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ABSTRACT

One of the trends making its way through the Photovoltaics (PV) industry, is the search for new application possibilities.
Cu(In,Ga)Se; (CIGS) thin film solar cells stand out due to their class leading power conversion efficiency of 23.35 %,
flexibility, and low cost. The use of sub-pum ultrathin CIGS solar cells has been gaining prevalence, due to the reduction
in material consumption and the manufacturing time. Precise CIGS finite-difference time-domain (FDTD) and 3D-drift
diffusion baseline models were developed for the Lumerical suite and a 1D electrical model for SCAPS, allowing for an
accurate description of the optoelectronic behavior and response of thin and ultrathin CIGS solar cells. As a result, it was
possible to obtain accurate descriptions of the optoelectronic behavior of thin and ultrathin solar cells, and to perform an
optical study and optimization of novel light management approaches, such as, random texturization, photonic
nanostructures, plasmonic nanoparticles, among others. The developed light management architectures enabled to push
the optical performance of an ultrathin solar cell and even surpass the performance of a thin film solar cell, enabling a

short-circuit current enhancement of 6.15 mA/cm? over an ultrathin reference device, without any light management
integrated.
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1. INTRODUCTION

Currently, Cu(In,Ga)Se; (CIGS) thin film solar cells are a mature photovoltaic technology, with a power conversion
efficiency world record value of 23.35 % *. In the last decade, CIGS thin film solar cells world record efficiency value was
surpassed 11 times, showing the technology’s notable progress 2. Nonetheless, CIGS is a complex quaternary compound,
being its solar cell architecture no less complicated 3*. The technology evolution results from a continuous search,
exploration, and implementation of different approaches to improve CIGS optoelectronic properties, such as: out of
stoichiometric growth, alkali doping, bandgap engineering, among others 56,

The CIGS exquisite optoelectronic properties and well-established performance raised the interest in an additional branch
to thin film technology, where a drastic decrease of the CIGS layer thickness from a thin (2000 nm) absorber to a sub-
micrometer range, has been developed, welcoming the ultrathin technology. Regardless of the additional fundamental and
technological challenges, which were brought up from a CIGS thickness lower than the necessary for a complete solar
spectrum harvested in the absorber, the transfer to an ultrathin technology requires a deep knowledge on the thin film solar
cell technology.
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Computational simulation, or also called in-silico experiments, has become widely accepted as “Third Pillar of 21% Century
Science”, along with theory and experimentation. Within this framework, the CIGS technology has used accurate and
efficient optical and electrical simulations to better understand and overcome the complexity of the CIGS solar cell system
and for orientation through novel research directions 4. To extend the CIGS understanding from the thin to an ultrathin
thickness range, while maintaining the performance of the solar cell, optical and electrical simulations play a key role on
understanding the difference in several phenomena, such as, light propagation, interface scattering, and carrier dynamics.
However, an accurate output from the employed simulations is undoubtedly dependent on the need of the device modelling
to keep pace with the technology evolution.

In this manuscript, a combination of optical and electrical simulations is presented, in order to describe the two main
phenomena governing a solar cell’s working principle: light absorption and charge carrier collection. For that purpose, and
considering that we are modelling light interaction in a medium with a thickness comparable to the light wavelength values,
a finite-difference time-domain (FDTD) method that solves Maxwell’s equations in the time domain was performed with
the Lumerical commercial software suite % The optical properties from Lumerical FDTD were used to feed the one
dimensional Solar Cell Capacitance Simulator (SCAPS). This robust software developed at the University of Gent, is freely
available, and used to numerically simulate different types of solar cells 8618, For CIGS technology, SCAPS has been
used to study the influence of physical and electronic parameters from the different layers on the output performance of
the solar cell. A robust CIGS SCAPS model that describes today’s technology for a thin film approach is presented.
Complementing the electrical studies performed with SCAPS, simulations were conducted using Lumerical CHARGE, a
highly versatile three-dimensional (3D) charge transport simulator. It is capable of ingesting the highly precise FDTD
results and simulate accurately complex structures. Furthermore, Lumerical CHARGE allows for the solar cell’s
architecture to be optimized not only for increased optical gains, but for a superior electrical performance as well.

