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Exploiting the Optical Limits of Thin-Film Solar Cells:
A Review on Light Management Strategies in Cu(In,Ga)Se,

Anténio J. N. Oliveira, Jennifer P. Teixeira,* Duarte Ramos, Paulo A. Fernandes,

and Pedro M. P. Salomé

Light management strategies are of utmost importance to allow Cu(In,Ga)Se,
(CIGS) technology market expansion, as it would enable a conversion efficiency
boost as well as thinner absorber layers, increasing sustainability and reducing
production costs. However, fabrication and architecture constraints hamper the
direct transfer of light management architectures from other photovoltaic
technologies. The demand for light management in thin and ultrathin CIGS cells
is analyzed by a critical description of the optical loss mechanisms in these
devices. Three main pathways to tackle the optical losses are identified: front light
management architectures that assist for an omnidirectional low reflection; rear
architectures that enable an enhanced optical path length; and unconventional
spectral conversion strategies for full spectral harvesting. An outlook over the
challenges and developments of light management architectures is performed,
establishing a research roadmap for future works in light management for CIGS

desired impact. The conventional energy
distribution model, based on one-way flow
from central generation stations to end
users, is moving toward a more decentral-
ized and efficient energetic foster prac-
tice."? This energy fostering concept is
gaining momentum as a virtual network/
community of distributed energy resources
and storage systems, ensuring a balance
between local energy generation and
demand.®*”) Among all forms of distrib-
uted energy resources, the most common
scheme is centered in residential-scale pho-
tovoltaic (PV) systems.? Thus, energy
market decentralization is strongly depen-
dent on an effective reduction in the PV

technology. Following the extensive review, it is expected that combining
antireflection, light trapping, and conversion mechanisms, a 27% CIGS solar cell

can be achieved.

1. Introduction

An increased demand for energy has emerged, as we are
experiencing an era of continuous and fast technological prog-
ress. To meet that request and net zero emissions by midcentury,
demand-side management has to set the aforementioned techno-
logical progress to good profit. Energy systems are facing a global
transition—that is clear—however, and so far, not yet with the

(and storage) costs and on an expansion
in the landscape- and, more importantly,
building-integrated PV (BIPV), as currently
it is estimated that 90% of electricity con-
sumption occurs in urban areas.®

The PV generation costs are remarkably
linked with the solar cells’ power conver-
sion efficiency value.”! Accordingly, the current forecasts for
reductions in the levelized cost of electricity (LCoE) depend
on: 1) research and technology progress, focused to increase
the efficiency value of PV module production and 2) increase
in the PV production economy of scale. Regardless of the silicon
(Si) wafer technology leadership in the PV market, those cells are
fast approaching an economical and a technological development
plateau. From the PV commercially available portfolio, Cu(In,Ga)
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Se, (CIGS) solar cells can potentially produce cheaper modules
than Si, with comparable electrical performance due to a high
absorption coefficient enabling thin layers;'” great thermody-
namic stability; solid record efficiency;'! one-step module
manufacturing, with a low number of participants in the value
chain;™? already commercialized in flexible substrates;!**! and
low-energy payback time.®! Despite these favorable features,
and the remarkable progress in terms of efficiency value in the
last decade,"*** the CIGS module production has stagnated.”®’
It is clear that the CIGS marketplace strongly depends on an effi-
ciency boost, along with a decrease in the raw materials consump-
tion, that is, through a sharp reduction in its production cost and
on diminishing the cell-to-module efficiency gap.!"”! Indeed, CIGS
thin-film-based solar cells have demonstrated efficiency values of
23.35%,!"I which is still far from the monocrystalline Si (mono-Si)
record value of 26.6%."®1 A significant part of this gap in state-of-
the-art efficiency values, between mono-Si and CIGS technologies,
is due to their differences in cell design complexity. For instance,
conventional CIGS solar cells lack light management strategies,
and passivation has predominantly been tackled through alkali-
based doping!'®~?* and in-depth bandgap gradients,**** present-
ing mostly the same architecture since the 1980s.°%"

High-efficiency CIGS solar cell devices commonly have a sub-
strate configuration, as depicted in Figure 1a and shown in
Figure 1b, where an illustration of the CIGS solar cell architec-
ture, as well as a photograph of a real cell, are presented, respec-
tively. The required CIGS off-stoichiometry composition, as well
as its complex nature with four atomic elements, contribute to a
high recombination density, which leads to increased open-
circuit voltage (V) losses. Modified in-depth bandgap gradients
and alkali postdeposition treatments (PDT) have been success-
fully explored to decrease recombination and improve the V.
value. Furthermore, various optical loss mechanisms limit the
performance of thin devices, such as shading from the metallic
contacts, reflection, and parasitic absorption in the window and
buffer layers. Therefore, state-of-the-art thin-film CIGS devices
can be improved using broadband angle-independent antireflec-
tion (AR), light trapping, and spectral conversion strategies.

A decrease in the manufacturing cost and higher throughput
can be accomplished by thinned-down absorbers, ultrathin
(<700 nm). A reduced thickness would additionally result in a
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higher steady-state carrier density per volume, hence dampening
bulk recombination effects and theoretically resulting in an
increased V. value.?>*¥! However, ongoing attempts to reduce
CIGS thickness have led to a significant decrease in the perfor-
mance compared with state-of-the-art thin devices,'** as ultra-
thin solar cells are more affected by a high recombination velocity
at the rear and incomplete light absorption. Conventionally in
CIGS, an in-depth bandgap gradient, manifested as an increase
in the conduction band minimum energy value toward the rear
contact, effectively reduces the rear interface recombination
rate.””) Such a concept is far from optimized for ultrathin
cells.**' Thus, other strategies, such as patterned dielectric layers,
have been studied.**™*"! Moreover, in ultrathin solar cells, the
absorber thickness value is lower than the optical thickness
required to fully absorb the incoming light, resulting in high
optical losses, which leads to a short-circuit current density
(Jso) value decrease.[*'=*’]

In PV technologies, such as Si-based,!****! dye-sensitized,***”)
and perovskite,*®*? light management approaches ranging
from microscale to several nano-optical concepts have been
explored aiming to decrease optical losses, with several works
reviewing the existent light management strategies in each tech-
nology.P%4 Despite the efforts to implement light management
in the aforementioned solar cells, in CIGS devices, these
schemes have mostly consisted in the use of AR layers and
replacement of the molybdenum (Mo) reflector.'!556
Notwithstanding, the Mo rear contact replacement by a perfect
reflective approach only allows for a twofold increase in the opti-
cal path length. As a comparison, light-trapping systems demon-
strating optical path length enhancements close to the
Lambertian limit—4n?, where n stands for the refractive
index—have been demonstrated for mono-Si technology.***”!
Hence, in ultrathin CIGS solar cells, it is of critical importance
to implement nanophotonic or plasmonic schemes that would
enable longer optical path lengths, by trapping light in the
absorber. J;. enhancement obtained through light trapping yields
a logarithmic increase in the V. value and additionally an opti-
mized optical architecture may allow for an V,, increase, through
photon recycling. An optimized light confinement increases the
probability of reabsorption of photons emitted upon radiative
recombination at the CIGS layer.*® Nonetheless, for an effective

Figure 1. a) Schematic representation of a conventional CIGS solar cell: a rigid SLG substrate coated with molybdenum (Mo), then the heterojunction
composed of CIGS p-type and cadmium sulfide (CdS) n-type layers, followed by an i-ZnO/ZnO:Al (AZO) window, and finally an AR magnesium fluoride
(MgF,) coating and the metal grids. b) Photograph of a real CIGS solar cell during current—voltage illuminated measurements.
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Vo increase, the radiative recombination rate should be domi-
nant over nonradiative, highlighting the importance of very high
material quality.®® Thus, efficient light-trapping strategies are
required, for ultrathin CIGS technology to be able to preserve
or even surpass the thin-film performance. Despite the benefits
mentioned previously, up until now, photonic and/or plasmonic
nanostructures integration in CIGS solar cells remains a complex
step, as structural and fabrication constraints influence the via-
bility of these light management approaches.[>*42525% Before
reaching the absorber, light travels through thick transparent
conductive oxide (TCO) layers and a cadmium sulfide (CdS)
buffer layer. Therefore, promoting a longer optical path length
through light management schemes on the front CIGS cells
layers may be challenging, as it leads to parasitic absorption
in the window and buffer layers. Nevertheless, heavy alkali dop-
ing enables to use efficient thinner CdS layers in the CIGS solar
cell without electrical losses, allowing for an improved optical
response.”! In contrast, different wide-bandgap materials, such
as Zn(0,S), Zn;_,Sn,0,, Zn,_,Mg,0, In,S;, or even the Zn(O,S,
OH),/Zn, Mg, ,0 double layer used in the current CIGS cham-
pion cell, have been studied as buffer layers, enabling a better UV
solar cell response than CdS.'*%%%* In regard to the implemen-
tation of light management schemes at the absorber rear, the
CIGS deposition process needs to be contemplated, essentially
if we consider that the CIGS layer is usually deposited by coeva-
poration at temperatures above 500 °C in an aggressive selenium
(Se) atmosphere."? Hence, the thermal and chemical stability of
rear light management schemes is of utmost importance. For
instance, direct implementation of gold (Au) or silver (Ag) layers
or nanostructures is difficult, as these metals would diffuse into
the absorber, degrading the device electrical performance.’*”)
Nevertheless, CIGS solar cells produced under low substrate
temperatures have already presented promising results.®
Substrate temperatures lower than 350 °C have been successfully
used in a Ag-based alloy (ACIGS) solar cell.*”) This expertise
might be a key element to provide a wider portfolio of rear optical
schemes to the CIGS technology. Thus, it is crucial to understand
if nanophotonic and plasmonic architectures can be integrated in
CIGS technology, to take full advantage of their light manage-
ment benefits and access thin and ultrathin solar cells’ full poten-
tial. M. Schmid provides a comprehensive review over strategies
and current challenges to implement nanostructures, more par-
ticularly metallic and dielectric nanoparticles (NPs), in ultrathin
solar cells to shrink the gap to the thin counterpart.*! In the
present review, a detailed description of the implementation
of light management architectures in both thin and ultrathin
CIGS solar cells is performed. Furthermore, the advances done
so far in spectral conversion strategies in CIGS solar cells, that
can boost the ;. to values above the limit established by Shockley
and Queisser (SQ), are as well discussed. Optical modeling and
simulations are key pillars for the development and optimization
of advanced light management.[°®! Therefore, an extensive selec-
tion of the works reviewed herein are based on optical modeling
of light management architectures in CIGS solar cells. Those
models can be classified according to the dimensions of the sim-
ulated features with respect to the incident light wavelength.*®!
In the cases where the simulated features are much larger than
the incident light wavelength, macro-optical models based on
geometric optics are often used. These models are centered in
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equations and theory that can describe light by its intensity or
photon flux without the need for phase information of electro-
magnetic waves, such as ray tracing.[®” Hence, macromodels
allow to perform extensive iterative optimization procedures.*®
Nonetheless, to accurately simulate complex geometries with
dimensions lower or at the same scale of the incident wave-
length, macromodels based on geometric optics are insufficient,
as electromagnetic wave propagation of light needs to be consid-
ered.®! Combinations of different methods and theories, such as
effective medium theory (EMT), scalar scattering theory, transfer
matrix method, or scalar vector theory, might be used to simulate
this optical problem.!®® However, often valid descriptions for the
complex situations cannot be found analytically and rigorous
optical modeling approaches are required.®” These models
are able to provide a better description of complex architectures
by solving the Maxwell equations on the considered structures.
Several numerical methods with different spatial discretization
schemes of the simulation domain, such as finite-difference time
domain (FDTD),"*! finite-element method (FEM),”” and rigor-
ous coupled wave analysis (RCWA),”") have been used to rigor-
ously solve the Maxwell equations in complex light management
architectures in CIGS solar cells, ranging from the integration of
NPs in the solar cell structure to subwavelength-textured surfa-
ces. However, a dense spatial subwavelength discretization of the
simulated architectures is required by any of the available solving
methods. Hence, the complexity of the simulation method may
become too large, requiring high computational resources.”
This article contains six sections, including Introduction
(Section 1). In Section 2, an overview of the optical loss mech-
anisms in CIGS solar cells is made, while in Section 3, an in-
depth review of the reported light management architectures
is presented, with a critical analysis on their viability and
capability to enhance the optical performance in CIGS devices.
The light management benefits of the current state-of-the-art
mono-Si solar cell architecture are presented in Section 4, along
with a discussion on their viability to be integrated into CIGS
devices. In Section 5, a comprehensive summary of the reviewed
light management strategies is performed, establishing research
guidelines for future works in light management for CIGS solar
cells. In addition, there is an Experimental Section to detail infor-
mation about simulations presented in this work, as well as the
search criteria for the overview of the light management field.

2. Demand for Light Management

Conventionally, a single-junction solar cell efficiency upper limit
is established by the SQ model.”? Ultimately, the solar cell effi-
ciency limit of ~33% predicts an optimal bandgap of 1.34 eV.l”?!
Nevertheless, the SQ detailed balance considers a step function
for the materials absorbance depending on a single physical
property, the absorber bandgap energy value, which is a rather
simple assumption. Absolute zero light reflection is not compat-
ible with solar cell (multi-)ymedia optical properties; indeed, CIGS
solar cells’ layers have n ranging from 1.89 to 2.96 and extinction
coefficient (k) > 0."") Moreover, tail states at the edges of CIGS
conduction and valence bands extend the density of states into
the bandgap, violating the SQ assumption of a step-function
absorbance.”*”*) Thus, when the SQ model is compared with
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real solar cell devices, it overestimates the solar cell efficiency,
while underestimating the physical fundaments governing the
solar cell working principle. Thereby, there are a considerable
number of studies that assess features beyond the SQ model,
considering absorber and architecture key criteria.’*®% As an
example, Rau and Kirchartz conceptually demonstrated that
for real cells’ absorbance, a Gaussian distribution function
should be used to describe the absorption edge, instead of an
ideal step function.®% Notwithstanding, the SQ model is still
widely used to evaluate solar cell performance, as its abstraction
level allows for a fair crosslink between technologies. Thus, while
the Si technology already reached 97% of the J, value predicted
by the SQ limit, thin-film CIGS world record cell only achieved
89%.!'"18 Nonetheless, the world record mono-Si architecture
presents interdigitated back contacts (IBCs) that avoid shading
losses, optimized AR, light trapping, and passivation.'® The
introduction of the same capabilities in the CIGS world record
device would bring Js from 39.6 mA cm 2" to 43.2 mA cm™?
and increase the power conversion efficiency from the world
record value of 23.35% to 25.51%. However, the scenario when
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2490 nm CIGS champion cell is considered is far behind what is
required for ultrathin technological dissemination, performing
just at 70% of its correspondent J,. SQ limit value.**! In this
framework, CIGS still has a significant technological potential
to shrink the gap from the present state-of-the-art efficiency
values and its theoretical upper limits. In the way to reach upper
conversion efficiency values, the present review brings a road-
map to tackle optical losses assigned to CIGS solar cells via light
management approaches.

