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ABSTRACT: Omnidirectional broadband absorption of the solar radiation is pivotal 4
to solar energy harvesting and particularly to low-cost non-tracking photovoltaic (PV)
technologies. The current work numerically examines the utilization of surface arrays
composed of Fresnel nanosystems (Fresnel arrays), which are reminiscent of the
known Fresnel lenses, for the realization of ultra-thin silicon PV cells. Specifically, the

Incident photons

optical and electrical performances of PV cells integrated with Fresnel arrays are . 5
g 9 g o NP array Fresnel arrays <
compared with those of a PV cell incorporated with an optimized surface array of o=0° £

nanopillars (NP array). It is shown that the broadband absorption of specifically
tailored Fresnel arrays can provide an enhancement of ~20% over that of an optimized
NP array. The performed analysis suggests that broadband absorption in ultra-thin
films decorated with Fresnel arrays is driven by two light trapping mechanisms. The
first is light trapping governed by light concentration, induced by the arrays, into the
underlying substrates, which increases the optical coupling between the impinging
illumination and the substrates. The second mechanism is light trapping motivated by refraction, as the Fresnel arrays induce lateral
irradiance in the underlying substrates, which increases the optical interaction length and hence the overall probability for optical
absorption. Finally, PV cells incorporated with surface Fresnel arrays are numerically calculated, with short-circuit current densities
(J.) which are ~50% higher than that of a PV cell incorporated with an optimized NP array. Also, the effect of increased surface
area, due to the presence of Fresnel arrays, and its effect on surface recombination and open-circuit voltage (V) are discussed.
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B INTRODUCTION

Efficient light trapping and broadband absorption of the solar
energy are important to various solar energy applications.
Specifically, efficient broadband absorption of solar photons in

photoinactive two-dimensional shallow grating can produce
light trapping enhancement of 124%>° Callahan et al. describe
how to exceed the Yablonovitch 4n” limit using an absorber of
high optical density of states by the utilization of

an omnidirectional manner is important to low-cost non-
tracking silicon photovoltaic (PV) technologies, which are
required to competently harvest solar photons during the sun’s
diurnal path in the sky.'”® Also, efficient light trapping
strategies to provide omnidirectional broadband solar
absorption are required in order to realize silicon thin-film
PV cells, which implies lower infrastructure and deployment
costs, the potential to support flexible PV cells, and also the
potential to support future realization of thin films based on
expensive scarce materials, for example.

In his seminal work, Yablonovitch derived a geometrical
optics description for efficient light trapping in thin films which
is based on the decoration of both front and top surfaces. The
outcome of his approach defines the known 4n” limit, or the
Yablonovitch limit, for light trapping in thin films (where 7 is
the dielectric constant of the film)." More recently, it was
suggested and demonstrated how the Yablonovitch limit can
be exceeded with the employment of wave optics phenomena,
and specifically the decoration of the thin film’s surfaces with
arrangements of subwavelength structures. The Fan group
predicts that light trapping in thin films decorated with
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7 ACS Publications

subwavelength structures.” Sturmberg et al. provide mode
analysis for highly absorbing free-floating arrays of nanopillars
(NP arrays), which is motivated by strong mode coupling with
the incidence field, energy concentration by the individual NPs
composing the arrays and excitations of Fabry—Perot modes.®
Surface decoration with subwavelength structures in an
ordered or disordered arrangements (metamaterials) of various
geometries and materials have been demonstrated to provide
excellent broadband and omnidirectional absorption of solar
photons.”~*® For example, surface arrays of subwavelength
dimensions, such as NP arrays, nanocone arrays, light funnel
arrays, etc., have been studied for their excellent light trapping
mechanisms which provide enhanced solar absorption.”””~**
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Figure 1. (a) Illustrations of the various considered Fresnel complexes with the relevant geometrical parameters. (b) -dependency of the
broadband absorption of the full complexes, the arrays, and the substrates for the various considered geometries. (c) 6-dependency of the
broadband reflection and the broadband transmission for the concave complex, the convex complex, NP complex, and € = 0° complex. (d) AOI-
dependency of the @ = —35° and the 0 = 15° arrays (both with f;,q, = 30 nm). Note: the NP complex is also shown for reference.

