absorber. This reveals precisely how the proposed shapes affect light
absorption in the context of widely-studied architectures. Numerical and experimental studies
have already demonstrated that the standard inverted pyramid silicon PhC structures can surpass
Jba:g’b [16,26,30]. Our study further underscores the nearly ideal nature of these wet-etched
structures. Since the light trapping phenomena we desire in PhC solar cells result from the wave
interference of light, these structures must be numerically modelled with precise solutions to
Maxwell’s equations.

2. Methods

Absorption spectra are calculated numerically with finite-difference time-domain (FDTD) method
on a three dimensional structure, implemented with the most recent version of the open source
software Electromagnetic Template Library (EMTL) [37]. In the simulations, we define a single
unit cell of the PhC structure and impose periodic boundary conditions in the x and y directions
to achieve the effect of translational symmetry in €(r, w). The simulation boundaries in the z
direction are each set to be a Perfectly Matched Layer (PML) to ensure the simulated structure
has finite extent along the light’s direction of incidence.

The absorption spectrum A(A) is inferred from A = 1 — R — T. Reflection and transmission
spectra are tabulated using flux planes. The reflection flux plane is placed in the scattered field
region, above the structure, and the transmission plane is placed underneath the structure (where
the top of the structure is understood to be the side struck by the impingent light). The total
electromagnetic flux (the energy per unit time per unit area, denoted with ®) that crosses the
reflection plane during the simulation is calculated, and then the reflection coefficient is calculated

from:
_ (Dthrough reflection plane

R= . 3)
cDincidem




Research Article Vol. 33, No. 7/7 Apr 2025/ Optics Express 16294 |

Optics EXPRESS

The same is done for the transmission coefficient with the flux through the transmission plane.
The impingent light pulse in EMTL is a Berenger pulse of the form:

i1y

2
E@t) = EO-(t—to)-e[ “"” Jfor|t—1| < T 4)
0 , for |t —19|>T,

with Ey = 1 in EMTL units of electric field (specific unit is unimportant because the only
outputs we concern ourselves with are the dimensionless reflection and transmission coefficients),
to = 0.5 light-microns, t,, = 0.1 light-microns (which is the width of the pulse), and T = 2.5
light-microns. A light-micron is the time it takes light to traverse one micron, approximately
3.34 x 1071 seconds. The chosen parameters result in a pulse that is sufficiently narrow in the
time domain to be wide enough in the frequency domain to cover the wavelength range of interest
for the device.

Our reference inverted pyramid PhC structure has a cell thickness of 15um with lattice constant
3.1um. Unless otherwise stated, the simulated structures have a mesa (flat region between edges
of pyramids) of 30 nm, and a three layer anti-reflection coating (ARC) consisting of (from top to
bottom) an 80 nm layer of SiO; (n=1.47), a 40 nm layer of SiN (n=1.9), and a 20 nm layer of
Al,O3 (n=1.77). We place a 100 nm thick passivating buffer layer of SiO, (glass) on the bottom
of the cell, and the charge collecting contacts underneath the passivating layer. The presence of a
buffer layer between the silicon and metal contact increases reflection off of the bottom of the
structure [38], which allows for the contact to be modelled as a perfect electric conductor. Any
material present in the cell other than silicon is modelled with a frequency-independent index of
refraction with no absorption. The frequency independence of refraction is a valid approximation
in these simulations because these materials’ index of refraction varies by no more than 0.1 over
the wavelength range of interest. We verified this by performing a simulation on the optimized
golf-tee structure with the index of refraction for each ARC layer reduced by the maximum
amount by which that material varies over the entire wavelength range, and calculated no change
to the Jmapp of 43.05 (I;HTAZ over the 300-1190 nm range. Since this change to the indices of
refraction necessarily constitutes a larger change to the frequency-independent refractive index
than implementing the full frequency-dependent form, yet still resulted in no calculated change
to the Jmapp, we may conclude that modelling these materials with a frequency-independent
index of refraction is a valid approximation for these numerical methods.