This manuscript presents three sections in addition to the introduction and the conclusion: FDTD Optical Simulation
Model, FDTD Simulations for Solar Cell Light Management Architectures, and Electrical Simulations Support. In the
FDTD Optical Simulations Section a complete overview of the optical simulations model with the demonstration of all the
possible obtainable physical quantities is demonstrated. In the FDTD Simulations for Solar Cell Light Management
Acrchitectures Section, several suitable light management strategies integrated in CIGS ultrathin solar cell are reviewed and
optimized in order to outperform its thin film counter-part. Finally, In the Electrical Simulations Support is shown how
FDTD simulations output are of paramount importance to accurately describe electrically thin and ultrathin CIGS solar
cells with conventional and non-conventional architectures using two electrical simulators, SCAPS and Lumerical
CHARGE. This manuscript shows 3D FDTD simulations potential in the study of charge carrier generation in thin and
ultrathin CIGS solar cells, as well as an exploratory tool to evaluate the impact of CIGS exotic architectures for light
management incorporation. In summary, it was shown that an accurate optical description of the devices is the first step
to more complex simulations to evaluate and understand solar cell principles of operation and respective performance.

2. FDTD OPTICAL SIMULATION MODEL

The optical simulations were performed by a 3D solver of the Maxwell equations, more precisely the FDTD method, which
enables the resolution of the Maxwell equations in complex geometries, providing direct space and time solutions 59,
The FDTD solutions package available in the Lumerical software was used to perform the optical simulations 2°. The
FDTD solutions method recurs to Fourier transforms to accurately calculate the frequency dependent electromagnetic
fields, returning the complex valued fields and normalized transmissions as a function of wavelength *°. The FDTD method
is used in this work to optically describe CIGS solar cells. The typical reference solar cell architecture consists on the
following structure: Mo (350 nm), MoSe; (5 nm), CIGS, CdS (50 nm), i-ZnO (100 nm) and Al:ZnO (AZO) (400 nm). In
Figure 1 a schematic representation the described CIGS solar cell stack with a typical thin (2000 nm) and ultrathin (500
nm) absorber is shown in a) and b), respectively. In this Section, the potential of the optical model used is explored through
the demonstration of all the physical parameter values possible to be extracted by the simulation model.

In order to simulate the solar cell stack, the complex refractive index (n(1) = n + ik), the refractive index n and the
extinction coefficient k, of each material needs to be used as input. The CIGS, with [Ga]/[Ga+In] (GGI) = 0.3, optical
properties were obtained through in-house spectroscopic ellipsometry measurements. The AZO, i-ZnO, and CdS
compounds were taken from reference 2!, the MoSe; layer from 22, and the Mo layer from 23, A broadband plane wave
source is used to introduce a uniform electromagnetic field into the solar cell stack in a wavelength range from 300 to 1100
nm. Depending on the simulated solar cell architecture, different Cartesian mesh sizes have been used. However, the mesh
size considered is the smallest possible to respect the memory and time requirements of each simulation. Furthermore,



override mesh regions are commonly used at critical interfaces or nanostructures to provide the best simulation accuracy.
Typically, the simulated structures present periodicity, and, therefore, to reduce the simulation time, symmetric and anti-
symmetric boundary conditions are also used, enabling to simulate only ¥ of the total space.

The FDTD optical simulation software allows for the calculation of the total light absorbed in each layer. For that purpose,
the power absorbed per unit volume (P) is calculated in each layer, as following 2*:

P= %ms”|E(7\)|2 (@)

where, w is the angular frequency, ¢” the imaginary part of the dielectric permittivity, and |E(1)|? is the electric field
intensity as a function of the wavelength value. The light absorbed in each layer per wavelength value (Abs(1)), is then
calculated through the integration of the normalized P over the solar cell spectrum. Using Abs(2), a spectrum containing
the absorption in each layer of the solar cell stack is obtained, as demonstrated in Figure 1 a) and b) for thin and ultrathin
CIGS solar cells, respectively. These plots are essential to accurately evaluate the solar cell optical performance, as it
enables the verification of individual layers’ optical losses at specific wavelength values, as well as, to check improved
optical performances, obtained through the integration of light management structures. For the studied CIGS architectures,
the light collection by the absorber layer is significantly reduced due to parasitic absorption in the solar cell remaining
layers. The transparent conductive oxides (TCO), both in the thin and ultrathin configuration, demonstrate a significant
parasitic absorption in both UV and NIR regions. Through the optimization of the contact layer thicknesses, this parasitic
absorption can be reduced . The CdS parasitic absorption stems from the relatively low bandgap energy value of this
buffer layer (~2.4 eV) 2, and is as well thickness dependent. Other buffer materials that have larger bandgap energy values
are currently being investigated in CIGS solar cell devices 2”8, Notably, the solar cell architecture that led to the CIGS
solar cell world record efficiency value (23.35 %) uses an Zn(0,S,0H)x /Znos Mgo buffer layer . An increase in the
detrimental absorption in the Mo layer, as the absorber thickness is reduced from 2000 to 500 nm is observed. Such
parasitic absorption is an indication that ultrathin CIGS absorbers are unable to fully absorb the incoming light in one
single passage. Thus, light management architectures need to be developed to increase the optical path inside the CIGS
absorber, as will be shown in Section 2.
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Figure 1. Absorption in the solar stack layers and schematic CIGS solar stack representation for a) thin (2000 nm) and b) ultrathin
(500 nm) absorber.