PV cells based on such approaches were realized with
promising photocurrent performances.19’20’33

The current work examines the potential of surface
decoration with arrays composed of silicon Fresnel nano-
systems (Fresnel arrays) for omnidirectional broadband
absorption of solar radiation. A single Fresnel nanosystem is
inspired by the known, and much larger, Fresnel lens. The
development of the known conventional Fresnel lens was
spearheaded by the French scientist Augustin-Jean Fresnel for
the purpose of serving in lighthouses.”* Fresnel lenses are also
discussed and utilized today for solar applications and
specifically in the context of concentrated PVs.***® The
motivation for Fresnel lenses is twofold: (1) Fresnel lens allows
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the realization of thin lenses with large apertures and short
focal lengths of less material and volume to fit into lighthouses
and (2) the need to efficiently collect light from the lighthouse
source lamp, which propagates uniformly in all directions, and
to redirect it toward the open seas such as to render it visible
for ships over greater distances.’”* Compared with conventional
lenses, the Fresnel lenses are less efficient in imaging but are
particularly suited for non-imaging light concentration.’**°
These properties of Fresnel lenses qualitatively motivate the
current examination. Still, one has to keep in mind that the
current work deals with arrays of Fresnel nanosystems rather
than a single standalone Fresnel lens. This implies light
trapping mechanisms associated with the optical interactions
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between adjacent nanosystems, and mechanisms governed by
wave optics phenomena such as diffraction and scattering from
subwavelength particles.

B METHODS

The three-dimensional electromagnetic calculations are
performed with a finite-difference time-domain (FDTD)
electromagnetic wave solver package by Synopsys Inc. The
calculations are performed for infinite periodic arrays. A single
unit cell is defined with periodic boundary conditions in the
lateral directions and complementary matched layer boundary
conditions in the vertical direction. Plane wave of a defined
polarization is used for the optical excitation. The simulation
space is divided into cells, each smaller than 10% of the
exciting wavelength, in order to preserve accuracy. The
magnetic and electric fields are calculated at the boundaries
using the sine—cosine method with a phase shift which
depends on the angle-of-incidence. The spatial distribution of
the absorbed photon density and the optical generation are
calculated for every wavelength at each cell. Sensors are located
above and below the silicon complexes in order to count the
reflected and transmitted photons. The broadband absorption
is calculated by weighting the absorptivity with the AM1.5G
solar spectrum standard. The broadband reflection and
transmission are calculated similarly. The 400—900 nm spectra
are calculated in 20 nm intervals. In order to ensure accuracy,
the mesh size is set to values smaller than 1/10 of the
wavelength in silicon.

The electrical performance is calculated with the Sentaurus
Device package, also by Synopsys Inc. The Poisson and
continuity equations are solved at each mesh point, accounting
for the broadband optical generation profiles calculated using
the FDTD method described above. Auger and Shockley—
Read—Hall (SRH) recombination mechanisms are considered.
The Auger recombination rate is calculated according to:’’

RA: =(Cn+ Cpp)(np - nfeff), where the auger parameters

C, and C, are fixed at 2.9 X 1073 em®s'and 1 X 1073 cm®
s7!, respectively.”® SRH recombination rate is calculated

2
. np—n
using:”” R3RH = e L where n and p are the

net t(n+n) +7,(p+p,
electron and hole charge carrier densities, #; ¢ is the effective
intrinsic density (considering bandgap narrowing), 7, and 7,
are the electron and hole lifetimes, and n, and p, are calculated
. Euap “Eunp
according to: ny = n; 4 exp( o ), b= Mgt exp(ﬁ),
where E,,, is the energetic distance between the defect level
and the intrinsic level and is fixed to zero. The optical
constants of silicon are taken from ref 39.