Any process that prevents efficient light absorption is consid-
ered an optical loss. Various mechanisms are responsible for hin-
dering the complete harvesting of the solar spectrum that reaches
the solar cell, as shown in Figure 2a, along with the respective J
loss for an ultrathin CIGS solar cell.®! First, the phenomena that
prevent light to reach the absorber layer have to be considered.
Shading effects from the solar cell metallic contacts will reduce
the active area, leading up to 1mA cm™2 of J,. loss. However,
other contact design architectures enable the minimization or
even elimination of shading effects, as in the case of
IBCs.'®82] In contrast, as the incident light interacts with the
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Figure 2. a) Simulated ultrathin CIGS solar cell absorbance with corresponding Js. loss values for the following architecture: 350 nm Mo/500 nm CIGS
(1.16 eV bandgap)/50 nm CdS/100 nm ZnO/400 nm AZO. b) Penetration depth of light—the distance from the surface where light intensity drops by
afactor of 1/e ~37%—as a function of wavelength in a bulk CIGS material with typical composition of [Ga]/[Ga+In] (GGI) = 0.3. Penetration depth values
of 100, 500, and 2000 nm are highlighted to illustrate significant wavelength values to which an efficient light absorption can still be maintained, for
different absorber layer thicknesses. c) Simulated CIGS absorbance of thin (2000 nm) and ultrathin (500 nm) solar cell devices (without metallic grid
shading), with the same architecture as in (a).
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solar cell air-front surface, a fraction of it is reflected, accounting
for a J loss of 2mA cm 2. This phenomenon results from the n
offset between the air and the solar cell front medium. A change
in the n value must be overcome, to minimize front surface
reflection. Hence, AR strategies have to be employed to decrease
this optical loss. In addition, light can be absorbed prior to reach-
ing the CIGS layer, which adds up to a 5 mA cm™? J, loss. This
parasitic effect arises from free carrier absorption at the IR
region, as well as from absorption at energy values ranged above
the bandgap energy, from the window and the buffer layers,
which does not contribute to the photocurrent.!'04160.8384
Hence, it is termed parasitic absorption. Minimization of the lat-
ter effect involves thickness optimization of the front solar cell
layers and their replacement by materials with higher-bandgap
energy values. CdS is the typical buffer layer in a CIGS device,
with a bandgap energy value of around 2.4 eV. Nonetheless, alter-
native compounds with higher-bandgap energy values have been
explored as potential replacements.!'"°-** It is noteworthy that
currently both lab-scale and module cell world record architec-
tures use Cd-free buffer layers.'#% Alternatively, luminescent
materials able to convert high-energy photons into lower energy
ones can be exploited to tackle the parasitic absorption losses.®®!
However, with ultrathin absorbers, other optical phenomena
have to be considered. Despite the direct-bandgap nature and
consequent high absorption coefficient of the CIGS technology,
submicrometer thickness poses a problem—incomplete light
absorption. In Figure 2b, the optical penetration depth in a
CIGS absorber is presented. In thin absorbers (2000 nm), a sin-
gle pass of the incident light becomes enough for it to be
absorbed up to wavelength values close to 1000 nm. However,
as the technology moves toward the ultrathin regime, the absorp-
tion limit shifts to lower-wavelength values. Such inability to
absorb low-energy photons in ultrathin devices leads to a lower
Jsc value. The incomplete light absorption effect is shown in
Figure 2c, where the simulated CIGS absorbance of a thin
and ultrathin layer is compared. At wavelength values higher
than 600 nm, the 500 nm CIGS absorber starts to underperform
in comparison with the 2000nm counterpart, leading to a
4mAcm 2 decrease of the Jsc value. Overall, research efforts
should be directed in finding and implementing cost-effective
light management schemes that would allow to suppress the
optical losses inherent to the conventional architecture perfor-
mance and reach or even surpass the predicted limit, indepen-
dently of the CIGS absorber thickness.’®”)

The efficiency of the solar cell is limited by its lack of sensi-
tivity to the AM 1.5G solar spectrum, which encompasses a
wavelength range between 280 and 2500 nm. However, single-
junction solar cells only take advantage of a small portion of
the solar spectrum, as the spectral response is limited by the
absorber bandgap energy value.B®#89 Photons with energy
lower than the bandgap energy value will not be absorbed,
and the excess energy arising from the absorption of photons
with energy much higher than the bandgap will be released as
heat and not used to generate electron—hole pairs, in a process
named thermalization.®® These nonabsorption and thermaliza-
tion losses can be decreased using luminescent layers in single-
junction solar cell devices, able to convert IR and UV/vis spectral
ranges to values that better match the solar cell spectral
response,**®* or using multijunction solar cell devices that
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efficiently respond to different spectral regions.”®" In the
UV regime, between 280 and 400 nm, there is 1.35 mA cm 2
available. Downshifting (DS) or downconversion (DC) with a
quantum yield of 95% would allow for a power conversion effi-
ciency of 26.3%, if applied to the current world record solar cell
with the same optical losses as Si (25.51%). In the same way, in
the wavelength range from the corresponding value of the cham-
pion cell CIGS bandgap (1148 nm) to 1300 nm, there are around
6 mA cm™ % However, even considering a still challenging 25%
quantum yield in an upconversion (UC) process, an increase in
1.5 mA cm ™2 would be obtained providing a solar cell with an
efficiency of 27.1%, by adding this approach to the aforemen-
tioned ones. Hence, these calculations together with the exhaus-
tive review of several promising technologies provide a roadmap
of several strategies that would allow for a significant increase in
the performance of current CIGS solar cells.

3. Light Management Strategies in CIGS
Solar Cells

Light management schemes are essential to increase the number
of photons absorbed in the active layer. Most of the reviewed light
management concepts can be applied to both thin and ultrathin
technology, particularly the ones concerning an enhanced light
incoupling and improved spectral response. However, light-
trapping schemes are critical in ultrathin solar cells, where
incomplete light absorption problems become evident.
Nonetheless, an improved light trapping is also beneficial in
thin-film solar cells, as a 2000 nm CIGS layer can only efficiently
absorb wavelength values up to 1000 nm. Therefore, in this sec-
tion, an evaluation over the light management strategies applied
to CIGS solar cells will be presented, with a critical outlook on the
limitations and benefits of each approach. Section 3 is divided
into front light management, rear light management, and
spectral conversion strategies. Section 3.1 details the advances
performed in light management schemes applied at the solar cell
front layers for an omnidirectional AR, such as interference-type
AR coatings, texturization, and resonant architectures. In
Section 3.2, rear-contact metallic mirrors, texturization, and res-
onant architectures to increase the optical path length in the
CIGS absorber are explored. Finally in Section 3.3, full-spectrum
harvesting through spectral conversion strategies in single-
junction CIGS devices is detailed.

3.1. Front Light Management Strategies

An extensive discussion of the light management schemes
applied at the front architecture of the CIGS solar cell, to provide
an omnidirectional reflection minimization, is performed
herein. Nonetheless, some of the light management strategies
detailed in this section have complementary functionalities, such
as an increase in the optical path length in the CIGS absorber,
through light scattering, as shown in Figure 3. This section will
start with the most basic AR concept, already widely applied in
champion cells, which is an interference-type dielectric coating.
However, the AR coating (ARC) strategy does not satisfy the
omnidirectional low-reflectance condition. Other approaches
have been researched for that purpose, such as microscale
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*
SCATTERING REFLECTIOI\]’O,}’.

Figure 3. Schematic illustration of the light management mechanisms
that can be used at the front of CIGS solar cells. Scattering for a prolonged
optical path length in the CIGS absorber and broadband and wide-angle
AR schemes to minimize the front-surface reflection.

texturization, resonant schemes, and nanoscale texturization,
each with its own set of advantages and disadvantages.”?

3.1.1. Interference-Type AR Coatings

The most common and simple AR strategy is a thin dielectric
layer at the top surface of the solar cell, in which destructive inter-
ference effects between reflected light rays can promote an
enhanced light incoupling.”*~'*Y As a simplistic approach, the
solar cell top interface can be considered for the material and
thickness optimization of the thin AR layer. In Figure 4, a
schematic illustration that describes the light reflection and
refraction phenomena, when the AR layer is placed in the top
solar cell surface, is shown. Considering the AR layer to be
dielectric 2, the incident light will be reflected from the interface
dielectric 2 (n,)/dielectric 1 (n,), as well as from the dielectric 3
(n3)/dielectric 2 (n,) interface. Depending on the total phase
difference between the reflected rays, ri, and r,3, constructive
or destructive interference may occur, enabling a decreased or
enhanced overall AR, respectively. Typically, for an optimized
AR layer performance, the n of the involved layers should be
organized in a grading manner (1, < n, < n3) or ny > n, > n3.°%
With a grading n, a destructive interference between reflected

dielectric 1 (ny)

dielectric 2 (n,)

dielectric 3 ()

Figure 4. Schematic illustration of an incident ray reflection, at a thin
dielectric layer, with refractive index n, in between two dielectric media
with refractive indices ny and ns3, with ; and 6, being the incident and
reflected angles of the incident ray and ry, and r,3 being the reflected rays
from the upper and lower interface of dielectric 2.
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light rays is achieved when the path difference (§) satisfies the
following rule®’!

2
5=2 :(m+%)n—2 1)

with d being the thickness of the AR layer, m a whole number,
and A the incident light wavelength value. For an AR layer thick-
ness that satisfies Equation 1, the overall front reflectance is
given by

R n1n3fn§ 2 P
ning + nj

A detailed derivation of the front reflection, by solving the

Maxwell electromagnetic equations with appropriate boundary

conditions, is performed in the study by Solanki et al.’®! For zero
reflectance, an optimum n, value can be found according to

ny = \/mn3 G
as for a CIGS cell, the AZO layer has n3 of 1.9 at 600 nm and air
ny of 1. Therefore, the correspondent n, value is equal to 1.38. It
is important to consider that in a commercial module the ARC is
placed between the AZO layer and a glass cover (n; of 1.4).'" In
this case, the optimum n value changes to 1.63. Magnesium fluo-
ride (MgF,) with n of 1.38 at 600 nm is typically the chosen mate-
rial for an ARC in CIGS solar cells.!"'#!19271%] Nevertheless,
considering the complex CIGS solar cell architecture, and that
the CdS (n=2.89 at 600 nm)/ZnO (n=1.98 at 600 nm)/AZO
(n=1.89 at 600 nm)!"” multilayer already demonstrates a grad-
ual n decrease, the AR improvements in CIGS solar cells have
been mostly optimized with a single MgF, layer.'"'531
Adding multiple AR layers would lead to increased production
complexity, manufacturing costs, and hinder fabrication
throughput.'°! To find the AR layer optimal thickness value,
all the inactive layers that act as an obstacle between air and
CIGS have to be considered."*”'%! Rajan et al. demonstrated
the dependence of the optimal MgF, thickness value on the
individual solar cell layers’ thickness variation: CIGS absorber
(500-2500 nm), the CdS buffer (20-90nm), and the AZO
window (150-300 nm).I"®® To do so, the authors used a transfer
matrix theory optical model combined with in situ real-time spec-
troscopic ellipsometry measurements, while depositing the AR
layer, to measure the unpolarized reflection as a function of
the AR thickness. With such an approach, both theoretical mod-
els and experimental results demonstrated that as the individual
solar cell layers thickness values are modified, the optimum
MgF, thickness has to be adjusted to achieve a minimum
reflectance.

Initially, AR layers, such as silicon dioxide (Si0,)!"*” and sili-
con nitride (SizN,),!''” were implemented in CIGS devices, in
accordance with AR developments in mono-Si technology.
However, MgF, is the standard material used in high-efficiency
devices since the 1990s."'"'"2 Up to the current world record
cell, MgF, has been the material of choice for an ARC, having
suffered only small thickness variations throughout the years,
arising from different solar cell windows and bufter layer archi-
tectures in champion devices. Thus, architectural changes
demand an optimization of the ARC, which has an optical impact

[109
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on the solar cell device. Through the implementation of an opti-
mized MgF, layer, a conversion efficiency increase of 1% can be
obtained.l'"* However, the interference-type ARC is only effec-
tive in a narrow-wavelength value range. Furthermore, it only
performs optimally for certain incident light angles, close to nor-
mal incidence.®*71147116 Hence, these ARCs are mostly for lab-
oratory best cell applications, and industrial solutions are the
research topics of several complementary works.! %1711l

3.1.2. Microscale Texturization

Microscale textures enable an improved and broadband AR
effect, stemming from multiple interactions with the rough sur-
face before being reflected.”*''*! Following ray optics, Figure 5a
schematically represents the light interaction with a micropyra-
mid array (MPA) textured surface. When the incident light
(ray 1) impinges onto the surface, a portion will be transmitted
and a portion may be reflected onto another pyramid surface (ray
2), which in turn will be partly transmitted (ray 3) and reflected,
with the possibility to reach another surface feature. An in-depth
optical behavior analysis of the MPA architecture is performed by
Baker-Finch et al."?%!. Geometrical principles were used to deter-
mine the fractions of light submitted to consecutive bounces at
the pyramid facets, having reached a value of 89% for two and
11% for three bounces.*" 1t is these multiple interactions that
increase the probability of light incoupling into the solar cell,

(@)

dielectric 1 (n,)

www.adpr-journal.com

allowing for a reduced reflection independently of the incident
angle.'*”! The MPA may be optimized, such that reflected light
from the rear surface impinges the front surface with an angle
higher than its critical value, enabling total internal reflection
(Figure Sa—ray 4).°*) Furthermore, the microscale features pro-
mote large-angle light refraction, as opposed to a flat surface,
enabling a prolonged optical path length.”*'*!*! When inte-
grated in a solar cell device with an ideal rear reflector, random
microtextures promote an increased number of light surface
interactions and allow for a 4n* enhancement of the optical path
length.['??! Nonetheless, by comparison, modeling optimization
of periodic architectures remains a simpler task than for random
architectures, as these increase the modeling complexity.[2%
In CIGS solar cells, only few studies report the incorporation
of microscale texturization for the reflectance broadband
minimization.[''>2*12*] The architecture choice has been either
a periodic or random micropyramid texture, implemented in
polymeric encapsulation layers. Those layers allow for improved
solar cell long-term stability and are compatible with industry-
friendly soft lithography processes.'** Furthermore, applying
texturization schemes to the encapsulation layer leaves the solar
cell structure unchanged, avoiding charge dynamic-related prob-
lems.["'*1?*) In the case of a periodic approach, the light manage-
ment performance is very dependent on the array architecture,
the height-to-length aspect ratio being of critical impor-
tance.[?* 1191231261 Dottermusch et al. compared three CIGS solar

xi\x\x\\\\“
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ARC ratio 0.73
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0° 20° 40° 60° 80°

Angle of incidence

Figure 5. a) Schematic depiction considering ray optics of light ray interaction with MPA. b) Scanning electron microscope (SEM) image of the fabricated
MPA. In the inset the replicated natural textures found in viola flowers are shown. Reproduced with permission.!'" Copyright 2019, Wiley-VCH;
¢) Schematic illustration of the MPA fabrication procedure: A) direct write laser (DWL) master mold fabrication. B) Texture replication on an UV-curable
photoresist through a PDMS stamp. C) Cross-section SEM image of the MPA. Reproduced with permission."" Copyright 2019, Wiley-VCH; d) Measured
Jsc in the bare, MgF,, and micropyramid devices as a function of the incident angle. Reproduced with permission.''?! Copyright 2019, Wiley-VCH.
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cell architectures to demonstrate the benefits of an MPA
texturization AR approach:''*! a) bare, a typical CIGS device
without any AR strategy; b) MgF,, where a single MgF, layer
on top of the bare device is used; and c) micropyramid, a resist
layer patterned with an MPA with a pitch of 25 pm was used as an
encapsulation layer on top of the bare device (Figure 5b).