From the absorbed light, quantities like the charge carrier generation rate (G) and short-circuit current density (J,.) can be
obtained, through

A A
G = max A
Amin hc

Jsc = qG 3)

Abs() Iam1.56(A)dA O]

where, h is the Planck’s constant, c is the speed of light, 15y756() is the AM1.5G solar spectrum and g is the elementary
charge. A quantification of the solar cell’s optical performance is defined by its J,.value. This value will be the maximum
current density that the CIGS solar cell will achieve considering only the optical properties of the solar cell architecture,
disregarding non ideal effects on the transport and extraction of charge carriers. The G parameter may be represented in
1D or 2D profiles as a function of position and/or incoming light wavelength values, as represented in Figures 2 for CIGS
thin a) / ¢), and ultrathin b) / d), respectively.
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Figure 2. 1D Generation rate profile as a function of CIGS thickness in, a) a thin (2000 nm) and b) ultrathin (500 nm)
absorber; 2D Generation rate profile as a function of the incoming light wavelength in: ¢) a thin and d) ultrathin absorber.

A transmission monitor is always placed above the solar cell stack, to quantify the total solar cell reflection (Figure 3 a)),
which can be used to evaluate anti-reflection properties as well as light trapping effects of different light management
architectures. In this case, in the ultrathin absorber (500 nm) there is a higher reflectance at the NIR wavelength range,
stemming from light leaving the solar cell after being reflected from the back contact, that otherwise would be absorbed
in the thicker 2000 nm absorber. The electric field intensity profile in the absorber layer (Figure 3 b)) or at any other
layer/interface, giving insight into the effect of light concentration or scattering by different nanostructures used for light
management, can also be obtained. A Transfer Matrix analytical formalism is used to validate the reference solar stack
simulations accuracy, through the comparison of the simulated light absorption in the solar cell stack with the calculated
absorption from the Transfer Matrix Analytical formalism (Figure 3 c)). The almost perfect overlap between the simulated
and analytical absorptions, demonstrate the accuracy and viability of these simulations and opens the door for more
complex geometries and exotic light management architectures. The optical performance of a solar cell stack with complex
geometries can be fully characterized through all the simulated quantities presented in this Section. Furthermore, various



parameters obtained from the optical simulations can be used to improve the accuracy of electric simulations performed
either with SCAPS or Lumerical CHARGE, as it will be shown in Section 3.
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Figure 3.a) Total solar cell reflection of both the thin and ultrathin devices; b) Electric field intensity profile in an ultrathin
absorber at a specific y plane in the CIGS absorber; and c¢) Total solar cell absorption from the transfer matrix formalism and
from the FDTD simulation in an thin and ultrathin solar cell devices.