B RESULTS AND DISCUSSION

The considered silicon Fresnel arrays are composed of
subwavelength Fresnel lenses in a square-tiled arrangement.
The relevant geometrical parameters are presented in Figure
la. In the following, we consider arrays on top of a 300 nm
substrate (H,,,); the array’s height (H,y,,) is set to 200 nm,
and the period (P) is fixed at 500 nm. The starting geometry is
the silicon NP array, which is optimized for the broadband
absorption of the solar radiation with P = 500 nm and a NP
diameter (D) of 400 nm."” The subwavelength Fresnel lenses
are composed of concentric circles, which maintain the outer
geometry and dimensions of the optimized NP, as shown in
Figure la. The concavity and convexity of the Fresnel lens are

described by the angle 8 (Figure 1a). 6 > 0° reflects a concave
array which is composed of subwavelength concave Fresnel
lenses, and (6 < 0°) reflects a convex array which is composed
of subwavelength convex Fresnel lenses. In the following, we
refer to a specific array by indicating its angle 6, and the
substrate-array formations are referred to as complexes,
followed by the @ value of the corresponding array. Similarly,
the NP array and substrate formation are referred to as an NP
complex. The height and diameter of the circles, composing
the Fresnel lenses, are directly derived from the above
geometrical parameters. The last geometrical parameter is
the thickness of the circles (f.q.). In the following, we
consider f g, = 20 and 30 nm, such that for . = 20, the gap
between the circles is 20 nm, and for t,. 4. = 30 nm, the gap
between the circles is 10 nm. Importantly, ¢, does not affect
the height and diameter of the circles, and the transition from
tirde = 20 to 30 nm only implies that the distance between the
concentric circles is smaller.

Figure 1b presents the 6-dependency of the broadband
absorption under normal illumination for the Fresnel
complexes, the arrays and the substrates. The broadband
absorption of the NP complex, NP array, and NP substrate is
also presented, correspondingly. Evidently, the mere trans-
formation of the NP array into a Fresnel array can generate
broadband absorption enhancement for the complexes which
is higher than that of an optimized NP complex. In the present
case, for the complexes under consideration, a maximum
broadband absorption enhancement of ~20% is calculated for
6 = 15° and 0 = —35° complexes, both with t_,4. = 30 nm.

The concave and convex complexes, and the 8 = 0° complex,
do not show any enhancement compared with the NP complex
for t.q. = 20 nm, and broadband absorption even decreases for
selected € values. On the other hand, for t; 4. = 30 nm, an
absorption enhancement, compared with the NP complex, is
demonstrated for almost all @ values, including for 6 = 0°,
which generates broadband absorption not much different
from the maximum absorption enhancements at 6 = 15° and 6
= —35° arrays. The importance of fill-factor (or volume
material) is a well-recognized contributor to the broadband
absorption in surface arrays of subwavelength structures,'” and
clearly the absorption of the tj . = 20 nm arrays is always
smaller than the corresponding absorption of the t .. = 30 nm
arrays. However, note that the substrate absorption of the t ;4.
=30 nm complexes is always higher (or at least equal) than the
absorption of the corresponding substrates of the . = 20 nm
complexes. This implies that the array fill-factor does not solely
contribute to the array broadband absorption, but rather a
higher array fill-factor also serves as a more efficient method to
enhance substrate absorption. Also interesting, the concave
complexes, for both t ;4. = 20 nm and 30 nm, present a smaller
0-dependency compared with the convex complexes, which
exhibit a significant decrease for @ > 35°. This could be
attributed to the intrinsic difference between the two
complexes, which is associated with the nature of the two
geometries: in a very broad manner, it is expected that the
concave geometry induces more scattering inside the individual
Fresnel nanolens, whereas the convex geometry is more
susceptible to scattering between adjacent Fresnel nanolenses.
In this manner, a higher @ value of a concave complex implies
higher light trapping inside the individual Fresnel nanolens,
whereas higher 6 values of convex complexes suggest higher
losses due to a higher sideway reflection by the Fresnel
nanolens.

https://doi.org/10.1021/acsomega.2c07863
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Figure 2. (a) O-dependency of the lateral and vertical irradiance for the full complexes, for the arrays, and for the substrates. The NP array is also
shown for reference. The arrow next to E reflects the direction of the impinging irradiance electric field. (b) 6-dependency of the broadband
absorption depth profiles for convex and concave arrays, both with t 4. = 30 nm. The NP array is also shown for reference. The x-axis zero value
marks the top of the substrate. (c) Cross-sections showing the normalized APD under broadband illumination for 6 = 0, 15, 3S, and 55°.