Optical simulations based on ray tracing were first performed
to optimize the MPA, resulting in an aspect ratio of 0.73, to attain
minimal reflection losses. The array was developed through a
soft lithography technique via a PDMS stamp, as shown in
Figure 5c. The MPA architecture enabled a 2 mA cm ™2 enhance-
ment of the J,. value for normal incidence, which led to a 3.5%
relative increase in the power conversion efficiency value over the
bare device. Such improvement was attributed to a minimization
of the average reflectance value, being below 1% between 400 and
1100 nm. The three devices’ dependence of the J;. value on the
incident angle is shown in Figure 5d. The Micropyramid perfor-
mance was generally preserved under tilted illumination condi-
tions. However, in the bare and MgF, planar-configuration
devices, a large drop in the J,. value is observed at incidence
angles higher than 60 °.

An additional effect inherent to the micrometer-large surface
features is the ability to increase the optical path length through
light refraction in the tapered structures. Therefore, the optical
gains resultant from a reflectance decrease, or due to a prolonged
optical path stemming from large refraction angles, must be
decoupled. Campa et al. used the 1D SunShine optical software,
which is based on a semicoherent model that combines scalar
scattering theory and ray tracing with wave optical models, to
study the optical performance of a 360 nm CIGS device with a
texturized front surface.®® An optical analysis decoupling the
two effects, AR and light scattering, arising from the textured
front surface, was performed. Through the modeling of the tex-
turized CIGS device, with a root mean square roughness value of
100 nm, a broadband improvement of the external quantum effi-
ciency (EQE) spectrum only considering the AR effect was
obtained, in comparison with a flat ultrathin device without
any AR strategy.®®! Furthermore, the authors demonstrated that
when only scattering from the textured surface is considered, this
effect is even detrimental, due to the promoted long optical path
length inside the solar cell top inactive media, which will lead to
increased parasitic absorption. In addition, according to Snell’s
law, large refraction angles will be significantly reduced when
light enters the high n medium. Thus, rays will not propagate
into large refraction angles in the CIGS absorber. Hence, the
improved optical performance of a CIGS device with a textured
surface stems mostly from the AR effect. Kr¢ et al. used the same
software to quantify the J;. gains attained by applying scattering
at each CIGS solar cell interface.*” In this study, ideal scattering
surfaces with haze equal to unity were considered. The studied
solar cells encompassed a glass encapsulation layer and have the
following architecture: rear contact/300 nm CIGS/CdS/AZO/
glass. From the simulated architectures, it was shown that apply-
ing scattering directly at each of the CIGS surfaces is the most
favorable approach, as the Js. value improvement exceeds 17%
when each interface is considered, in comparison with the
low enhancement (<8%) obtained when scattering is imple-
mented either in the glass/air or CdS/AZO interfaces. Such dis-
crepancy is a result of increased parasitic absorption in the
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optical window and buffer layers, unavoidable when longer opti-
cal path lengths are promoted from the top-most interfaces.
Therefore, the guidelines provided by this work suggest that scat-
tering structures should either be used at the CdS/CIGS inter-
face or at the rear contact, or that the window layers’ parasitic
absorption has to be reduced. The CdS/CIGS interface is the
most sensitive component of the solar cell architecture, as the
p—n heterojunction is established here. Thus, any modifications
applied to this interface will inevitably affect the solar cell
optoelectronic performance.*?! Therefore, wavelength-indepen-
dent scattering approaches should be carefully analyzed, before
being integrated at the CIGS front surface, the implementation
of optical path length enhancement strategies in the rear archi-
tecture being a safer choice.*? Besides enabling an omnidirec-
tional AR performance, MPA schemes have been optimized in
CIGS solar cells to minimize metallic grid shading.!''”'*"!
Through the refraction phenomenon, incident light can be devi-
ated from its path, avoiding its interaction with the highly reflec-
tive metal grids.''”%’]

3.1.3. Resonant Architectures

Resonant architectures have the potential to promote a more effi-
cient light incoupling and increased optical path length at spe-
cific wavelength values, when compared with the microscale
approach. Here, configurations such as periodic gratings,*25-13%!
plasmonic NPs,7>*17138 and dielectric nanostructures!” %341
are included. Morphology-dependent light scattering and/or
localization can be achieved through schemes exploiting reso-
nant photonic or plasmonic effects. Mesoscale periodic gratings
can be used to increase the optical path length.”? Diffracted light
from the periodic arrays can be coupled to waveguide modes in
the absorber layer, that s, light is trapped in the absorber through
the phenomenon of total internal reflection. Such waveguide
mode excitations give rise to optical path length enhancements
higher than the Lambertian limit of 4n?, achieved through full
light randomization.!"** However, the diffraction effects arising
from the gratings will lead to the same parasitic absorption effect
as the one arising from refracted light by microscale textures.
Hence, there are very few reports on gratings implemented in
CIGS solar cells, being mostly simulation studies.*28-13%
Furthermore, the optical benefits achieved with these architec-
tures are commonly attributed to an angle-independent AR
effect from light interaction with subwavelength structures,
rather than coupling with waveguide modes through diffraction
effects.'?8713% AR benefits derived from light interaction with
subwavelength structures will be explored in Section 3.1.4.
Wavelength-selective resonant architectures on the solar cell
interfaces have been commonly integrated through metallic or
dielectric NPs.*170131-138141) plagmonic architectures present
additional benefits, as compared with the typical periodic meso-
scale gratings. The resonant optical behavior of metallic NPs is a
result of the free-electron motion. As an NP is illuminated, the
external electric field interacts with it and promotes the move-
ment of conduction electrons, to the surface opposite to the elec-
tric field. Due to the confinement of the electrons in an NP,
positive charges will be accumulated in the opposite NP surface,
creating an electric dipole. An electric field in the interior of the
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NP, counterbalancing the external electric field, is created and
forces the electrons to return to the equilibrium position.***
Thus, the displacement of electronic charges induces an
oscillatory behavior similar to a linear oscillator. This collective
movement of electrons in a metallic NP is denominated as local-
ized surface plasmons (LSPs). The LSP allows for an amplifica-
tion of the incident electromagnetic field, which is maximum at
the LSP resonant frequencies (Mie resonances), leading to an
increase in the NP absorption and scattering cross sections.**
The Mie resonance depends on a plethora of parameters, such as
the NPs’ shape, size, dielectric medium, and composition,
among others."**! An improved solar cell optical performance
can be attained from the following mechanisms:'**! near-field
scattering, the NPs present an evanescent electromagnetic field
localized in their vicinity, working as subwavelength antennas
and enabling an absorption enhancement if they are close to
the CIGS layer, as shown in Figure 6a;**'*® and far-field
scattering, which is related to electromagnetic waves generated
at distances much larger than the incident wavelength value,
represented in Figure 6b. Preferential forward scattering from
the plasmonic nanostructures leads to a significant reflection
reduction. Furthermore, the plasmonic nanostructures can
rescatter the incident light over a broad angle range, allowing
for total internal reflection.*"**¢71*81 A" comprehensive review
of the LSP concept, as well as the mathematic formalism to
describe it, is given in the study by Garcia et al.***!

Despite the expected benefits, several conceptual and architec-
tural constraints have to be overcome to attain an increased
optical performance with metallic NPs. Reflection losses can
never be completely suppressed.’®'*>>% In the light regime
of out-of-resonance wavelength values, the highly reflective
metallic structures block the incoming light (shading effect),
and at resonant wavelength values, a fraction of light is addition-
ally backscattered.!*"”®! Therefore, for the best AR performance,
an optimal surface coverage is required. Jeng et al. deposited Ag
and Au NPs on the top of CIGS solar cells, with an absorber
thickness value of 1700 nm.™** The plasmonic nanostructures
with diameters larger than 100 nm were deposited by spin coat-
ing of colloidal solutions. The deposition procedure was opti-
mized, such that surface coverages ranging from 1% to 40%
were achieved. In the referred study, an increase in the solar cells
Jsc value was only accomplished for low NP surface coverages

(b) % §

(@)

N X

Figure 6. Schematic illustration of the effects resulting from plasmonic
NPs interaction with light: a) near-field localization and b) far-field
scattering.
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(below 5%). A maximum conversion efficiency value relative
increase of 1.1% was observed, compared with a solar cell device
without NPs. The minor optical improvement was limited by
shading effects from the metallic nanostructures, along with
other aspects that prevent a full exploitation of the plasmonic
configuration at the solar cell front surface. The near-field light
localization has a nanometric evanescent decay. Therefore, the
near field cannot be exploited in a configuration where the
NPs are implemented on the topmost surface, as when inserted
in a typical CIGS architecture, the NPs are separated from the
absorber by thick multiple inactive layers with a total thickness
of hundreds of nanometers.”>**®! Hence, the AR benefits that
can be exploited from plasmonic NPs implemented on the front
surface arise from far-field rescattered light, which allows for
both better light incoupling and enhanced optical path length.””!
To fully exploit the NPs’ near-field and far-field effects, these have
additionally been implemented directly on top of the CIGS layer.
When in direct contact with the absorber, near-field light locali-
zation effects can be exploited and large-angle far-field scattering
will promote a longer optical path length inside the CIGSM.
Chen et al. spray deposited 10 nm Au NPs at the CIGS/CdS inter-
face.l'**! The implementation of the Au NPs in direct contact
with the absorber interface contributed to absolute augments
of 10mV and 3mAcm™? for V.. and J,, respectively.'*’
Optical simulations revealed a stronger field localization at the
NP vicinity, indicating that the experimental improved figures
of merit resulted from a near-field effect, due to strong absorp-
tion, as well as improved carrier extraction. Nonetheless, there is
a fundamental limit on the plasmonic approach, as the metallic
NPs present a large absorption cross section, leading to addi-
tional parasitic absorption.””!

Absorption-free wavelength-scale dielectric structures have
appeared as an alternative to avoid the issues arising from the
inherent parasitic absorption of metallic NPsl7%40-142151-157]
In an analogy to metallic NPs, dielectric structures can addition-
ally be polarized upon light illumination and are able to support
Mie resonances through the generation of electric dipoles,
enabling for near-field and far-field effects. However, the dielec-
tric polarization results from fixed charges; hence, it is not des-
ignated as plasmonic. Consequently, the polarizability of
dielectric NPs is usually weaker than metallic ones. Therefore,
for dielectric NPs to reach the same scattering performance as
plasmonic ones, higher surface coverages and/or radii are
required.®" Besides electrical resonances, dielectric NPs offer
the additional benefit of supporting magnetic dipole resonances,
stemming from the coupling of the incident light to circular dis-
placement currents of the electric field in the particle."?
Magnetic and electric dipole resonances are usually of equal
strength, and at resonant frequencies, the magnetic dipole res-
onances can provide a dominant contribution to the NP scatter-
ing cross section."®? Furthermore, dielectric structures support
whispering gallery modes that have been explored to significantly
enhance the absorption in solar cells.”®'%3%57] The dielectric
structures work as optical cavities, by trapping light through total
internal reflection. The electromagnetic field will then preferen-
tially leak to the layers below, with a higher n compared to air. A
detailed review of the optical behavior of dielectric NPs can be
found in other studies.”*>%

© 2022 The Authors. Advanced Photonics Research published by Wiley-VCH GmbH


http://www.advancedsciencenews.com
http://www.adpr-journal.com

ADVANCED
SCIENCE NEWS

ADVANCED
PHOTONICS
RESEARCH

www.advancedsciencenews.com

Experiment
08}

06}

EQE

04f flat solar cell

+ sphere array

0.2f

0.0

600 800 1000
Wavelength (nm)

400 1200

EQE

www.adpr-journal.com

1.0

Experiment
08}

06}

04} flat solar cell

+ sphere array

02}

0.0

600 800 1000

Wavelength (nm)

400

1200

Figure 7. a) Schematic illustration of the ultrathin CIGS device with SiO, wavelength-scale spheres. b) SEM image of the deposited 600 nm sphere array
and EQE of the solar cell with 600 nm spheres in comparison with a flat reference. ¢) SEM image of the deposited 120 nm sphere array and EQE of the
solar cell with 120 nm spheres in comparison with a flat reference. Reproduced with permission.l'>” Copyright 2016, Elsevier Inc.

The Langmuir—Blodgett method was used by Yin et al. to
deposit SiO, spheres with diameters of 600 and 120 nm on a
300nm CIGS-based solar cell, according to the architecture
depicted in Figure 7a.'>”) The solar cell with 600 nm spheres
obtained a 0.4 mA cm ™2 increase of the J,. value in comparison
with a flat reference without any AR strategy. The achieved
improvement is shown in the region around 600-700 nm of
the EQE spectrum, Figure 7b, attributed to the whispering gallery
mode absorption enhancement in that wavelength range. Near-
field enhancement from Mie resonances did not contribute to a
significant absorption increase with the presented architecture,
as the dipole moment is attenuated from a large distance
between the air-front surface and the CIGS layer. Moreover,
higher-order resonant modes are in the wavelength range where
parasitic absorption in the CdS/ZnO/AZO stack is predominant
(<550nm). A better optoelectronic performance was achieved
when using SiO, spheres with 120 nm. A broadband enhance-
ment in the EQE spectrum in comparison with the one from
the flat reference without dielectric spheres is shown in
Figure 7c, which led to J,. enhancement of 1.6 mA cm ™% The
improved optical performance observed for the implemented
120nm spheres over the larger-diameter counterparts was
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attributed to an enhanced AR performance. Light interacts with
the subwavelength dielectric nanostructures as if it was a char-
acteristic single layer characterized by an n value obtained
through the volume fraction of SiO, spheres/air. The estimated
effective n value of the characteristic layer was 1.3, which is close
to the desired 1.38 value. The enhanced performance of the
nanoscale  structures serves as an introduction for
Section 3.1.4, where an improved broadband and angular-inde-
pendent AR effect through the use of grading-type architectures
is evaluated and discussed.

3.1.4. Nano-Scale Texturization

Enhanced parasitic absorption issues arising from light scatter-
ing can be overcome by considering a grading AR strategy, which
enables a broadband angle-independent AR. In the grading
approach, a decreased reflection is achieved by a gradual change
in the n value down to the absorber layer. Such a concept follows
the Rayleigh effect principle, well detailed in other studies,>'>®
whereby the incident light ray will continuously bend inward,
while traveling in a medium with a gradual increase in the n
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Figure 8. a) Schematic depiction considering ray optics of the Rayleigh effect, which describes light interaction upon a continuous gradient of increasing
n. b) Schematic illustration of the moth-eye architecture, where the structure period (p) is smaller than the incoming light wavelength.

value, as represented in Figure 8a. An architecture with n gradi-
ent is perceived as a single nonuniform layer, blurring the inter-
face between air and the solar cell. Accordingly, an almost
complete suppression of the reflection—for all wavelength val-
ues, that is, broadband—can be achieved, by avoiding abrupt
changes in the n value.!'>**¢!