Silicon’s complex and frequency-dependent dielectric function [4] is implemented in the
FDTD scheme by fitting it to a series of modified Lorentz functions, of the form [39]:

Ag; (w —1y] w)
€(w) = €x + 5
(@)= ; wjz 2iyiw — w?’ ©)

Each modified Lorentz function has four fitting parameters: Ag;, w;, ¥}, 7; . The values of each
of these parameters in a fit, along with the number of fitting terms used, p, and the wavelength
range over which the dielectric function is fit, do not necessarily have a physical meaning. They
are simply chosen to achieve a function that resembles the true dielectric function of silicon as
closely as possible, over as wide a wavelength range as possible. For our simulations, we have fit
the dielectric function of silicon in three intervals: [300nm, 1030nm], [1030nm, 1160nm], and
[1160nm, 1190nm]. EMTL does not accept piece-wise definitions for the dielectric function, so
each wavelength range requires a distinct simulation. This is the cause of the sharp change in the
calculated absorption spectra at 1030 nm. For more details on the fits used in the simulations,
and the procedure we followed for obtaining these fits, see Supplement 1 online. The fitting
coefficients used in the simulations are presented in Supplementary Table S1.
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The golf-tee pore takes the shape of a pyramid that has been sliced in two, with the two parts
joined together by a rectangular prism (the stem). This is illustrated in Fig. 1. The pore has
two independent parameters f and Ay, that characterize, respectively, the width and length of the
stem. f is the ratio between the width of the stem and the width of the base of the pyramid (since
the width of the pyramid at a given point depends uniquely on the height of that point, f also
determines how deep in the pyramidal pore the stem begins) and 4, is the length of the stem, in
microns. We consider 14 architectures of the golf-tee pore, chosen from f = [0.1,0.15,0.2, 0.25]
and iy, = [1.00pum, 1.25um, 1.50um], as well as ones with f = 0.3 and h;, = 1.5um, and f = 0.25
and hp, = 1.75um. These parameters were chosen because they correspond to golf-tee sizes that
appear similar to the features in recent fabrication studies [32].
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Fig. 1. The PhC architectures under consideration. (a) The standard inverted pyramid pore
shape. The base side length is determined by the lattice constant a of the PhC structure
and the mesa width (flat region between pores) b. The side wall angle then determines the
depth of the pyramidal pore, following Eq. (2). (b) The golf-tee pore, whose key features
are the width and depth of the stem, characterized by parameters f and h;. (c) Sketch of
the computational domain region in the FDTD simulations. The Perfectly Matched Layers
(PMLs) are parallel to the xy plane and terminate the domain, while periodic boundary
conditions are imposed at the boundary domains parallel to the xz and yz planes. The
anti-reflective coating (ARC) at the top of the cell serves to minimize reflective losses, and
the charge collecting contacts under the glass buffer layer block all transmission of light
through the cell. The contacts are modelled as a perfect electric conductor (PEC). This
is achieved numerically by setting the material to have a frequency-independent index of
refraction of 108. The dashed lines represent non-physical objects in the simulation (i.e.
they do not scatter or absorb light). (d) A unit cell for the reference inverted pyramid PhC
structure. (e) The PhC with aligned upright pyramids. Two unit cells are shown to highlight
the relative arrangement of the pyramids, but in our calculations we only use one unit cell.
The upright pyramids are coloured differently for clarification, but they consist of the same
silicon material as the rest of the cell. (f) A unit cell of the PhC structure with staggered
upright pyramids, forming a checkerboard pattern of upright and inverted pyramids.
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For PhC cells with upright pyramids, we considered a 1:1 ratio of upright to inverted pyramids,
as well as a cell with all upright pyramids. For the former, there are two possible ways to arrange
such a PhC structure: the upright pyramids can be aligned in rows, or staggered to form a
checkerboard pattern. Only a 1:1 ratio is considered because it results in the smallest possible
unit cell for a structure with two different types of pores.