Furthermore, also in Figure 1b, the broadband absorption
enhancement is predominantly due to higher absorption in the
substrates rather than the arrays, and a maximum broadband
substrate absorption enhancement of 41%, for the 8 = —35°,
tirde = 30 nm array, is calculated with respect to the NP
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23368

substrate. Evidently, the presence of Fresnel arrays induces a
higher broadband absorption in the underlying substrates,
which suggests that the Fresnel array functions as an enhanced
optical mediator between the impinging illumination and the
underlying substrates. Obviously, this agrees with the known

https://doi.org/10.1021/acsomega.2c07863
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non-imaging performance of conventional large-size Fresnel
93¢ The light trapping mechanisms triggered by the
Fresnel arrays are discussed below in Figure 2.

Figure Ic presents the corresponding broadband reflection
and transmission of the considered complexes. Clearly, all
Fresnel arrays form efficient broadband anti-reflection coatings.
The broadband reflection does not present any consistent
behavior distinguishing between the various complexes.
However, surprisingly, the complexes of t . = 20 nm present
lower broadband reflection values for most 6 values, which is
inconsistent with the distinct higher broadband absorption for
the f;.q. = 30 nm complexes. This inconsistency is resolved by
the examination of the broadband transmission. The distinct
higher broadband absorption for the ft 30 nm is

circle

lenses.
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consistent with the broadband transmission values, as t;. . =
30 nm complexes exhibit consistent and distinct lower
broadband transmission values. For example, the low broad-
band transmission of the 6 = —35°, t;q. = 30 nm complex,
coupled with a low broadband reflection, induces a high
broadband absorption in the substrate (Figure 1b). The lower
broadband transmission values of the t;,q. = 30 nm complexes
imply the enhanced light tapping in the substates, which is also
implied in the broadband absorption of these (Figure 1b).
Finally, Figure 1d presents the angle-of-incidence (AOI)
dependency for the two complexes which perform best
under normal illumination: the 8 = —35° and the 6 = 15°
arrays, both with ¢, = 30 nm. The AOI-dependency of the

NP complex is also presented. Note that overall, the AOI
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dependency is enhanced for both the convex and concave
complexes. Specifically, significant enhancement is presented
for AOI = 80°, with almost 50% enhancement for the convex
complex compared with the NP complex. The enhanced AOI
dependency provided by the Fresnel arrays suggests a high
density of asymmetric modes, which provide efficient coupling
with the oblique irradiance.

Figure 2a shows the broadband directional distribution of
the irradiance under normal illumination in the complexes,
arrays, and substrates, all with t;. = 30 nm. Evidently, the
presence of Fresnel nanosystems induces a significant
irradiance enhancement in both the lateral (x—y) and vertical
(z) directions for all € values. The higher vertical and lateral
irradiance for the @ = —35° and 6 = 15° complexes is evident
and consistent with the broadband absorption of these (Figure
1b). Also, consistent with Figure 1b, it is the high broadband
irradiance enhancement in the substrates, both in the lateral
directions and the vertical direction, which modulates the
overall broadband absorption of the complexes. Noticeably,
the total substrate irradiance stems from relatively equal
contributions from the lateral and vertical irradiance. This
suggests two interesting mechanisms of light trapping driven
by the presence of surface arrays composed of Fresnel
nanosystems: (1) light trapping governed by light concen-
tration into the substrates, which is reflected in the high
vertical irradiance; and (2) light trapping by refraction which
explains the increased lateral irradiance.

In order to better understand the effect of surface Fresnel
arrays on the substrate broadband absorption, Figure 2b
presents the broadband absorption depth profiles in the
substrates for f.4. = 30 nm under normal solar illumination. 8
= —35° provides the highest substrate absorption for the
convex substrate which is relatively uniform throughout the
substrate. For the concave arrays, the highest substrate
absorption depth profile is calculated for 8 = 55°, in agreement
with Figure 1b, which shows that the corresponding substrate
absorption is highest at € = 55°. Lastly, Figure 2c presents the
spatial distributions of the absorbed photon density (APD)
under broadband and normal solar illumination for selected
values of 6. Note the enhanced substrate absorption for the =
—35° convex complex and the @ = 55° concave complex which
is consistent with the broadband absorption and the
absorption depth profiles presented in Figures 1b and 2b,
respectively. Also, these cross-sections clearly reflect the
suggested light trapping mechanisms of light concentration
and refraction.