To replicate a grading-type architecture, researches have been
inspired by patterns found in nature.["*" In the eyes and wings of
certain moth species, subwavelength structured arrays of tapered
pillars are present.l'®"! As opposed to the interaction of light with
geometrical uniform microfeatures, where there would always be
reflection and refraction phenomena, incident light wavefronts
will behave differently to subwavelength features. Incident light
will interact with the nanostructures as a single entity, once the
incoming wavelength is larger than the surface features.® Light
interaction with subwavelength features is described by the EMT.
The EMT is a homogenization theory, which states that if the
period-to-wavelength ratio of the surface texture tends to zero,
that is, the wavelength is much larger than the period, the optical
properties of the textured surface will be identical to a homoge-
nized planar version."*? According to the EMT, the nanostruc-
tured surface can be approximated by series of multilayers, in
which the effective n depends on the volume fractions of the
nanostructures.'®? The moth-eye architectures have a tapered
profile, as illustrated in Figure 8b. As the fraction of air around
the structures gradually decreases from the top down to the base,
incident photons feel a grading n as the one represented in
Figure 8a, 95161163164

Over the past years, several architectures (cones, domes, pil-
lars, pyramids) have been used to mimic the moth-eye tex-
ture. In a previous work,** optical simulations through
the FDTD method were performed to study the effect of pyrami-
dal array trenches on the AZO layer in ultrathin CIGS devices, as
shown in Figure 9a. Two different pitch sizes of the modeled
array were studied, 1000 and 50 nm. In a periodic grating with
large structural features, incident light will be scattered into dif-
ferent diffraction orders, and an AR effect is achieved from mul-
tiple interactions of the incident rays with the tapered profile.
However, with subwavelength features, photons interact with
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the textured surface without significant scattering and reflection
effects. These phenomena are shown when comparing the elec-
tric field profiles on the 500 nm CIGS layer of both the studied
devices (Figure 9b,c), at an incident wavelength value of
1000 nm. In both profiles, interference effects resulting from
light reflection at the Mo rear contact are present, which is typical
in ultrathin layers. However, the electric field profile of the device
with a 1000 nm pitch is molded by the diffraction on the large
period grating at the top, while the profile in the device with a
50 nm pitch is similar to what is observed on a flat device, with-
out any clear diffraction from the rough layer. The structure with
nanoscale features demonstrated a broadband minimization of
the solar cell reflectance in comparison with the large features
one, resulting from a gradient n profile, as demonstrated in
Figure 9d. Such AR improvement led to a broadband absorbance
enhancement over the large-scale featured device. To perform
numerical simulations and optimize the performance of differ-
ent moth-eye-like architectures in CIGS solar cell devices, the
RCWA method was used by Hwang et al.”!l. The moth-eye tex-
turization was applied onto the window and buffer layer of the
solar cell with three different profiles, conic, quadratic, and para-
bolic, as represented in Figure 9e. For every configuration, a
reflectance decrease was observed with an increase in the fea-
tures’ aspect ratio. The optimized conic configuration allowed
for effective reflectance values as low as 1%. Furthermore, when
comparing the simulated transmittance as a function of the inci-
dent angle from the devices with an optimized conic pattern, an
MgF, single layer, and a bare surface, a more efficient
light incoupling for any angle of incidence is obtained with
the textured surface.

Various techniques have been used to fabricate periodic nano-
scale arrays, such as electron beam,"®*! nanoimprint,**! colloi-
dal,"”) and interference lithography processes.'*® Burghoorn
et al. patterned a moth-eye architecture with an average height
and pitch of 350 and 300 nm, respectively, on a resist layer on
top of thin-film CIGS solar cell devices.!**” The developed texture
enabled for ~8% decrease of the device’s average relative reflec-
tance, which led to a 10.6% increase of the ;. over a flat reference
device, for an absorber thickness of 1000 nm."**®! Furthermore,
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Figure 9. a) Studied architecture with the pyramid array. Electric field intensity in the absorber layer at an incident wavelength of 1000 nm, for: b) grating
with a 1000 nm pitch and c) grating with 50 nm pitch. d) Simulated CIGS absorbance and total solar cell reflectance of an ultrathin flat reference and the
aforementioned textured devices. Reproduced with permission.[¥! Copyright 2021, SPIE. e) Schematic illustration of the pyramid, quadratic, and
parabolic moth-eye profiles in the front layers of CIGS solar cells, studied by Hwang et al.”"

different CIGS layer thicknesses (2000, 1000, and 850 nm) were
employed and no trend toward a larger relative ;. increase with
decreasing CIGS thickness was observed. Hence, the optical per-
formance improvement was attained mostly from the decreased
AR effect and not due to an optical path length increase from
diffraction effects in the subwavelength structures.

There is a high cost associated with a dense array of nanostruc-
tures over large areas. Therefore, surfaces with random subwa-
velength texturization have been explored to achieve the gradient
effect, either through chemical methods to produce several
nanomaterials or one-step wet-etching processes to promote
anisotropic etching on the window layers.*®1¢1707173 14
et al. used a chemical solution method to grow ZnO nanorods

ZnO nanorods
embedded in PDMS

(b)

on top of a CIGS device window layer.'”? The ZnO nanostruc-
tures were encapsulated with a PDMS layer, as demonstrated in
Figure 10a. The PDMS layer was used to confer flexibility to the
nanostructure array, as in previous studies, the rigidity of the
nanostructures ensembles made them unsuitable for flexible
PV applications.'’>'7#175] Furthermore, the PDMS layer has n
value in between the ones of AZO and air. Therefore, the n gra-
dient provided by the PDMS-encapsulated ZnO nanostructures
will be smoother as opposed to the case where the ZnO nano-
structures were directly exposed to air. The n depth profiles along
the top solar cell layers for the nanorod architectures, with and
without the PDMS layer, are presented in Figure 10b,c. With the
addition of the encapsulated nanorod architecture, a broadband

(©

Air

ZnO NRs™1.32

ZnO nanorods

Air

ZnO nanorods
embedded in PDMS

PDMS

ZnO NRs™1.5
AZO film AZ0 filn

10 12 14 16 18 20 22 24 26

Refractive index

14 16 18 20 22 24 26
Refractive index

L0 12

Figure 10. a) Schematic representation of the CIGS solar cell with ZnO nanorods embedded in a PDMS encapsulation layer. b) Schematic represantation
of the n profiles of b) only the ZnO nanorods architectures, and c) the architecture with ZnO nanorods embedded in PDMS. Reproduced with

permission.l'’?l Copyright 2020, Wiley-VCH.
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and omnidirectional decrease of the reflectance was achieved
between the angles of incidence of —60° and +60°, in compari-
son with a planar device with only the PDMS layer.

A Dbroad survey of the progress in light management schemes
experimentally applied at the CIGS solar cell front layers through
ARC, texturization, resonant, or nanoscale approaches is pro-
vided in Table 1. It is clear that nanotextured surfaces promote
the highest J,. enhancements among the AR strategies in CIGS
solar cell devices.''>17® Furthermore, the abundance of works
regarding nanotextures corroborates the main conclusion from
this section—at the CIGS solar cell front surface, an efficient
omnidirectional AR without significant light scattering is
required.

3.2. Rear Light Management Strategies

An extensive discussion of the light management schemes
applied at the CIGS absorber rear to increase the optical path
length, either through scattering or multireflection schemes
(Figure 11), is performed. Hence, this section will start by review-
ing the last advances that have been made to replace the Mo con-
tact, by a configuration that provides more optical benefits. It is
clear that the rear-contact replacement is a necessity.
Nonetheless, other strategies have to be explored for ultrathin
absorbers to reach the performance of their thicker counterparts.
Hence, the schemes that have been applied to provide additional
optical path enhancements, through scattering and/or coupling
to waveguide modes, in ultrathin absorbers, are here detailed.
Two main strategies have been explored, random microtexturi-
zation and resonant architectures, such as periodically spaced
dielectric structures and metallic NPs.

3.2.1. Rear-Contact Replacement

Conventionally, Mo is the material of choice to be used as a rear
contact in CIGS devices.""*"'””) The chemical and mechanical
stability, low elemental diffusivity into the absorber film, and
high melting point (~2700°C) of Mo make it suitable to with-
stand the commonly harsh conditions during CIGS
growth."'31781791 Although Mo does not react with copper
(Cu), indium (In), or gallium (Ga), it reacts with Se to form
molybdenum diselenide (MoSe,). The MoSe, layer allows for
a quasi-ohmic contact with CIGS!"8*'81, However, Mo use is
a tradeoft, as the low interface reflectivity (<20%) achieved with
the Mo/MoSe, and CIGS system compromises the optical path
length enhancement.*>'®! Several approaches have been devel-
oped to replace the Mo rear contact by a more optically favorable
configuration, ranging from 1) a direct metallic layer replace-
ment;[17%1827186] 9) addition of a nanostructured reflective passiv-
ation layer;*'#71%% 3) through the coupling of a metallic
reflective layer with a point-contact passivation architec-
ture; 194 or 4) different combinations of TCOs and metallic
rear reflectors.”>?>71%%) Nonetheless, this is not a simple task,
as a great variety of requirements must be fulfilled to attain a
viable rear contact, such as thermal, chemical, and mechanical
stability, low interface recombination, and the ability to achieve
an ohmic contact. For an optimized optical performance, ideally,
Au, Ag, copper (Cu), or aluminum (Al) should be used as rear
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reflectors, as they would allow for the highest rear-contact reflec-
tance. However, the elemental diffusivity of these metals into the
CIGS layer makes them unsuitable candidates.'®*'**! Tungsten
(W), niobium (ND), tantalum (Ta), zirconium nitride (ZrN), and
titanium nitride (TiN) have been identified as suitable replace-
ments to the Mo rear contact."®>'8¢197] Nevertheless, the
achieved optical gains with these layers are usually counterbal-
anced by optoelectronic losses, associated with a higher contact
resistivity and rear-contact recombination, when compared with
Mo.”! An academic approach for rear-contact replacement used
a lift-off procedure to detach the Mo layer from the remaining
CIGS cell, allowing for thermally evaporated Au layers to be
deposited at the solar cell rear.'®"! With an implemented Au
reflective rear contact, only small variations on the J. value were
obtained with a decrease in the absorber thickness. Nevertheless,
this lift-off approach is limited to small areas, and the up-scale to
industrial processes has not yet been demonstrated.
Nanostructured dielectric layers can be used to passivate the rear
interface and reduce recombination losses on ultrathin solar cell
devices.’”) These stand-alone dielectric layers allow to boost the
Voc and Ji values, as they enable for a carrier collection improve-
ment, and increase reflectance when compared with the Mo/
MoSe, contact,3¢-181187-190.1982001 | o6 et g]. went even further
and used 18 nm nanopatterned aluminum oxide (Al,Os) passiv-
ation layers, to encapsulate highly reflective metal layers in accor-
dance with the schematic of Figure 12."°Y This architecture
allows for both an interface passivation effect and enhanced opti-
cal reflection, enabling for an enhancement over the EQE of a
reference device with a Mo layer. A 2.2% efficiency increase over
a device with only the dielectric layer was achieved with a TiW
reflector.*Y However, the developed architecture was not able to
avoid unwanted diffusion of other tested metals, as the used lith-
ographic procedure did not allow for encapsulating the metallic
layer sidewalls.

In addition, attempts to integrate Ag mirrors have been
done.>>'%! Nevertheless, when in direct contact with CIGS,
Ag diffuses even at room temperamre.[184] Thus, the main
approach taken by many groups is to encapsulate the Ag mirror
with TCOs. An effort has been made to use TCOs as rear
contacts in CIGS solar cells, essentially through SnO,:F

FTO),0091124195200202]  [n oo (ITQ),PL12194200 oy
AZQP>91:195,203-206] 'Begides allowing to couple the rear contact
with a highly reflective metal layer, the contact between TCO and
CIGS can be exploited for other CIGS solar cell architectures,
such as bifacial,"?*1%>2%4 superstrate approaches!!83-20-20%]
and multijunction devices with CIGS as a top cell.”®*!
Nevertheless, several issues have to be overcome for a viable
TCO implementation. The metallic layer/TCO configuration
blocks the sodium (Na) diffusion from the soda lime glass
(SLG) to the CIGS, which is known to improve the optoelectronic
properties, leading to an V,. and conversion efficiency values’
improvement.?®7%2%! Nonetheless, the Na absence can be sur-
passed by performing alkali PDT, which has been commonly
used in high-efficiency devices.”**"! Furthermore, a resistive gal-
lium oxide (Ga,0s) interface layer has been reported after CIGS
growth at high temperatures on top of the TCOsP>!**2°1, Ag a
result, the CIGS growth on TCOs is normally carried out at lower
temperatures, which has an effect on the CIGS layer composi-
tional gradient and grain size, hampering the performance of
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Table 1. General overview of light management schemes comprising AR coatings, texturization, and resonant schemes, experimentally applied at the
front layers of CIGS solar cells. The strategy, architecture, CIGS thickness, J., and power conversion efficiency value (7), as well as the relative increase in
the Jsc and n values with respect to reference architectures, are listed.