Variations in pore height are considered by changing the angle that the side walls of the
pyramid make with the flat surface of the cell, which affects the depth of the pore according to
Eq. (2). 54.7° is the standard value, and to consider physically realistic changes we consider
angles that differ by at most around 15°. The considered angles are 40°, 45°, 50°, 60°, 65°, and
70°.

3. Results and discussion

There are three reference structures to which we compare our modified PhC structures: a
Lambertian absorber, the standard wet-etched inverted pyramid PhC structure, and a hypothetical
perfect absorber that has A(1) = 1 for all A. Jyapp of a perfect absorber is the total available
solar photocurrent density in a given wavelength range. It is 39.80 % in the 300-1030 nm

range, 5.04 ??AZ in the 1030-1160 nm range, and 1.19 m—A in the 1160-1190 nm range, for a total
available sunlight of 46.03 mA in the 300-1190 nm range

JhaAmeD for a 15um sﬂlcon slab is 38.75 mA in the 300-1030 nm range (97.4% of available

sunlight), 1.81 é‘:nA in the 1030-1160 nm range (36.0% of available sunlight), and 0.01 ;?1?2 in the
1160-1190 range (0.8% of available sunlight), for a total MAPD of 40.57;“?’2 in the 300-1190 nm
range (88.1% of available sunlight). Here, silicon’s poor intrinsic absorption of infrared light is
clear from the precipitous drop-off of the fraction of total sunlight absorbed as the wavelength
ranges shift further into the infrared spectrum.

The reference wet-etched inverted pyramidal pore PhC structure (15um thick, a = 3.1um, 3
layer ARC) has a calculated Jyiapp = 38. 51 mA in the 300-1030 nm range (96.8% of total sunlight),

Jmapp =3.2325 mA in the 1030-1160 nm range (64% of available sunlight), and Jyapp = 0.68 ::nrnAZ
in the 1160- 1190 nm range (57.1% of total sunlight), for a total Jyapp = 42. 42m - in the
300-1190 nm range (92.2% of total sunlight). Despite the PhC structure absorbing shghtly less
than the Lambertian limit in the 300-1030 nm range, the PhC is able to surpass the Lambertian
limit over the broader spectrum due to its significantly enhanced absorption of infrared light. The
inverted pyramidal pore shape effectively traps light in this wavelength range because it induces
vortex-like flow of the Poynting vector [16]. Silicon’s intrinsic ability to absorb infrared light is
so weak that there are massive gains to be had by inducing strong infrared light trapping with the
PhC’s micron-scale features. This is evident in Fig. 2, where the Lambertian absorption limit
falls off precipitously starting at 1000 nm. The Lambertian limit of 1.82% in the 1030-1190
nm range corresponds to only 29.2% of the total available sunlight. The reference inverted
pyramid PhC structure has a calculated Jyapp = 3.91 ;n in this range, which amounts to 62.8%
of available sunlight. This is more than double the Lambertian limit MAPD in this wavelength
range. These gains are sufficiently large to enable the cell to outperform the Lambertian limit
even over the broader 300-1190 nm spectrum.

The sharp change at 1030 nm in the calculated absorption spectra of our considered architectures
is due to the longer simulation times needed to achieve numerical convergence, which results in a
higher frequency resolution. See Supplement 1 for a discussion on numerical convergence of
FDTD simulations.

All of the calculated Jyapp are presented in Table 1.
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Fig. 2. Absorption spectra of the Lambertian limit and of the reference inverted pyramid
PhC structure. The latter is obtained through FDTD solutions of Maxwell’s equations. This
absorption spectrum is the A(12) used to calculate Jyjapp in Eq. (1). The AM1.5G photon
intensity spectrum (%I(/l) in Eq. (1)), normalized by its maximum value, is overlaid. Light
trapping effects at long wavelengths are essential for the PhC’s ability to surpass Jll\‘dzgnllfb:
the PhC’s light absorption begins to vastly surpass the Lambertian limit at around 1000 nm,
in a wavelength range where the solar photon intensity still surpasses 60% of the solar peak

intensity.