3. FDTD SIMULATIONS FOR SOLAR CELL LIGHT MANAGEMENT ARCHITECTURES

One of the biggest challenges to attain conversion efficiency values that match the Shockley-Queisser limit is the optical
losses present in solar cell devices 2°. Light reflection, parasitic absorption and absorption losses that either prevent the
entrance of light in the absorber material or hinder an efficient light absorption, need to be minimized 2. Light trapping
schemes are then essential to enhance the efficiency of solar cell devices. Their integration may be done through many
ways, with the intent of increasing the solar cells efficiency value, by reducing the external reflection of light and increasing
the internal optical path length. Over the past years, light trapping architectures have been thoroughly studied for
application in thin film solar cells, since it allows them to be viable competitors to their bulk counter-parts 232, Applying
light trapping structures in a solar cell allows for the absorption of the same quantity of sunlight in a much thinner absorber
material, which leads to a reduction of material and production costs on photovoltaics (PV) devices, helping the mass
production of solar cells composed by scarce materials, such as, CIGS and CdTe solar cells . In this Section, a review on
light management schemes that can be exploited to boost the optical performance of an ultrathin CIGS solar cell stack is
performed, recurring to highly precise 3D optical FDTD simulations. Currently, thin film CIGS solar cell modules have
an absorber thickness of about 2000 nm. Economical and sustainable industry imposed goals drive the reduction of the
absorber thickness to sub-micrometre thicknesses, in what is called the ultrathin regime 3. In Figure 4, the light absorbed
in two typical CIGS solar cell stacks (reference), with an absorber thickness of 2000 nm (thin) and 500 nm (ultrathin)
without any light management architectures is shown. At longer wavelengths (600 to 1100 nm), the optical performance
of the thinner absorber starts to degrade in comparison to the 2000 nm thick absorber. Such effect is related to the
incomplete light absorption by the solar cell absorber, as the CIGS layer is not sufficiently thick to accommodate the
penetration depth of NIR light in one single pass. By reducing the absorber thickness from 2000 nm down to 500 nm an
almost 4 mA/cm? loss on the J5 value is observed. In order to achieve or surpass the optical performance of conventional
2000 nm CIGS solar cell stacks two main issues may be tackled: (1) reflection at the front surface and (2) poor absorption
at the NIR range.
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Figure 4. Simulated CIGS absorption of two solar cell stacks with 2000 and 500 nm absorber layer thickness and the obtained Jsc
value of 32.70 and 28.81 mA/cm?, respectively. Schematic representation of the CIGS solar cells stack architectures.

Despite of the typical CIGS architecture having an AZQO/i-ZnO/CdS top layer stack, that already offers a good n match
with the absorber, various strategies can be implemented to achieve a better anti-reflection performance 2. The most simple
and common approach consists of using interference type Anti-Reflection (AR) layers at the top of the solar cell device
3435 These thin dielectric layers can successfully minimize reflections at specific wavelength values by allowing a
destructive interference of the light reflected from the front and rear sides of the AR layer °. In order to do so, the thickness
of the AR layer (d,g) should correspond to one quarter of the wavelength range to be minimized:

dar =~ 4)

4n4q

where A, is the wavelength value for optimization and n, is the AR layer refractive index. Normally an MgF; anti-reflection
layer (n = 1.4 at 600 nm) is used in laboratory CIGS solar cells, as it allows for a good refractive index match between the
air (n = 1) and the AZO contact (n = 1.9 at 600 nm). To optimize the performance of an MgF, AR layer, a particle swarm
optimization algorithm included in the FDTD solutions software was used 5. With this approach, the AR layer thickness
was optimized to attain the maximum Jsc value in a CIGS ultrathin solar cell. In Figure 5, simulated CIGS absorption in
an ultrathin device with and without the optimized MgF; reflection layer is shown, alongside the simulated reflectance.
The optimized MgF, thickness corresponds to 114 nm. With the implementation of a 114 nm MgF. layer, an overall
broadband anti-reflection improvement is achieved, as shown by the reduced reflection throughout the simulated spectrum
in Figure 5, leading to a Jsc improvement of 2.59 mA/cm?.
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Figure 5. Simulated CIGS absorption and total solar cell reflection of an ultrathin reference and ultrathin solar cell with an optimized
AR layer. Schematic representation of the CIGS solar cells stack architecture with an MgF2 AR layer implemented.



Another anti-reflection approach consists in introducing texturization on the solar cell top layers. To study the optical
benefits of such approach, two different architectures were implemented and studied by FDTD simulations: i) one
consisting on a random texturized AZO surface, that can practically be achieved in wet-etching procedures through acidic
solutions, enabling an anisotropic etching ¢-%; ii) an approach with higher fabrication complexity, consisting on a
nanostructured AZO layer with a periodic 2D triangular grating.