Work Strategy Architecture CIGS [pum] Jsc Relative Jc 7 [%]  Relative Comment
[mA cm ™7 increase increase
Interference-type AR
[96] Single layer 2 - 31.5 - 8.5 - -
«/Teflon AF - 32.7 13.8% 8.7 1 2.4% 105 nm-thick Teflon
[99] Single layer Thin-film CIGS solar cell Thin 339 14.6 - -
Thin-film CIGS solar Thin 36.1 16.5% 15.5 16.2% 114 nm-thick MgF,
cell/MgF,
[108] Single layer . 2 35.6 - 16.7 - -
«/MgF, 2 375 15.3% 17.6 1 5.4% MgF, layer thickness
optimized for minimum
reflectance at 500 nm
[274] Multilayer . 1 30.6 - - - -
«/2x (HfO/MgF,) 1 320 14.6% - Multilayer AR with high-/
low-index profile
. 0.6 27.5 - - - -
«J2x (HfO/MgF5) 0.6 29.8 18.4% - - Multilayer AR with high-/
low-index profile
Microscale texturization
[123] Random . 2 22.1 - 9.4 - -
microtexturization «[Textured PDMS 2 23.9 18.1% 10.2 185%  Texturization Height: 2.5 pm
[124] Random In,03:5n/CIGS /CdS/i-ZnO/ 0.32 19.0 9.0 - -
microtexturization In,03:Sn
In,05:Sn/CIGS/CdS/i-ZnO/ 0.32 21.0 110.5% 10.5 116.7% -
In,03:Sn/textured PDMS
[275] Microtexturization —/Mo/CIGS/CdS/i-ZnO/ITO 2 23.6 - 9.6 - -
—/Mo/textured CIGS/CdS/ 2 24.5 13.8% 10.5 19.4% Microhole array
i-ZnO/ITO Height: 184.5 nm;
Diameter: 4000 nm;
Pitch: 5000 nm
—/Mo/textured CIGS/CdS/ 2 25.7 1 8.9% 1.2 116.7% Microdome array
i-ZnO/ITO Height: 854.7 nm;
Diameter: 2500 nm;
Pitch: 5000 nm
[119] Microtexturization . 2.5-3.0 39.2 - 20.2 - -
«/NOA 88 based MPA 2.5-3.0 41.2 151% 20.9 13.5% Aspect Ratio: 0.73
Height:18.25 pm
Pitch: 25 um
[127] Microtexturization A 2 28.0 - 9.7 - -
4/NiAl/PDMS with MPA 2 29.4 75.0% 10.2 152% MPA on the grid
Height: 13.4 pm
Width: 21 pm
Resonant architectures
[131] NPs . 23 340 - 16.5 - -
+/Ag NPs in Al,O; 23 33.1 1 2.6% 15.9 1 3.6% Ag NPs: 4 nm
[133] NPs A Thin 348 - 8.3 - -
SS/Mo/CIGS/Au NPs/Cds/ Thin 37.8 1 8.6% 10.4 125.3% Au NPs: 10 nm
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Table 1. Continued.
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Work Strategy Architecture CIGS [pum] Jse Relative Jc 7 [%]  Relative 5 Comment
[mA cm 2] increase increase
[135] NPs . 17 243 - 10.2 - -
+/Au NPs 17 254 145% 103 11.0% Au NPs: 100 nm
1% surface covarage
. 1.7 28.1 - 9.31 - -
.JAg NPs 1.7 29.8 16.0% 9.44 11.1% Ag NPs: 100 nm
5% surface coverage
[216] Dielectric structures . 0.46 28.6 - 10.1 - -
«/Textured TiO, 0.46 29.8 1 4.2% 10.9 17.9% Periodic dielectric structures
Height: 120 nm
Width: 120 nm
Pitch: 500 nm
Nanoscale texturization
276] Random SLG/Mo/CIGS/(Zn,Mg)O/ thin 35.8 - 15.8 - -
Nanotexturization ZnO:Al
SLG/Mo/CIGS/(Zn,Mg)O/ thin 37.9 15.9% 166  151% ZnO nanorods
ZnO:Al/ Height: 450 nm
ZnO nanorods Diameter: 80 nm
[176] Random . 1.7 30.1 - 10.0 - -
Nanotexturization +/ZnO nanorods 1.7 35.0 116.3% 11.5 115.0% Conic ZnO nanorods
Height: 400 nm
Diameter: 200 nm
+/ZnO nanorods 1.7 33.7 112.0% 10.9 1 9.0% Flat ZnO nanorods
Height: 400 nm
Diameter: 200 nm
[97] Random . 2 30.9 - 10.4 - -
nanotexturization «/Textured ZnO 2 33.8 19.4% 10.5 11.0% 870 nm=thick ZnO
(before etch)
[115] Random . 1.5 22.7 - 9.1 - -
nanotexturization +/ZnO nanorods 1.5 29.5 1 30.0% 1.1 1 22.0% ZnO nanorods
Diameter: 15 nm
[160] Random . 2 36.3 - 16.9 - -
Nanotexturization +/Si0, Nps 2 38.1 15.0% 17.2 11.8% Si0, NPs: 20-30 nm
[277) Random . - - - 10.3 - -
Nanotexturization +/Si0,—PEG - - - ma 17.8% Nanopores
Diameter: 50-200 nm
. - - - 10.2 - -
+/SiO,—PVP - - - 1.1 18.8% Nanopores
Diameter: 50-200 nm
[116] Random Nanotexturization . 2 - - 10.4 - -
«/Textured ZnO/MgF, 2 - T 11.0 15.8% Texturization
Height < 350 nm
100 nm-thick MgF,
[157] Random . 0.3 24.2 - 9.0 - -
Nanotexturization +/SiO, spheres 0.3 25.8 16.6% 9.7 17.8% SiO, spheres: 120 nm
. 0.3 242 - 9.1 - -
+/SiO; spheres 0.3 24.6 11.7% 9.2 11.1% SiO; spheres: 600 nm
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Table 1. Continued.
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Work Strategy Architecture CIGS [pm] Jse Relative Jo 77 [%] Relative n Comment
[mA cm 2] increase increase
[171] Random =9/MgZn0O:Ga Thin 271 - 9.2 - -
Nanotexturization #/MgZnO:Ga/ Thin 29.9 1103% 99  176% ZnO nanorods
ZnO nanorods Height: 100 nm
u/MgZnO:Ga/MgF, Thin 30.9 - 10.2 - 100 nm MgF, thick
u/MgZnO:Ga/ Thin 32.3 1 4.5% 10.8 15.9% ZnO nanorods
ZnO nanorods/MgF, Height: 100 nm
100 nm MgF, thick
andom ufi-Zn in . - . - -
136 Rand ZnO/ITO Th 36.1 10.2
Nanotexturization u/i-Zn0O/ Thin 37.5 13.9% 03 11.0% Ag nanowires
Ag nanowires and Au NPs Diameter: 120-150 nm
Au NPs: 70-90 nm
117 Random «/NiAl 2 345 - 14.1 - -
d I
Nanotexturization </NiAI/NOA 164/Glass MPA 2 37.6 19.0% 153 185% MPA on the grid
and randomly textured Height: 6.2 pm
Width: 20 pm
[118] Random . 2 36.6 - 15.0 - -
Nanotexturization «/Borosilicate glass textured 2 38.2 1 4.4% 15.9 1 6.0% Cone-shape subwavelength
structures
[278] Random . 2.5-3.0 - - - - -
Nanotexturization </MgF, 2.5-3.0 - 1 6.3%9 - 17.2% 105 nm-thick MgF,
«/Textured PMMA 2.5-3.0 - 1 6.5% - 1 6.6% biomimetic rose petals
n72] Random . 2 18.3 - 7.2 - -
Nanotexturization -/PDMS 2 19.0 13.8% 7.5 1 4.2% 70 um-thick PDMS
+/Zn0O nanorods 2 19.3 15.5% 7.6 15.6% ZnO nanorods
Diameter: 70-100 nm
Height: 1500 nm
+/PDMS/ZnO nanorods 2 19.8 8.2% 7.8 8.3% 70 pm-thick PDMS
/PDMS/ 1 1 n
ZnO nanorods
Diameter: 70-100 nm
Height: 1500 nm
[169] Nanotexturization ./ 0.85 22.4 - 10.5 - -
«/Textured Kriya SPF1439-a3 0.85 245 19.4% 10.9 13.8% Textured Kriya SPF1439-a3-
Pitch: 300 nm
Height: 350 nm
./ 1 25.4 . 11.0 - -
«/Textured Kriya SPF1439-a3 1 28.1 110.6% 1.9 1 82% Textured Kriya SPF1439-a3-
Pitch: 300 nm
Height: 350 nm
./ 2 319 - 14.7 - -
«/Textured Kriya SPF1439-a3 2 333 1 4.4% 15.5 1 5.4% Textured Kriya SPF1439-a3-
Pitch: 300 nm
Height: 350 nm
[167] Nanotexturization . 2 29.9 - 10.3 - -
«/Textured ZnO 2 32.6 19.0% 11.4 110.7% Honeycomb-like cavities

3. stands for SLG/Mo/CIGS/CdS/i-ZnOJAZO; Pa stands for stainless steel (SS)/Mo/CIGS/CdS/i-ZnO/AZO; “m stands for SLG/Mo/CIGS/CdS; calculated from short

circuit current (Isc) value.

the overall device.”*>*? 19421021 Nevertheless, ACIGS solar cells
have been successfully developed in SLG substrates under low
temperatures, down to a nominal substrate temperature of
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253 °C, albeit with a conversion efficiency value decrease as lower
deposition temperatures are used.”) Several works report an
increased conversion efficiency when going from Mo to a
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MULTI-REFLECTION

SCATTERING

Figure 11. Schematic illustration of the light management mechanisms
that can be used at the rear of CIGS solar cells: light trapping through
multiple reflections at absorber interfaces and scattering for a prolonged
optical path length.

mirror/TCO stack.”>?3>71%%! However, it is important to note that
the CIGS deposition is changed from the state-of-the-art process
to answer the TCO requirement. Hence, even with the optical
path length enhancement, Mo is still the most suitable candidate.
Currently, the world record for ultrathin devices is still held by a
Mo-contacted solar cell, reaching a conversion efficiency of
15.2%.1%4

Considering the ideal perfect reflective mirror as the solar cell
rear contact, it would be possible to double the optical path length
in the absorber layer and significantly enhance the Jq. value.l****!
To quantify the possible increase in the [ value, optical simu-
lations were performed in three CIGS device architectures:
1) 500nm CIGS with a typical Mo rear contact; 2) 500 nm
CIGS with a perfect reflective interface; and 3) 2000 nm absorber
with a typical Mo rear contact. The FDTD-simulated CIGS absor-
bance for the three studied devices is shown in Figure 13.
Through the upgrade from a poor Mo reflector to a perfect reflec-
tive layer, a J,. improvement of 1.8 mA cm™2 could be achieved,
coming mostly from the reflection of the long-wavelength light.
Even with a perfect reflector, there is still a J,. value gap of
21mAcm ™ to achieve the performance obtained for a
2000nm absorber. A rear-contact replacement is needed to
increase the optical path length. However, it is only a step toward
a larger goal, as the obtained double-optical path length enhance-
ment, achieved through a perfect reflector, is not able to tackle

www.adpr-journal.com
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Figure 13. Simulated CIGS absorbance of the ultrathin 500 nm absorber
with a typical Mo rear contact, or a perfect reflective interface, and a thin
2000 nm absorber with a typical Mo rear contact where the window layers
are the same for all structures.

the gap that exists in the NIR range to the thin absorber. For that,
scattering strategies are necessary to improve the light-trapping
capabilities of an ultrathin solar cell.

3.2.2. Microscale Texturization

A great variety of works report on the optical benefits of a textured
rear interface in CIGS devices through optical simula-
tions.[#2212213] Kovati¢ et al. applied an optical model to study
different light management approaches to improve the perfor-
mance of ultrathin CIGS devices.”"*! Four different Mo surface
textures were studied according to Figure 14, step 1: flat,
sine-like, u-like, and negative u-like. The pitch and height of
the textures were varied to find a geometry able to maximize
the J, value. From the modeled architectures, a sine-like texture
with a pitch of 800 nm and 300 nm height performed the best,
leading to a 1.1 mA cm™? J,. value increase with respect to the flat
architecture. Next, an Ag/Al,O; stack was used on top of the tex-
turized Mo to improve the optical reflection of the rear contact, as

Figure 12. Schematic illustration of the fabricated ultrathin CIGS solar cell architecture, with nanostructured passivation layers used for the encapsulation

of metallic layers."®"!
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Figure 14. Schematic illustration of the flat, sine-like, u-like, and parabolic texture profiles studied by Kovacic et al.?'*! Step 1 illustrates the solar cell
architecture with the Mo layer in direct contact with the absorber, while in step 2 a rear reflector/Al,O; stack is added on top of Mo.

presented in Figure 14, step 2. By adding the reflective layer, the
Jse further increased by 5.5 mA cm ™2, compared with the former
sine architecture. When the flat and sine-like architectures, both
with a rear reflector (Ag/Al,Oj3 stack), are compared, a relative [
increase of 12.6% is achieved, which is much higher than the
4.0% enhancement obtained when the same comparison is done
without a rear reflector. This result demonstrates the importance
of coupling a reflective mirror with light-trapping approaches,
with the aim of exploiting the potential of the scattering surface
to the fullest**?!? Despite the promising results obtained
through optical modeling, the practical implementation of
rear-contact texturing is limited by surface roughness.*'*2']
In CIGS solar cell devices, the use of textured surfaces generally
leads to a poor solar cell performance, originating from a drop of
the fill factor (FF) often accompanied by V,, losses.[®>!24214215]
To scatter light efficiently, the texturing dimensions must be at
least in the order of the illuminating wavelength values. Such
rough substrates challenge the desired conformal growth of the
CIGS absorber, leading to a more defective rear interface and pro-
moting the formation of pinholes.!*) Typically, texturing
approaches lead to a great number of short-circuited solar cells,
or even a poor CIGS adhesion to the substrate, completely
ruining the PV device.!*?'*! Furthermore, the growth over the
rough substrate leads to a partial transfer of the texturization to
all the solar cell layers, which implies an increased roughness that
can result in a higher sheet resistance in the solar cell contact
layers.”'

3.2.3. Resonant Architectures

Significant conversion efficiency enhancements through
textured rear surfaces have only been reported when resonant
architectures, capable of exciting waveguide modes in the
absorber, are applied.!"*2'¢2!8] Wang et al. developed a novel
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architecture with periodic resonant cavities at the Mo rear con-
tact.™'® Through optical simulations, resonant electric field
enhancements in the NIR region that excite guided-mode reso-
nances and contribute for a J, value improvement were
observed. In addition, an Al,O; point-contact architecture devel-
oped through grazing-angle deposition, on the fabricated cavi-
ties, enabled to suppress the interface recombination losses by
providing a passivation effect.*'® Periodic dielectric structures
are used as a resonant architecture that, in resemblance to the
dielectric NPs applied at the front contact, can support Mie
and whispering gallery mode resonances.”®'>*15721% The used
dielectric materials must be thermally and electrically stable to
survive the CIGS growth. SiO, satisfies the above requirements,
thus being a common material choice. Several works have
reported on the utilization of SiO, as a rear passivation layer,
obtaining considerably high V, values in ultrathin devices with-
out absorber bandgap gradients, from a reduction of the interface
recombination rate 2¢#8-4220] Besides the expected optical ben-
efit, an improved electrical performance can thus be expected
with SiO, nanostructures at the rear contact in ultrathin solar
cells.*'”) However, a nanopatterned passivation layer can often
lead to an FF value decrease, as a consequence of the reduced
contact area, thickness of the dielectric passivation layer, and
even an inhomogeneous alkali doping distribution in the
absorber.!*®87229 An array of $i0, nanostructures with a conical
shape was fabricated by Yin et al. through substrate conformal
imprint lithography.”’’” The developed nanostructures pre-
sented a height of 210 nm and a pitch of 513 nm, as shown in
Figure 15a. The developed solar cell architecture is shown in
Figure 15b. The nanostructures were implemented on top of
an ITO rear contact, and when coupled with a reflective rear mir-
ror, a J, enhancement of 6.9 mA cm ™2 was achieved over the
reference planar device. The coupling with highly reflective
layers allows for the light to be scattered back to the absorber
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Figure 15. a) SEM top-view image of the fabricated SiO; dielectric structures array on the ITO rear contact. b) Schematic representation of the fabricated
CIGS solar cell with the SiO, dielectric structures. Reproduced with permission.”'”! Copyright 2017, Wiley-VCH.

either by direct interaction with the photonic structures or
through reflection by the metallic mirror."*>*'”) Most impor-
tantly, as opposed to the typical tendency verified with microtex-
turization, there was a V, improvement through the
implementation of the SiO, cones. The V,. increase is likely
due to the interface passivation effect of SiO,.