3.1. Golf-tee pore photonic crystal

12 out of the 14 considered architectures exhibit a calculated Jyapp higher than the standard
inverted pyramid pore shape, and all 14 of them surpass the Lambertian limit. The best performing
golf-tee shape, with f = 0.25 and A, = 1.50um, had a Jyapp that was 0.6% higher than the
standard inverted pyramid shape, while the worst performing golf-tee shape only saw a reduction
of 0.43%. This suggests that the inverted pyramidal pore shape is already nearly optimum
for light absorption in thin silicon slabs. However, the golf-tee modification to the inverted
pyramid shape offers a slight but noticeable enhancement in overall light absorption, while using
a smaller volume of silicon. The golf-tee pores with f = 0.3 and A, = 1.50um, and f = 0.25 and
hp = 1.75um were added to verify that the the pore with f = 0.25 and A, = 1.50um is in fact
optimal.

In our numerical simulations, the best performing golf-tee PhC surpasses the reference
structure’s Jyapp in both of the considered wavelength ranges of 300-1030 nm and 1030-1160
nm. As seen in Fig. 3, the golf-tee pore’s improved Jyapp in the 300-1030 nm range is due to its
enhanced suppression of reflection from 390 nm to 650 nm.

This reflection suppression can perhaps be understood through a semi-ray optics scheme where
the geometry of the light’s path follows the laws of ray optics, but with the light undergoing
partial reflection and transmission each time it impinges on the surface of the cell. In this model,
the light undergoes specular reflection off of the surface of the cell, with the geometry of the
pore dictating how many bounces the ray undergoes before being directed away from the cell.
Since the fraction of the beam that transmits into the cell to be absorbed is the same on each ray
reflection event, the geometry that induces the most number of light ray bounces before directing
away the ray will have the strongest absorption [40]. Since the golf-tee pore is deeper than the
reference inverted pyramid pore, its stronger anti-reflection properties at shorter wavelengths
could be attributed to the golf-tee pore inducing more ray bounces.

Colour maps of the electric field intensity at the wavelengths of 950 nm and 1152 nm for
the best performing golf-tee pore (f = 0.25 and h, = 1.5um) are presented in Fig. 4. The
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Table 1. Jyapp of all of the considered architectures

Structure Jvapp 300-1030 nm  Jyapp 1030-1160  Jyvapp 300-1160 nm
range (%) nm range (%) range (%)

Lambertian Limit Absorber 38.75 1.81 40.56
Reference Inv. Pyramid Pore 38.51 3.23 41.74
hp = 1.00pm 38.58 3.25 41.83
Golf-Teef =0.1  h, = 1.25um 38.60 3.27 41.87
hp = 1.50um 38.61 3.28 41.89
hp = 1.00um 38.54 3.21 41.75
Golf-Tee f = 0.15  h, = 1.25um 38.56 3.26 41.86
hp = 1.50um 38.54 3.25 41.79
hp = 1.00um 38.61 3.23 41.84
Golf-Teef =02 hy, = 1.25um 38.64 3.25 41.89
hp = 1.50um 38.66 3.31 41.97
hp = 1.00um 38.28 3.28 41.56
Golf Tee f = 025 hp = 1.25um 38.30 3.30 41.60
hp = 1.50p m 38.65 3.34 41.99
hp = 1.75um 38.58 3.35 41.93
Golf-Teef =0.3  hy = 1.50um 38.58 3.36 41.94
All Upright Pyramids 36.97 3.48 40.45
Aligned Upright Pyramids 37.50 3.28 40.78
Staggered Upright Pyramids 32.11 2.60 34.71
Inv. Pyramid - 40° Side Wall Angle 37.25 3.54 40.79
Inv. Pyramid - 45° Side Wall Angle 37.91 3.01 40.92
Inv. Pyramid - 50° Side Wall Angle 38.29 3.02 41.31
Inv. Pyramid - 60° Side Wall Angle 37.88 2.90 40.78
Inv. Pyramid - 65° Side Wall Angle 36.45 2.33 38.78
Inv. Pyramid - 70° Side Wall Angle 37.77 2.73 40.50
Hypothetical Perfect Absorber 39.80 5.04 44.84