Next, the PV performance of PV cells based on the
suggested Fresnel arrays is numerically evaluated. Figure 3a
presents the considered PV cells. The PV cell is composed of a
single array unit cell, in which the optical generation is
calculated for a unit cell nested in the array. In the current case,
an axial junction configuration is considered with a 20 nm
shallow degenerated n-type emitter (5 X 10" cm™3,
phosphorus) and a p-type absorber (boron). In this way, the
photoelectrons are collected at the top contact, and the
photoholes are collected at the bottom contact. Figure 3b
presents the calculated current—voltage (I—V) curves under
broadband solar illumination (AM1.5G). The absorber doping
concentration is 10" cm™. The considered geometries are: a
NP array (NP PV cell), a Fresnel array of 8 = 0° (6 = 0° PV
cell), @ = —35° convex array (6 = —35° PV cell), and 0 = 15°
concave array (0 = 15° PV cell). The transition from NP and 6
= 0° PV cells into the concave and convex PV cells clearly

shows the expected enhancement in short-circuit photocurrent
(Js), with a maximum enhancement of ~50% for the 6 = —35°
PV cell relative to the NP PV cell. Interestingly, the J_ of the 8
= —35° PV cell is significantly higher than that of the 8 = 15°
PV cell, although the broadband absorption of both complexes
is very similar (Figure 1b). Therefore, the variation between
the J,. values must be related to the collection efficiency of the
photo-carriers in each of the PV cells. This variation must be
related to the contact configuration of the top emitter
electrode, which differs between the two PV cells. Hence,
the & = —35° PV cell top emitter contact configuration
provides an enhanced selectivity toward electrons as compared
with the 6 = 15° PV cell (meaning that photo-generated holes
are less likely to reach the top emitter contact in the 8 = —35°
PV cell). Figure 3c presents the dependency of J,. and open-
circuit voltage (V,.) on absorber doping concentration for the
various considered PV cells. Note that, as expected, higher .
values are calculated for the lower absorber doping levels, and
higher V,_ values are recorded for the higher doping levels. The
Jic enhancement, induced by the Fresnel arrays, is evident for
all considered absorber doping levels, whereas, as expected, the
transition from one surface array to the other does not affect
V,. values. Figure 3c also presents the nominal power
conversion efficiency (nPCE), which is the conventional PV
efficiency excluding the effect of serial and parallel resistances
(fill-factor). It is shown that for the considered geometries, the
optimal absorber doping is set at 10" cm™ which provides an
enhancement of 33% for the @ = —35° PV cell in comparison
with the NP cell. Finally, the main concern with surface
decorations is the enhanced surface-volume-ratio which in
thin-film PV cells translates directly to elevated surface
recombination and consequential decrease in V,.***’ The
dependency of ], V., and nPCE on surface recombination
velocity (SRV) is presented in Figure 3d. The effect of SRV on
Ji is triggered for SRV values ~10* cm/s, but the more
important effect is with V. with a dramatic decrease for SRV >
10* cm/s. As expected, the NP PV cell is less affected by SRV
as the NP surface is significantly smaller than the surface area
of the Fresnel nanosystem. Note that recent publications
demonstrated surface passivation, resulting in SRV values in
the range of 1 cm/s.*0

B CONCLUSIONS

The notion of surface arrays composed of Fresnel nano-
systems, for enhanced broadband and omnidirectional
absorption of the solar radiation, is examined. Although the
enhanced performance of PV cells incorporated with Fresnel
arrays is numerically demonstrated, still, the realization of such
PV cells remains challenging. Specifically, the fabrication of
arrays composed of Fresnel nanosystems, considered in the
current work, requires lithographic definition and etch
processes of ultra-small features in the range of few dozen
nanometers (i.e., t.,q.), which obviously have cost implications
(although current nanoimprint lithography technologies can
address this challenge in a low-cost manner). In addition, any
top conformal surface passivation/decoration is challenging as
well. Overall, considering the fine details associated with the
structure of the Fresnel nanosystems, the realization of any
low-cost PV cell based on this approach is challenging. Still, the
Fresnel arrays do offer interesting light trapping mechanisms
employing light concentration and refraction. Hence, the
presented work paves the way for future research to pursue

https://doi.org/10.1021/acsomega.2c07863
ACS Omega 2023, 8, 23365—23372


http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.2c07863?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Omega

http://pubs.acs.org/journal/acsodf

such light trapping mechanisms using geometries of a more
relaxed design rules to support low-cost PV cells.
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