A scattering approach using metallic nanostructures at the
rear interface has been receiving attention. Schmid et al. used
the FEM to predict the optimum size of metallic and dielectric
NPs to promote absorbance enhancements in a CIGS layer.””
While a maximum absorbance enhancement for Ag NPs is
obtained with diameters around 100-150 nm, diameters above
200 nm are required for a beneficial optical effect to arise when
dielectric NPs are integrated at the rear contact.”” Thereafter,
using metallic nanostructures can be beneficial as the harmful
electrical degradation arising from a strong texturing can be
minimized. Moreover, smaller structures are in principle more
beneficial for module production, particularly in terms of inter-
connects incorporation. When integrated at the rear absorber
interface, the metallic NPs only interact with the long-wavelength
light and the resonant scattering wavelength values can be tuned
to the NIR range by changing the NP size, shape, and dielectric
medium, [4370.146,149.221)

Vermang et al. exploited the resonant effects arising from Mo
spheres in ultrathin CIGS-based devices.!**”! Those 200 nm Mo
spheres were directly implemented between the Mo rear contact
and the CIGS absorber. The implementation of the nanostruc-
tures led to a 1.3 mA cm ™2 increase on the . value, compared
with a Mo-based contact, arising from an improved rear scatter-
ing combined with an AR effect promoted by the front-surface
texturization. However, the solar cell performance was limited
by a large V,. value loss of 225 mV over a device without the
spheres. The growth of the CIGS absorber on the Mo spheres
increases the surface area and consequently the interface recom-
bination. However, it was demonstrated that a combined rear
passivation, through a dielectric layer and bandgap gradient,
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allowed for a mitigation of the V,, losses. Ultimately, the authors
were able to obtain a small conversion efficiency value enhance-
ment of 0.4%, through the implementation of Mo spheres cou-
pled with a passivation strategy, compared with a reference
device. Further improvements on the used light-trapping archi-
tecture are required, as Au or Ag NPs with smaller dimensions
can provide a higher scattering performance, when compared
with Mo spheres. 381461482221 Nonetheless, Au and Ag will
diffuse during the high-temperature absorber growth, if not
properly encapsulated.**¢>7%148191 One of the proposed archi-
tectures uses a TCO rear contact to encapsulate the metallic
NPs.[18223224 gchmid et al. demonstrated the stability of
the architecture with a thick TCO layer encapsulating
metallic NPs.”?Y! A substrate with Ag NPs encapsulated by a
100-200 nm ITO layer was proven to be able to withstand tem-
peratures up to 630 °C, demonstrating the compatibility with the
CIGS deposition process. However, the NP encapsulation with
such thick TCO layers inhibits the effective coupling of the reso-
nant modes with the absorber. In addition, parasitic absorption
from the thick TCO might hamper the plasmonic enhance-
ment.”% Thus, a novel architecture involving the encapsulation
of the nanostructures with a dielectric passivation layer was
proposed.**%! A line contact architecture can be performed with
the NPs placed on top of a Mo rear contact, only separated from
the absorber by a thin passivation layer. A substrate combining
light trapping through metallic NPs, and passivation through the
dielectric layer with a line contact pattern, can thus be achieved.
In a previous work, the effective encapsulation of Au NP aggre-
gates with a 25 nm Al,O; layer in a complete CIGS device was
demonstrated through an X-ray photoelectron spectroscopy
depth analysis.[®) Here, micrometer-large Au aggregates were
used instead of a plasmonic approach with individualized
NPs, as the main goal was to establish a proof of concept for
the encapsulation with a thin dielectric layer. The integration
of the metallic aggregates led to an optical improvement that
resulted in a J,. value enhancement of 3.7 mA cm ™2, originating
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Figure 16. Simulated CIGS absorbance in the plasmonic configuration with an encapsulated Ag mirror and a reference solar cell with no light-trapping

architecture. Adapted with permission.*! Copyright 2021, SPIE.

from an enhanced rear scattering, as well as an improved AR as
in the study by Vermang et al."*”! However, the developed Au
aggregates were micrometer large, creating a highly irregular
and rough rear interface, leading to a V,. value decrease. In
an additional work, FDTD optical simulations demonstrated
the scattering benefits that can be obtained through the introduc-
tion of individualized Ag NPs with a diameter of 100 nm encap-
sulated with a titanium oxide (TiO,) layer.**! To fully exploit the
plasmonic scattering benefits, a rectangular lattice of Ag NPs
with an optimized pitch was coupled with a Ag metallic mirror,
with the dielectric layer on top of both, as represented in
Figure 16. A volume compensation approach was used to intro-
duce the NPs in the solar cell architecture, that is, the volume
occupied by the metallic NPs was added to the total absorber
thickness without texturization. This way, the presented optical
benefits result only from an enhanced rear light scattering. The
simulated absorbance of this plasmonic configuration was com-
pared with the one of an ultrathin reference, as shown in
Figure 16. An absolute J,. enhancement of 2.2 mA cm ™2 was
obtained over the reference device.

Despite the expected beneficial effects of the metallic
nanostructures, a practical implementation with a significant
conversion efficiency value increase is yet to be demonstrated,
mostly due to the complexity arising from the poor thermal
and chemical compatibility of these nanostructures.

A broad survey of the progress in light management schemes
experimentally applied at the rear of the CIGS absorber for an
optical path length enhancement, through increased reflection
and/or scattering, is provided in Table 2. For rear-contact replace-
ment, the coupling of a metallic mirror with an encapsulation
strategy has shown great promise. Several works have presented
a significant J;. and conversion efficiency enhancement, either
through the use of a nanopatterned dielectric layer or a TCO,
for the metallic mirror encapsulation.”>9%1921941951 T¢ further
increase the optical path length, microscale textures or resonant
strategies have been applied. If a metallic mirror is coupled with
plasmonic or photonic scattering approaches, the full potential of
the scattering architectures can be exploited. However, the
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roughness introduced by microtexturization causes a degrada-
tion of the electrical performance, and metallic NPs demonstrate
fabrication compatibility issues, leading to the drop in FF and V.
values when compared with reference devices, despite the Ji.
enhancement.*>12*189 Thus, among the scattering approaches,
the use of wavelength-scale dielectric structures remains the
most favorable, as besides an optical benefit, these structures
additionally provide for interfacial passivation, allowing for sig-
nificant  conversion  efficiency = enhancements  over
reference devices.['**16-217]

3.3. Spectral Conversion

In a single-junction CIGS solar cell, there are two spectral
windows not efficiently exploited, as presented in Figure 17a:
1) the UV/vis region, due to parasitic absorption in the window
and buffer layers, and thermalization losses; and 2) the active
layer sub-bandgap wavelength region, resultant from nonabsorp-
tion. Passive luminescent layers, able to convert light from the
uncollected spectral windows to a wavelength region efficiently
absorbed by the solar cell, have emerged as a promising route to
achieve full-spectrum absorption and surpass the uppermost lim-
its established for a single-junction solar cell.®>**-*?”) Three
photon conversion processes can be distinguished: DS, DC,
and UC, represented in Figure 17b. A comprehensive review
over the available materials for spectral conversion can be found
in the study by Huang et al.®® and an outlook for their integra-
tion in PV systems in the study by Ferreira et al.®”!

3.3.1. Spectral DS/DC

Both DC and DS processes involve the conversion of high-energy
photons, that is, UV/vis, into lower-energy photons. However,
DC involves one photon being converted into two, while DS is
a one-to-one photon conversion process. As UV/vis photons
are either absorbed in the top window layers or at the CIGS first
nanometers, a beneficial effect is expected when DS/DC layers
are placed in the solar cell front, as shown in Figure 17c.
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Table 2. General overview of light management schemes comprising rear reflector, microtexturization, or resonant architectures, experimentally applied
at the rear of the CIGS absorber. The strategy, architecture, CIGS thickness, Js., and power conversion efficiency value (i), as well as the relative increase in
the Jsc and # values with respect to reference architectures, are listed.

Work Strategy Architecture CIGS [pum] Jse Relative Jc 5 [%] Relative Comment
[mA cm™ increase increase

Rear-contact replacement

[185] Direct replacement SLG/Mo/A? 1.4 - - 13.8 - 700 nm-thick Mo
SLG/W/A 14 - - 142 129% 700 nm-thick W
SLG/Ta/A 1.4 - - 13.3 1 3.6% 700 nm-thick Ta
SLG/Nb/A 1.4 - - 10.0 1 27.5% 700 nm-thick Nb
SLG/Cu/A 14 - - 59 ] 57.2% 700 nm-thick Cu
SLG/V/A 1.4 - - 3.4 1 75.4% 700 nm-thick V
[197] Direct replacement SLG/Mo/ZrN/A 0.5-0.6 249 - 7.2 - 1 pm-thick ZrN
SLG/Mo/ZrN/MoSe,/A 0.5-0.6 25.4 12.0% 104 T 444% 1 pm-thick ZrN
[192]  Nanopatterned dielectric SLG/Mo/A 0.62 21.4 - 5.4 - -
layer encapsulation SLG/Mo/Al,03/A 0.62 23.1 17.9% 7.2 133.3% 18 nm-thick Al,O;
Pitch: 2.8 pm;
Line width: 0.7 pm
SLG/Mo/Ta/Al,05/Mo/A 0.62 23.4 19.3% 9.6 177.8% 10 nm-thick Ta
18 nm-thick Al,O3
Pitch: 2.8 pm;

Line width: 0.7 pm
Mo used to encapsulate
metal sidewalls

[191]  Nanopatterned dielectric SLG/Mo/A 0.50 243 - 6.2 - -
layer encapsulation SLG/Mo/Al,05/A 0.50 24.7 11.6% 7.7 124.2% 18 nm-thick Al,O3
Pitch: 2.0 pm;
Hole : 0.2 pm
SLG/Mo/TiW/Al,03/A 0.50 253 1 4.1% 9.9 159.7% 20 nm-thick TiwW
18 nm-thick Al,O3-
Pitch: 2.0 pm;
Hole : 0.2 pm
[195] TCO rear contact SLG/Mo/A 0.30 17.9 - 7.2 - -
Cu/SLG/SnO,:F/A 0.30 22.8 127.4% 9.5 131.9% 700 nm-thick SnO,:F
[194] TCO encapsulation SLG/Al,05/Mo/A 0.49 22.4 - 9.3 - -
SLG/ITO/A 0.49 23.2 13.6% 10.0 17.5% 300 nm-thick ITO
SLG/Ag/ITO/A 0.49 27.0 120.5% - - 150 nm-thick Ag
30 nm-thick ITO
[55] TCO encapsulation SLG/Mo/A 0.55 25.6 - 9.5 - -
SLG/AZO/Ag/AZO/ITO/A,O5/A 0.55 27.8 1 8.6% 113 118.9% 50 nm-thick AZO
150 nm-thick Ag
30 nm-thick AZO
100 nm-thick ITO
3 nm-thick Al,Os
[193] TCO encapsulation SLG/Mo/A 0.51 26.2 - 12.4 - -
SLG/AZO Ag/AZO/ITO/A 0.51 28.5 1 8.8% 1.4 1 8.8% 50 nm-thick AZO

150 nm-thick Ag
30 nm-thick AZO
100 nm-thick ITO

SLG/AZO/Ag/AZO/ITO/AI,05/A 0.51 28.9 1103% 123 10.8% 50 nm-thick AZO
150 nm-thick Ag
30 nm-thick AZO
100 nm-thick ITO
3 nm-thick Al,O3
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Work Strategy Architecture CIGS [pm] Jsc Relative Jsc 17 [%]  Relative 5 Comment
[mA cmfz] increase increase
Microscale texturization
[214] Random SLG/SiO,/Mo/A 1.64 294 - 8.4 - -
Microtexturization Textured SLG/SiO,/Mo/A 1.64 31.8 18.2% 8.7 13.6% 2.5 um SiO, spheres
buried in the SLG
65] Random SLG/Mo/A 0.46 212 - 6.3 - -
Microtexturization SLG/Mo/Au NP 0.46 24.9 117.5% 58 17.9%  Aggregates of 25 nm Au Nps
aggregates/Al,03/A 25 nm-thick Al,04
[124] Random SLG/In,03:Sn/A 0.32 19.0 - 9.0 - -
Microtexturization SLG/Textured SnO:F/A 0.32 21.2 111.6% 9.0 - Commercial SnO:F
(Asahi U-type)
Resonant architectures
[216] Dielectric structures SLG/Mo/A 0.46 28.6 - 1.1 - -
SLG/Mo/SiO, Domes/A 0.46 30.6 17.0% 12.3 110.8% SiO, dome array
[141] Dielectric structures SLG/Mo/A 0.37 23.7 - 8.8 - -
SLG/Mo/SiO, nanomesh/A 0.37 25.5 17.6% 10.1 1 14.8% SiO, cavities
Diameter: 350 nm
Height: 40 nm
SLG/Mo/SiO, nano-mesh/A 0.37 27.5 116.0% 1.4 129.5% SiO, cavities
Diameter: 350 nm
Height: 150 nm
[217] Dielectric structures SLG/ITO/A 0.39 25.5 - 6.8 - -
SLG/ITO/SIO, cones/A 0.39 30.5 119.6% 8.8 129.4% SiO, cone array
Pitch: 513 nm;
Height : 210 nm
SLG/Ag/ITO/SiO, cones/A 0.39 324 127.1% 10.0 1T47.1% 200 nm-thick Ag
SiO, cone array
Pitch: 513 nm
Height : 210 nm
[218] Dielectric structures SLG/Ti/Al/TiN/Mo/A 0.34 16.0 - 3.7 - -
SLG/Ti/Textured Al/TiN/ 0.34 17.4 18.8% 47 127.0% Voronoi cavities—
Mo/Al,O3/A Pitch: 690 nm
[215] Dielectric structures SLG/Mo/Al/ITO/CIGS/CdS/ 0.6 27.3 - 1.8 - -
i-ZnO/ITO
SLG/Mo/SiO, cones/Al/ 0.6 27.9 12.2% - l SiO, cone array
ITO CIGS/CdS/i-ZnO/ITO Pitch: 1.96 pm
Height: 499 nm
[189] Metallic NPs SLG/Mo/A 0.35 20.4 - 8.2 - Flat Ga profile
SLG/Mo/Mo Nps/A 0.35 217 1 6.4% 32 | 61.0% Flat Ga profile
Mo Nps: 150-200 nm
SLG/Mo/Mo Nps/Al,O;3/A 0.35 22.1 183% 6.4 1 22.0% Flat Ga profile Mo
Nps: 150-200 nm
SLG/Mo/A/MgF, 0.38 22.2 - 8.4 - Single-graded Ga profile
SLG/Mo/Mo NPs/A/MgF, 0.38 25.3 1 14.0% 5.8 1 31.0% Single-graded Ga profile
Mo NPs: 150-200 nm
SLG/Mo/Mo Nps/Al,03/A/MgF, 0.38 25.7 115.8% 8.8 14.8% Single-graded Ga profile

Mo NPs: 150-200 nm

BA stands for CIGS/CdS/i- ZnO/AZO.