absorption is proportional to the volume integral of the electric field intensity multiplied by the
imaginary part of silicon’s dielectric constant [27]. As seen in Fig. 3, the golf-tee pore has a
local peak in absorption at 1152 nm but does not have such a peak at 950 nm. The colour maps
at 1152 nm show the presence of many strongly localized regions of high electric field intensity
arising from wave-interference. The light at 1152 nm is strongly trapped near the bottom of
the structure. While 950 nm does not correspond to an isolated resonance peak in absorption,
the structure still has a higher absorption coefficient at 950 nm than at 1152 nm because the
imaginary part of silicon’s dielectric constant is an order of magnitude larger at 950 nm compared
to 1152 nm [4]. As silicon’s intrinsic ability to absorb light decreases with increasing wavelength,
wave-interference-based light trapping becomes crucial for absorption to occur.

3.2.  Upright pyramids

The presence of any upright pyramids in the PhC structure results in a reduction in the calculated
Jumapp in the 300-1160 nm range. Replacing all of the inverted pyramids with upright pyramids
results in a 3.1% reduction of Jyapp, to fall just below the Lambertian limit of 40.56;%2. This is
due to the large drop in the 300-1030 nm range, whereas the upright pyramid structure actually has
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alarger Jpapp in the 1030-1160 nm range. In particular, the upright pyramidal pore reflects much
more light below 600 nm, as seen in Fig. 5(a). The 7.7% increase of Jyapp in the 1030-1160 nm
range, however, suggests that such structures could in fact be advantageous for devices such as
infrared photodetectors that only require strong light trapping in long wavelength ranges.

The PhC with aligned upright pyramids suffers a smaller reduction in overall calculated
Jmapp compared to the PhC with all upright pyramids, for a 2.3% reduction that is still above
the Lambertian limit. The PhC with staggered upright pyramids, however, suffers an extreme
reduction in calculated Jyapp. This checkerboard arrangement exhibits an overall decrease of
16.8% compared to all upright pyramids. The resultant MAPD falls well below the Lambertian
limit. The calculated Jyapp of these two structures (aligned or staggered upright pyramids)
differs by 14.8% despite having the same amount of light absorbing material and the same ratio
of inverted-to-upright pyramids. This reveals that the geometrical arrangement of the upright
pyramids can have significant effects on the structure’s ability to absorb sunlight.

The shape of the absorption spectrum for the PhC with staggered upright pyramids (the red
curve in Fig. 5(b)) displays sharp resonances similar to those of an untextured silicon slab [27],
but at longer wavelengths. The checkerboard structure has a lattice constant of 6.2um, which is
about six times longer than any of the wavelengths of light under consideration. This periodicity
may be too big to effectively trap light in the wavelength vicinity of 1000 nm. The PhC with
aligned upright pyramids, on the other hand, has a lattice constant in one direction that is 3.1um
and 6.2um in the other, which appears sufficient to retain some wave-interference-based light
trapping effects at the wavelengths of interest.

3.3. Side wall angle

The side wall angle of 54.7° seen in the reference inverted pyramid PhC structure appears to be
optimal for broadband light absorption. There are likely no gains to be made for solar energy
conversion by changing the depth of the pyramidal pore.

Interestingly, the calculated Jyiapp in the 1030-1160 nm range in the PhC structure with an
inverted pyramid side wall angle of 40° is 3.54%, which is the highest calculated Jyapp in this
range of any structure considered in this paper. This can be attributed to its strong absorption

of light, compared to the reference structure, around 1030 nm as seen in Fig. 6. This shallower
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0.41 — Golf Tee Pore f=0.25, hp =1.5um PhC
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Wavelength (nm)

Fig. 3. Calculated absorption spectra of the best performing golf-tee (f = 0.25, hj, = 1.50um)
PhC and of the reference inverted pyramid PhC structures. The golf-tee pore PhC’s higher
absorption in the shorter wavelength range of about 390-650 nm suggests that this particular
pore shape has enhanced anti-reflective properties at shorter wavelengths, while also slightly
improving light trapping in the longer wavelength range.
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inverted pyramidal pore PhC, like the upright pyramidal pore structure, could be relevant for
devices such as infrared photodetectors.