Low-energy photons will be absorbed by the DC and DS layers
and re-emitted in a suitable wavelength range, around 600 nm,

Furthermore, DC materials have the potential to minimize ther-
malization losses in solar cell devices, as a high-energy photon is

[228]

matching the typical maximum EQE peak of a CIGS solar cell.  converted into two low-energy photons.
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Figure 17. a) AM1.5 G irradiance spectrum, with the shadowed areas representing the spectral windows inefficiently exploited by a CIGS solar cell. The
fraction absorbed by a CIGS solar cell with a 1.08 eV bandgap, corresponding to the record CIGS device,!'" is presented. Redrawn from [89]. b) Simplified
representation of the energy diagrams in DS, DC, and UC processes. Reproduced with permission.??®! Copyright 2017, Wiley-VCH. c) Schematic repre-
sentation of the integration of spectral conversion architectures in solar cell devices. Reproduced with permission.’?¥! Copyright 2017, Wiley-VCH.

d) Experimental EQE of CIGS solar cell devices covered with [Eu(TTA);(TPPO),] layers of different thicknesses. Reproduced with permissio

Copyright 2017, Wiley-VCH.

The DS/DC materials are usually integrated within the poly-
mer encapsulation layer.??¢?2°"23% [n addition, luminescent
layers have also been implemented between the buffer and win-
dow, either by doping a TCO with luminescent compounds or
through the deposition of quantum dots (QDs).*>"**¥! In this
placement, the luminescent layer can have a harmful effect on
the solar cell FF value, which has an impact on the overall solar
cell efficiency.**”2*®! Therefore, the integration into an encapsu-
lation polymer matrix appears more advantageous, as an optimi-
zation independent from the solar cell technology can be
done.*?*2*" I addition, if the luminescent material is integrated
in an encapsulation polymer matrix, low-energy photons are con-
verted before being parasitically absorbed in the window layers.
Luminescent DS/DC layers can potentially substitute the conven-
tional polymeric encapsulation layers, while maintaining the pro-
tective and transparency properties.”>*7**!] Furthermore, by the
conversion of UV radiation, the DS/DC layer can reduce the poly-
meric layer photodegradation, consequently improving the PV
module lifetime.*) Nonetheless, a DS/DC layer must satisfy
certain requirements for an efficient implementation in a PV
device. The luminescent characteristic should be optimized; this
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n.[229]

implies a wide absorption window in the 300-500 nm wave-
length values range, an intense emission spectrum—meaning
high quantum yield—at energy values matching the EQE peak
and considerably smaller than the bandgap energy values of
the window and buffer layers, and finally long-term stabil-
ity.12*2243] Moreover, as in every light management technology,
the cost has to be considered; hence, the development of low-cost
solution-processed DS/DC layers should be favored.***! Three
approaches have been applied to CIGS solar cells in DS/DC
layers: 1) organic dyes, 2) lanthanide-doped phosphors, and
3) QDs. Organic dyes are today the most used luminescent
DS materials in PV, due to their near-unit quantum
yield,2*#*2*) having demonstrated considerable improve-
ments when implemented in several PV technologies, such as
Si-based,”*! CdTe,**”) and CIGS solar cells.[2023*244248] [y
addition, they can be easily integrated in polymer matrixes by
solution process methods, having led, in CIGS solar cells, to rel-
ative efficiency enhancements of up to 8.5%, compared with a
reference solar cell.***! Still, research efforts have been applied
to find more suitable alternatives, as the narrow absorption band
limits the viability of the organic dyes. For a full coverage of the
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desired spectral window, more than one type of dye is
required.**! Currently, the variety of organic dyes integrated
in CIGS solar cells have shown absorption bands between 300
and 500nm and an emission spectra between 400 and
600nm. A limited shift between emission and absorption
spectra, typically below 50 nm, is an inherent characteristic of
these organic molecules, limiting the efficiency of the DS layer
due to reabsorption of the emitted photons.[#2%-232242249.230]
Furthermore, long-term stability upon irradiation can be quite
challenging with organic dyes, as every organic molecule
presents unique chemical properties that are dependent on
the embed polymer matrix. A proper optimization of host poly-
mer matrix and luminescent molecules combination is required,
as an unstable environment or unstable luminescent molecules
lead to a deterioration of the DS/DC phenomenon, 22%-31,232.251]
In contrast, lanthanide-doped phosphors are stable over long irra-
diation periods, present high thermal resistance, and, depending
on the lanthanide complex and host matrix, can have high quan-
tum yields (>80%).8%?**?3% However, the major benefit arising
from these rare-Earth materials is the ability to obtain a signifi-
cant shift between the absorption and excitation spectrum with
no overlap; hence, avoiding the reabsorption of emitted light.**"!
A great variety of works have reported a conversion efficiency
enhancement in CIGS solar cells stemming from a DC or DS
of UV/vis light through the wuse of rare-Earth com-
plexes [229-232:235.237.249] Gayriluta et al. studied the effect of 13
different ternary europium (Eu™) complexes on top of CIGS
solar cells.*?") The luminescent DS layers were deposited directly
on top of the CIGS solar cell device. Besides changing the mate-
rial complexes, the thickness of the luminescent layer was opti-
mized. Two deposition methods, spin coating and drop casting,
were adjusted to attain nanosized- and micro-sized-thick layers.
The best-performing layer used [Eu(TTA);(TPPO),] as lumines-
cent material and had a broad absorption spectrum ranging from
250 to 420 nm and a narrow emission peak at around 615 nm.
An enhancement of 1.8 mA cm™2 on the J,. value was obtained
over the reference device. This optical improvement resulted
from the high quantum yield obtained with this compound
(72%), along with a beneficial AR effect arising from the
polymer EVA matrix, where the luminescent materials were
embedded. It was estimated that the DS process solely was
responsible for 0.8mAcm™ of the observed J, increase.
The improved UV response is shown in Figure 17d, where
the EQE of the CIGS solar cell devices with the
[Eu(TTA)3(TPPO),]-based DS layer with different thickness val-
ues is compared with a reference device. However, a limitation
of this approach comes from the size of the phosphor particles.
Typically, the phosphors consist of micro-sized particles that pro-
mote a strong light backscattering, inhibiting an efficient light
incoupling toward the solar cell.>*'2**2%%] Nanosized semicon-
ductor QDs do not demonstrate such scattering effects.***%*°!
The broad light absorption, narrow emission spectrum, high
quantum yield, high photostability, and size-depended bandgap
make these nanostructures very interesting to be applied as a DS/
DC layer.[26231:233.252] A hyroad survey of progress in light man-
agement schemes experimentally applied at the front layers of
CIGS solar cells through DS or DC is provided in Table 3.
When DS/DC approaches are coupled to CIGS solar cells,
these QD nanostructures have shown the highest Ji
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enhancements.”?**®! However, the development and applica-
tion of QD luminescent layers have been lagging, as the
most typical material complexes used for these luminescent
materials are Cd or In based, which are critical and/or toxic
materials [226238:250.252-2541  Recently,  perovskite ~ CsPbXs
nanocrystals and graphene QDs have demonstrated high quan-
tum yields, while being nontoxic solution-compatible alterna-
tives.[2332332552571 Eor example, Khan et al. were able to
achieve a 1.1 mA cm™? enhancement of the J, value on a
CIGS solar cell device by introducing N-functionalized graphene
QDs at the solar cell top.**> The developed nanostructures dem-
onstrated a broad absorption band (200-400 nm) and a narrow
emission peak around 503nm. The J,. value increase is a
combination of the DC of low-energy photons, as well as from
AR and light-trapping effects, promoted through the presence
of the QD layer.[*”

3.3.2. Spectral UC

UC processes involve the conversion of two or more photons
transparent to the absorber (4> 1200 nm) into usable photons
with energy higher than the absorber bandgap. Conceptually,
some issues hamper the efficiency of UC materials when placed
at the solar cell front, as they might decrease the transmittance of
the incident light to the absorber. Hence, a better use of the UC
luminescent materials is reached when they are placed at the
CIGS rear interface (Figure 17¢).5%??®! For the UC process to
occur, the absorption of at least two photons is required; hence,
the quantum yield is limited to 50%. Nonetheless, the utilization
of UC layers would hamper losses arising in the wasted IR region
of the solar spectrum, which totals nearly 35% of the spectral
photon flux, that is, 1.5 x 107 photons s 'cm 2 of the
4.3 x 10" photons s~' cm 2 allowed by the AM 1.5 G incident
spectrum. A theoretical conversion efficiency value limit of
47.6% was established by Trupke et al., for SQ solar cell devices
with UC layers./*® Regarding PV applications, the great majority
of the UC mechanisms result from the combination of excited-
state absorption (ESA) and energy transfer UC (ETU) pro-
cesses.® ESA is a two-step process in which two or more pho-
tons are absorbed in an intermediate-energy level. The first
absorbed photon allows an electronic transition from the ground
to an intermediate state, and a sequential absorption of a second
photon promotes the transition to a higher energy state.
Consequently, a higher-energy photon is emitted from the
transition between the excited to the ground state.®®#% The
ETU process involves the excitation of two neighboring ions into
a metastable energy state by two photons. Nonradiative energy
exchanges, then promote one ion to a higher-energy-emitting
state.®®#) These processes can be accomplished using lantha-
nide-based systems in an extensive variety of materials covering
a wide range of shapes and sizes. However, there are consider-
able limitations regarding the use of lanthanide-doped com-
plexes for UC processes, as metastable intermediate levels are
required.®**! Moreover, lanthanide-doped materials for UC
have a narrow and weak absorption band, being only able to
upconvert a small solar spectrum fraction. Coupling the lantha-
nide complexes with organic dye molecules can improve the
absorption capabilities of the UC material.®” The organic dyes
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Table 3. General overview of light management schemes comprising DC and DS, experimentally applied at the front layers of CIGS solar cells. The
strategy, architecture, CIGS thickness, Js., and power conversion efficiency value (), as well as the relative increase in the Ji. and 5 values with
respect to reference architectures, are listed.

Work Strategy Architecture CIGS [pum] Jse Relative Jsc n [%] Relative 7 Comment
[MA cm™? increase increase
[248] Fluorescent dye 47/Glass - 26.1 - 14.0 - -
A/Glass/PMMA with - 27.6 15.7% 14.8 15.7% Lumogen F Violet 570 and
fluorescent dye Yellow 083
[244] Fluorescent dye A 1.7 35.1 - - - -
A/EVA with fluorescent dye 1.7 38.1 185% - - Lumogen F Violet 570
[234] Fluorescent dye Commercial cell/Eva - 7.5 - 15.1 - -
Commercial cell/Eva with - 7.9 153% 15.8 1 4.6% Glutanide-derived pyrene
fluorescent dye with Coumarin 6
Commercial cell/Eva with - 7.7 12.7% 15.3 11.3% Glutanide-derived pyrene
fluorescent dye with Nile Red
[230] Fluorescent dye A - 25.6 - 8.8 - -
A/PVB with fluorescent dye - 25.9 11.2% 8.9 1T1.1% Lumogen F Violet 570
A/PVB with fluorescent dye - 25.8 10.8% 8.9 111% Lumogen F Yellow 083
A/PVB with fluorescent dye - 26.4 13.1% 9.2 1 4.5% Lumogen F Violet 570 and
Yellow 083
[237] Nanostructured A - 29.1 - 9.3 - -
organosilicon A/PVB with NOLs - 302 13.8% 9.7 143% NOL 15
luminophores (NOLs)
A/EVA with NOLs - 29.8 T 2.4% 9.6 13.2% NOL 15
[229] Rare-Earth compound A 2 29.0 - - - -
A/EVA with rare-Earth 2 30.8 16.2% - - Eu(TTA);(TPPO),
compound
[232] Rare-Earth compound A 2 - - 13.1 - -
A/EVA with rare-Earth 2 - - 13.9 16.1% [Eu(TTA)3(DPEPO)]
compound
[235] Rare-Earth compound u Y/Sn0, with rare-Earth - 323 - 10.4 - SnO,:Nd
compound/AZO
[236] Rare-Earth compound A 25 28.7 - 9.9 - -
m/SnO, with rare-Earth 2.5 29.3 121% 10.5 16.1% Sn0O,:Yb
compound/AZO
[249] Rare-Earth compound A 2.0-3.0 327 - 17.7 - -
A/MgF, 2.0-3.0 34.2 14.6% 18.5 145% 110 nm thick MgF,
A/Coupling layer/Y;AlsOq,/ 2.0-3.0 342 1 4.6% 18.5 1T45% 110 nm-thick MgF,
MgF, Coupling layer: n=1.8,
Cargille, USA
A/Coupling layer/Y3;AlsOq; 2.0-3.0 34.8 1 6.4% 19.0 173% 110 nm-thick MgF,
doped with rare-Earth Coupling layer: n=1.8,
compound/MgF, Cargille, USA
Y3Als04,:Ce
[237] Rare-Earth A 1.5-1.7 385 - 1.2 - -
compound u/ZTO with rare-Earth 1.5-1.7 39.2 11.8% 10.3 | 8.0% 100 nm-thick ZTO:Yb
compound/AZO
(238] QDs SS/Mo/CIGS/CdS/i-ZnO/ 2 31.9 - 3.4 - -
AZO
SS/Mo/CIGS/CdS/QDs/ 2 35.5 111.3% 9.3 110.7% 10 nm aggregates of 3-5 nm
i-ZnO/AZO CdSe/ZnS core—shell QD
[252] QDs A 2 326 - 13.8 - -
A/QDs/MgF, 2 34.0 143% 143 13.6% CdSe/CdZnS core—shell
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Work Strategy Architecture CIGS [pm] Jse Relative Jsc n [%] Relative 5 Comment
[mA cm™7] increase increase
[255] QDs A 3 30.7 - 14.4 - -
A/QDs 3 31.8 13.6% 15.3 16.3% N-functionalized graphene
QDs:
2-4 nm
[256] QDs A 3 29.7 - - - -
A/QDs 3 32.1 1 8.1% - 112.2% N-functionalized graphene
QDs:
3.9nm
[226] QDs SLG/CIGS solar cell/ - 22.0 - - - -
SLG/CIGS solar cell/PMMA - 241 19.5% - - CdSe QDs: 2nm
with QDs
[170] QDs A - 34.0 - 13.0 - -
A/QDs/NOA 164/Class - 353 1 3.8% 13.6 1 4.6% CdSe/CdZnS core—shell
QDs: 5.5 nm
A - 341 - 13.6 - -
A/QDs/NOA 164/Textured - 36.6 173% 14.6 17.4% CdSe/CdZnS core—shell
glass QDs: 5.5nm
Nanotexturization
[250] QDs SS/EVA/CIGS solar cell[EVA/ - 26.6 - 10.7 - -
Glass
SS/EVA/CIGS solar cell/ - 27.0 11.5% 10.8 10.9% InP/ZnSe,S1_x QDs: 3.5 nm
EVA/glass with QDs
[233] QDs CIGS solar cell - 249 - 8.8 - -
CIGS solar cell/NOA with - 27.1 1 8.8% 9.7 110.2% N-functionalized graphene
QDS QDs:
<10nm
[253] Nanocrystal SS/Mo:Na/Mo/CIGS/CdS/ 2 35.6 - 1.1 - -
i-ZnO/AZO
$S/Mo:Na/Mo/CIGS/CdS/ 2 37.2 145% 1.6 1 45% Cubic-shaped CsPbBr;
i-ZnO/AZO[Nanocrystals perovskites
Nanocrystals
Diagonal length:
8-18 nm
[257] Nanocrystal A/Quartz 1.2-2.2 27.0 - 13.0 - -
A/Quartz with nanocrystals 1.2-2.2 28.9 17.0% 13.2 11.5% Cubic-shaped CsPbBr;

perovskites
Nanocrystals:
10-13 nm

4 stands for SLG/Mo/CIGS/CdS/i-ZnO/AZO. ®m stands for SLG/Mo/CIGS/CdS.

can trap incoming photons over a broad range of wavelength val-
ues, thus improving the spectral response of the UC approach.
However, the photon conversion efficiency of the lanthanide-
based UC process is still very low (<3%), and unless new
technologies or materials are developed, the implementation
in CIGS devices is not yet viable.®®! UC processes following
the sensitized triplet—triplet annihilation (TTA) phenomenon
using chromophores appear as an alternative, as high-photon
conversion efficiencies can be achieved even at low-excitation
power densities.”>***!] Photon conversion efficiencies of over
30% have been reported for the TTA upconvertors.?>?-261
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TTA systems have been generally applied in wide-bandgap solar
cells and for photocatalytic water splitting for hydrogen produc-
tion, as the absorbance UC spectrum of this approach is usually
around the 650-700 nm wavelength range.®®®*"! For wavelength
values higher than the mentioned range, high-efficiency TTA UC
systems have not yet been achieved.®”! Kozinsky et al. predicted
through FDTD simulations a conversion efficiency enhancement
up to 5% in a wide-bandgap (1.6 eV) CIGS device through the
implementation of the TTA-based UC layer at the solar cell rear
structure.**®) However, high-efficiency CIGS solar cells typically
have a Ga profile with a minimum bandgap value of around
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1.1eV,13Y for which the most efficient UC systems are not
compatible. Despite the promising concept, the current
technological outlook in luminescent upconvertors does not
allow for a cost-effective and efficient implementation of UC
layers in CIGS devices.

4. Light Management in Mono-Si World Record
Device

Si-based solar cells are at the forefront of PV evolution and
progress when it comes to light management. Many optical
architectures have first been implemented on mono-Si, multi-
crystalline Si, or amorphous Si solar cells before expanding to
other efficient and promising PV technologies.P*'?? The
requirement to reduce optical losses through innovative schemes
has been present for more than 40 years, mostly to overcome the
shortcomings of the indirect bandgap nature of Si solar cells.l'*?!

The great dilemma is why is not a mature CIGS technology
fulfilling its optical potential? To answer this question, we must
discriminate the optical characteristics of the current world
record mono-Si architecture that allow for efficient light harvest-
ing. The state-of-the-art mono-Si solar cell architecture is shown
in Figure 18. The most notable example of a light management
scheme in this architecture, is the square-based pyramid random
texturization, which is now an industry standard.*®®! This
scheme is fabricated by anisotropic etching procedures on the
absorber interface, with its first application dating back to
1974.1'82691 Ag detailed in Section 3.1.2, a microtextured front
surface allows for an omnidirectional low reflectance, due to mul-
tiple interactions in the large pyramidal textures.’*!*! In
addition, this architecture is coupled with highly reflective Al rear
electrodes. Hence, an optical path length enhancement of up to
4n® can be obtained with this optical scheme.'*” However,
implementing microscale textures directly at the front surface
of a thin-film absorber, such as CIGS, is not straightforward.
Due to the already thin absorber, these devices will be severely
limited by interface recombination, as the texturing dimensions
are similar to the absorber thickness. Moreover, a highly reflec-
tive rear contact has been one of the optical pitfalls of the CIGS
architecture. However, the backbone of the Si high-efficiency
devices is the IBC configuration. The IBC concept is highly effi-
cient mostly due its outstanding optical and electrical benefits. In
optical terms, having the contacts on the back surface allows for
light to reach the absorber layer untampered, introducing a con-
cept with no shading or parasitic absorption.!"##% In addition, the

AR layer
Passivation layer

Mono-Si

- - - -Pattemedp:a—Si/

Rear-electrodes

Figure 18. Schematic representation of the world record mono-Si solar
cell architecture.l'®
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absence of thick TCO window layers opens the door to the imple-
mentation of more advanced light management concepts at the
front surface, such as diffraction gratings, dielectric structures,
and metallic NPs. In electrical terms, having the contacts in a
distance close to the charge carrier diffusion length allows reduc-
ing series resistance losses and recombination. With these
advantages, it is not a surprise that the most efficient Si solar
cell is an IBC one. Currently, the CIGS state-of-the-art architec-
ture is substrate type. In this configuration, the substrate is only
used as a mechanical support and a back-metal layer is the first
electrode. The second electrode is a TCO layer that has to be
transparent as light reaches the absorber layer through this inter-
face, while at the same time preserving a high conductivity.
Typically, the window layers in a CIGS solar cell are hundreds
of nanometers in thickness, leading to a considerable parasitic
absorption of the incident photons. Therefore, CIGS solar cells
would benefit from this IBC approach.®? Nevertheless, strives in
finding compatible selective contacts for charge carrier separa-
tion and collection, as well as in interfacial passivation, are
required. Furthermore, the CIGS carrier diffusion length lower
than 10 pm demands a micro-/nanofabrication process step in
the solar cell fabrication and may increase the probability of elec-
trical shunt formation, as the gap between the contacts needs to
be smaller or comparable with this value.®%2]

5. Conclusion and Future Perspectives

For a solar cell to reach its full optical potential, light manage-
ment approaches must be applied such that: 1) omnidirectional
reflection of incident light is reduced to zero; 2) light trapping is
promoted to increase the optical path length in the absorber; and
3) a full-spectrum harvesting is achieved, assuring efficient
absorption. Accomplishing the established requirements
through the exploitation of cost-effective light management
provides a roadmap to reach higher-energy production levels
at lower costs.

The current MgF, ARC, commonly used in high-efficiency
world record cells, enables a 1% conversion efficiency enhance-
ment. However, its AR performance is optimized for incident
light angles close to normal incidence and specific wavelength
values. Therefore, interference-type AR underperforms in terms
of omnidirectional and broadband AR. These phenomena must
be present for efficient light incoupling, especially for BIPV pan-
els without tracking systems, where an optimal performance is
desired for diffuse incident light conditions. Other approaches
are being explored to satisfy the ARC limitations, such as micro-
scale-textured front surfaces or resonant schemes, as they allow
for a broadband reflection minimization over different illumina-
tion angles. Micrometer features, larger than the incident light
wavelength, assist for an omnidirectional broadband reflection
minimization, improving the transmission probability.”**%
Furthermore, large-angle refraction is promoted in these archi-
tectures. Resonant schemes, such as metallic NPs or dielectric
structures, take advantage of either plasmonic or photonic effects
to achieve improved light localization or trapping.””
Nonetheless, the expected light-trapping benefits from micro-
scale or resonant approaches are hampered by parasitic absorp-
tion in the thick window layers, present in the current state-of-
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the-art CIGS architecture. A different contact design architec-
ture, such as IBC, would help unveil the full potential of these
strategies, as it eliminates the need for window layers, and light
localization effects can effectively be exploited enabling efficient
light incoupling. However, the IBC architecture requires advan-
ces in interfacial passivation and extensive research on selective
contact materials for CIGS solar cells. Furthermore, the relatively
low carriers’ diffusion length for CIGS might raise fabrication
and architectural issues, limiting the IBC approach.?®’
Hence, for the current substrate-type architecture, light manage-
ment schemes at the front surface should provide a broadband
and omnidirectional AR effect, without significant light scatter-
ing. Nanoscale features, with critical dimensions significantly
smaller than the incident wavelength values, do not promote
light scattering, and a significant AR performance can be
achieved. A low-cost and high-throughput technique, that is scal-
able for large-area deposition and applicable in commercial PV
modules, should be searched for the fabrication of nanoscale
arrays. Texturing approaches, through nanoimprint lithography
or one-step wet-etching procedures, exhibit potential, as they are
capable of texturing large areas at a fraction of a cost of other
lithography techniques.*®”''¢! For a continuous improvement
of the nanoscale architecture performance, the implementation
in a PV commercial module should be considered. PV modules
are subject to several atmospheric agents and conditions. The
accumulation of particles at the module surface may hamper
the light incoupling and promote their degradation through hot-
spots.[?°2%7 Hence, an additional requirement for this ARC is to
add different functionalities, such as self-cleaning or antifog-
ging.[?°¢2¢7] Several works have been exploiting subwavelength
architectures for that purpose in other PV technologies, as
they are in the size range required for a superhydrophobic
behavior. 26¢-2¢8]

Light-trapping strategies have to be developed to overcome
incomplete light absorption problems, inherent to thinner devi-
ces. Currently, the most prominent light-trapping limitation in
the state-of-the-art CIGS architecture is the poor Mo reflector.
Hence, efforts should be made to replace it for a more beneficial
optical configuration, that still preserves a good electrical contact
and that survives the absorber preparation. Two strategies to inte-
grate a rear metallic mirror have demonstrated potential:
1) metallic mirror encapsulation with a nanopatterned passiv-
ation layer and 2) a TCO rear contact coupled with a metallic mir-
ror. By encapsulating the mirror with the passivation layer, both
an interface passivation effect and improved optical reflection
can be achieved. Nonetheless, there are still some concerns with
this approach as the surface coverage occupied by the metallic
layer is limited by the line- or point-contact pattern, hindering
the overall reflectivity. Furthermore, for an effective encapsula-
tion of the metallic mirror, the dielectric layer needs to cover
the side walls, which increases the complexity of the lithographic
procedure.’®! Recent progress has been made by establishing
the rear contact with a TCO coupled with a metallic mirror.
Nonetheless, this approach requires lower deposition tempera-
tures, as a resistive Ga,Oj3 interface layer is formed at high tem-
peratures at the TCO/CIGS interface. Although world record
CIGS devices still depend on high-deposition temperatures,
ACIGS solar cells with a conversion efficiency value of 18.5%
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have recently been produced at low temperatures (=303 °C)
on SLG substrates, a disruptive result that paves the way for
the metallic mirror integration.'*”! However, although the path-
way starts by implementing a metallic mirror, the light-trapping
ability has to go even further. As a perfect reflector only doubles
the optical path length, light scattering from the rear interface is
required. One way to do so is using microscale texturization at
the rear contact. Nevertheless, for an efficient light-trapping per-
formance, the size of the microscale features is in the same
dimension of the absorber thickness, which leads to a complex
solar cell fabrication process and fundamental issues. Hence, the
research has moved toward resonant architectures, such as
dielectric nanostructures and metallic NPs, capable of exciting
waveguide modes in the absorber. Up until now, the architec-
tures that have provided a significant optical enhancement, while
maintaining suitable V. and FF values, are based on SiO, dielec-
tric nanostructures.?'”) Nonetheless, encapsulated metallic NPs
are able to strongly scatter light with much smaller dimensions,
due to the sustained LSPs!"*®1*%2211 and consequently ease the
fabrication of the CIGS device. If the metallic nanostructures are
coupled with encapsulation and passivation approaches, the elec-
trical performance obtained with large SiO, nanostructures can
be surpassed. However, until a beneficial practical implementa-
tion is demonstrated, through the smaller metallic nanostruc-
tures, dielectric structures are the most viable light-trapping
options.

Full-spectrum harvesting is limited by losses in the UV/vis
and IR regions. Thermalization and parasitic absorption
in the UV/vis region hamper an efficient collection of low-
wavelength photons. DS/DC layers have been used at the front
of CIGS solar cell devices, to absorb the UV /vis region photons
into a wavelength range efficiently harvested by the solar cell.
The IR spectrum region can be converted using UC layers at
the rear contact of the solar cell. Several photoluminescent
approaches have been used for spectral conversion purposes.
For DS/DC approaches, QDs have allowed for the best perfor-
mance when coupled to CIGS solar cells,?**® due to their
broad light absorption (250-500 nm), narrow emission spec-
trum, and high quantum yield. Nonetheless, concerns regarding
the cost and toxicity are present, as most luminescent QDs
approaches are Cd or In based. Hence, research efforts have
moved to alternative material complexes, such as the perovskite
CsPbX; nanocrystals and graphene QDs. For UC approaches, the
materials compatible with the bandgap of conventional CIGS
devices have not yet demonstrated sufficiently high photon con-
version efficiencies. Therefore, for the implementation of lumi-
nescent layers in CIGS solar cells, continuous progress toward
low-cost and efficient UC materials is required. Nonetheless,
promising UC efficiencies (=10%) for IR light absorption have
been demonstrated with lanthanide-doped complexes, by
high-power density excitation with focused sunlight.!®26%27¢
Hence, coupling UC lanthanide-doped nanomaterials with
light-trapping strategies that promote light localization effects,
such as plasmonic and dielectric NPs, solar concentrators,
or photonic crystals, might be a pathway for an efficient
integration of the state-of-the-art UC technology in CIGS
solar cells.®¢#
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6. Experimental Section

Penetration Depth Calculation: In-house spectroscopy ellipsometry data
were used for the calculation of the light penetration depth in a bulk CIGS
material. The CIGS absorption coefficient (@) was calculated through:

a="= 4)

with k being the extinction coefficient and A wavelength values. The light
penetration depth represented the distance at which the light intensity fell
by a factor of 1/e and was given by the inverse of the absorption coefficient
a'. The a dependence on wavelength gave rise to a penetration depth
wavelength dependence. Generally, semiconductor materials have a large
absorption coefficient for high-energy (short-wavelength) photons that
decrease with increasing wavelength value. Hence, blue light was
absorbed in considerably small depths, whereas considerably higher
depths were required for the absorption of red light.

FDTD Optical Simulations: Optical simulations were conducted using
the FDTD solutions package from the commercial Lumerical software.?”"!
The FDTD method provided direct space and time solutions of the
Maxwell equations in complex geometries. The studied reference structure
consisted of the following stack: Mo (350 nm)/CIGS/CdS (30 nm)/i-ZnO
(50 nm)/AZO (150 nm). In-house spectroscopy ellipsometry measure-
ments were used to obtain the optical constants for CIGS, whereas the
optical parameters for the ZnO:Al, i:ZnO and CdS layers were taken from
the study by Carron et al,"% Mo from Werner et al.,’? and MoSe, from
Beal et al.”?l The solar cell stack was illuminated through a broadband
plane wave source, with wavelength values ranging from 300nm to
1000 nm. The Cartesian mesh size used was the smallest possible consid-
ering the memory and time requirements of each simulation. Override
mesh regions were used at critical interfaces for higher accuracy.
Symmetric and antisymmetric boundary conditions were used, reducing
by 3/4 the total simulation volume.

Literature Search: To have a broad view of the published literature, a
survey of the field of light management in solar cell devices was per-
formed, using VOSviewer with a sample data consisting of the information
from published articles, letters, reviews, and books from the Scopus data-
base. The following terms were used in the Scopus search: (“Solar cell”
AND “Light management”). From each article, information such as the
document title, abstract, keywords, and authors’ names was obtained.
This allowed for a broad overview of the evolution and current outlook
of the light management implementation in different PV technologies.
Then, a more focused search was performed, using the terms (“Solar cell”
AND (“CIGS*” OR “CulnGaSe” OR “Copper Indium Gallium Selenide”
OR “Copper Indium Gallium Di*") AND (“Light management”)). The
main research topics in light management architectures applied to
CIGS solar cells could this way be identified. Then, a comprehensive
and exhaustive search was performed to include all the experimental works
in the survey tables, related to the implementation of the reviewed light
management strategies in CIGS solar cells.
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