3.4. Maximizing Juapp With an ideal PhC structure

Finally, we have applied our findings to numerically calculate Jyapp of a PhC structure that
is optimized for light trapping. We considered a golf-tee pore with f = 0.25, and h, = 1.5um,
since, of all the structures considered in this paper, this was the one with the highest calculated
Jmapp in the 300-1160 nm range. We then reduced the mesa width from 30 nm to 5 nm, reduced
the thickness of the Al,O3 ARC layer from 20 nm to 5 nm, and replaced the middle ARC layer
of SiN (n=1.9) with SiC (n=2.6). We reduced the mesa width in the hopes that a smaller flat
region between pyramids would improve light absorption by reducing specular reflection at the
top surface. Replacing the middle ARC layer of SiN with SiC was done because SiC’s index
of refraction of 2.6 provides better index matching to that of silicon, whose lowest index of
refraction in the considered wavelength range is around 3. We reduced the thickness of the
bottom ARC layer of Al,O3 for the same reason, as it has n = 1.77, which provides poor index
matching to silicon. The results of this Jyapp optimization are presented in Table 2.
Numerical simulations on the above structure yield a Jyapp that is 6.1% higher (2.48%)
than the Lambertian limit for a 15um thick slab of silicon, and also represents an improvement

|E|2/1Einc |2

4.0
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1.5 2.0 2.5 3.0
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d) 1152nm s
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Fig. 4. Electric field intensity colour maps in various cut planes for the best performing
golf-tee structure (with f = 0.25 and £, = 1.5um), taken at 950 nm (in a and ¢) and at 1152
nm (in b and d). The electric field intensities are normalized by the incident intensity at
the wavelength of interest. a) xy-plane cut near the tip of the golf-tee pore (z = 11um in
¢), showing the electric field intensity at 950 nm. b) xy-plane cut near the bottom of the
structure (z = 3um in d), showing the electric field intensity at 1152 nm. c¢) xz-plane cut
through the centre of the unit cell at y = 0.5a = 1.55um, showing the electric field intensity
at 950 nm. The boundary of the pore is drawn in grey. d) xz-plane cut at y = 0.1a, showing
the electric field intensity at 1152 nm. The boundary of the pore is drawn in grey.
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Fig. 5. The calculated absorption spectra of the PhC architectures with upright pyramids.
(a) Calculated absorption spectra of the PhCs with upright pyramids (blue curve) and inverted
pyramids (red curve). The upright pyramid PhC has enhanced light trapping in the infrared
range at the cost of stronger reflection at shorter wavelengths, thus making for a worse
device for broadband solar light absorption. (b) Absorption spectra of PhC structures with
aligned (blue curve) or staggered (red curve) upright pyramids. Despite each having the
same number of upright and inverted pyramids, the PhC with staggered upright pyramids
was calculated to have a significantly lower Jypapp-
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Fig. 6. Absorption spectra of inverted pyramid PhC structure with side wall angle of 40° or
54.7° (the unperturbed angle). Fortunately, the unperturbed angle of 54.7° is better suited
for broad spectrum solar absorption, however changing the side wall angle to 40° improved
Jmapp in the 1030-1160 nm range by 9.6%.
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Table 2. Jyapp of the optimized PhC structure and the reference structures

Structure Jmapp 300-1030 nm  Jyapp 1030-1160  Jyvapp 1160-1190  Jyapp 300-1190 nm
range (%) nm range (%) nm range (;‘n—’}) range (:‘n—‘})
Lambertian Limit Absorber 38.75 1.81 0.01 40.57
Reference Inv. Pyramid Pore 38.51 3.23 0.68 42.42
Optimized Golf-Tee Pore PhC 38.78 3.40 0.87 43.05
Hypothetical Perfect Absorber 39.80 5.04 1.19 46.03

of 1.5% (0.63%) compared to the reference inverted pyramid pore PhC structure. Its overall
calculated Jpapp is 93.5% of the total available sunlight. The improved anti-reflection properties
can be readily seen in Fig. 7, where the optimized structure has near perfect absorption from
400 nm to 600 nm. It has particularly strong absorption in the 1160-1190 range as well, where
its Jmapp improved by 27.9% compared to the reference inverted pyramidal pore PhC structure.
This is especially useful in improving overall Jyiapp because the AM1.5G spectrum recovers
from a particularly strong dip at these wavelengths, and there is more sunlight to absorb closer to

1200 nm than at 1100 nm.
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Fig. 7. Absorption spectrum of the optimized golf-tee PhC structure compared to the
reference inverted pyramid structure. These numerical results suggest that the changes to
the ARC and mesa width would have their intended effect of reducing reflective losses, as
evidenced by the improved calculted absorption in the short wavelength range, in particular
the slight flattening of the dip at the silicon band edge of 390 nm, and the near perfect
absorption from 400 nm to around 620 nm.

4. Conclusion

The opportunity is apparent for improving the power conversion efficiency of silicon solar cells
by exploiting the wave nature of light with photonic crystal structures. Whereas the current world
record silicon cell has a power conversion efficiency of 27.3% [18,19], previous numerical studies
on silicon photonic crystal cells have revealed the potential to reach 31% using inverted pyramidal
pores on the surface of the silicon cell. This potential emerges from enhanced absorption of
infrared sunlight using wave-interference light trapping. This enables the cells to be made an
order of magnitude thinner than current world record cells, which results in further increases to
efficiency through reduced Auger charge carrier recombination.
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In this paper we considered three different changes to standard inverted pyramid pore
architecture, which were motivated by fabrication methods. These consisted of: golf-tee pores
(which were discovered using Al,O3; as a masking agent), alternating upright and inverted
pyramids in the structure, and pyramidal pores with modified side-wall angles. Each of these
were considered on 15um thick cells with 3.1 um lattice constants. While improved absorption is
found in specific wavelength ranges, the standard inverted pyramid architecture is remarkably
robust for broad spectral absorption.

Our numerical results suggest that the golf-tee pores offer the only augmented Jyapp over the
300-1160 nm wavelength range. This is significant because golf-tee shapes were discovered while
using the non-contaminating Al,O3 masking agent. If the fabrication process can be precisely
tuned to control the shape of the golf-tee pores, these cells could achieve improved solar light
trapping and absorption.

The presence of upright pyramids was always found to decrease the cell’s net Jyapp, relative to
inverted pyramids. The precise arrangement of upright pyramids was also found to significantly
influence overall light absorption. Aligning the upright and inverted pyramids in a checkerboard
pattern had the most deleterious effect on solar light trapping, reducing Jyiapp by 16.8%.
Introducing alternating rows of upright and inverted pyramids resulted in a 3.1% reduction of
Jmapp. Making all of the pyramids upright resulted in a more modest Jyapp decrease of 2.3%.
It is nevertheless noteworthy that this architecture had improved absorption in the 1030-1160
nm range. This structure could be well suited to devices with absorption demands in narrower
wavelength ranges, such as infrared photodetectors.

All changes to the depth (side wall angle) of the inverted pyramidal pores resulted in slight
overall decreases of Jyapp. The cell with shallower pores had a Jyapp that was 2.3% lower than
the reference structure, while the cell with deeper pores had a Jyiapp that was 3.0% lower. It is
again noteworthy that shallower pyramidal pores provided a higher Jyapp in the 1030-1160 nm
range and may be suitable for devices requiring strong infrared light absorption.

Finally, we identified an optimized photonic crystal structure consisting of the best performing
golf-tee shaped pores and optimized ARCs. This revealed a Jyapp that was 1.5% higher than
the reference structure, for an overall improvement of 0.63 énTAz in the 300-1190 nm range. This

structure’s calculated Jyapp of 43.05% in the 300-1190 nm range is 93.5% of the Jyapp of a
perfect absorber.
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