The random texturization was implemented by using the surface roughness structure present in the FDTD Lumerical
software object library. This object allows to modulate the surface roughness through the control of two parameters, the
specified RMS roughness (o) and correlation length (L), which determines the overall size of the craters at the surface
- a surface with a large L. value will be smother and with larger craters, than a surface with a small L.value. In initial
studies, it was verified that the AR performance is enhanced both by increasing the gy and decreasing the L, values,
therefore the optimization goes on establishing a lower surface roughness limit. For these simulations, a g, Value of 100
nm and a L, of 100 nm, that is in accordance with the structural features verified in wet-etch procedures of ZnO and AZO
layers in acidic solutions, was applied to the 400 nm AZO layer 4°-42, The simulated absorption in the CIGS layer, alongside
the simulated reflection, for an ultrathin reference and an ultrathin device with a random textured AZO layer device are
shown in Figure 6 a). With random texturization, a Jg-value of 32.09 mA/cm?, which corresponds to a 3.28 mA/cm?
increase over the ultrathin reference device, was obtained. The /s, enhancement is due to the improvement of the AR
behavior with an increasingly rougher surface, as seen by the broadband decrease of the measured reflectance. This is
shown in Figures 6 b) and c), where the electric field intensity at the top surface of the ultrathin reference solar cell and
the random texturized surface at 600 nm, respectively, is shown. In Figure 6 b) interference fringes stemming from the
interaction between the incident light with the light reflected from a perfectly flat surface are present, while in Figure 6 c)
the reflection is significantly decreased with the textured surface. Thus, having a rougher surface gives rise to an increased
number of multiple reflections in the created slopes leading to the improvement of the AR properties of the solar cell.
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An alternative approach is the use of nanoscale periodic structures. With such periodic structures, a more precise control
over the light management mechanisms can be achieved, just through the variation of some morphological parameters 3.
When the texture periodicity (A) is much larger than the incident wavelength (A >> 1), the light will be scattered into
various diffraction orders #4. The intensity of such diffraction orders depends on the texture’s shape and height. This
contributes to an enhancement of the optical path length at the absorber layer, as the light enters the solar cell in oblique
directions 4. However, such scattering effects also enable a larger optical path in the solar cell window and buffer layers,
increasing the parasitic absorption in these layers 454, Furthermore, such large periodic structures enable multiple
reflections within the large textures allowing for a reflection decrease “4. When the structural features present critical
dimensions much smaller than the incident wavelength (4 << A), the light is not scattered into different diffraction orders,
but rather achieves the best anti-reflection performance. This happens because with such small dimensions, the effective
medium theory predicts that the nanostructures behave as a single layer with a refractive index optimized to achieve a
broadband AR behavior . In order to demonstrate this light management concept, optical simulations of a solar cell stack
with a 2D triangular trench pattern on the AZO were performed. For this approach, different period values were used in
the trench pattern with a height of 300 nm, to demonstrate effect of this morphological parameter on light guidance. The
first approach was to simulate different period values to demonstrate the two extreme cases (4 >> A and 4 << 7). For
this purpose, a period of 50 and 1000 nm were chosen. For the latter value, the simulation memory and time requirements
were considered, as increasing the period involved a larger simulation volume that would be unfeasible. In Figure 7 a) and
b), the electric field intensity inside the absorber layer is represented at a wavelength value of 1000 nm, for both the 50
and 1000 nm period. Both representations demonstrate interference effects, that happen because the simulated absorber
only has 500 nm, so inevitably, a portion of the light will be reflected from the Mo rear contact back to the absorber creating
the observed interference fringes. The most important observation from the electric field profiles, is that the 50 nm period
structures behave collectively as a flat surface, as predicted by the effective medium theory %4, while in the structure with
a period of 1000 nm a clear diffraction effect from the triangular grating can be verified. The absorption and reflection of
both structures were simulated and compared with the ultrathin reference device, as shown on Figure 7 c). From the
simulated reflection values, it is clear the better AR response arising from the nanoscale texturization, as a reflection close
to 0 % is achieved for the majority of the region of interest of the solar spectrum. As explained before, this broadband AR
effect arises from the small dimensions of the nanoscale texturization in comparison with the wavelength value. The
nanoscale features behave as if light interacts with a homogeneous medium with a gradual refractive index, more precisely
as if multiple thin ARC layers are stacked on top of each other with an optimal refractive index profile 4’. The reflection
increase over the NIR wavelength range can be justified from the light reflected in the back contact and exits the solar cell
through the top surface. The slight absorption increases in the NIR region, as well as the lower reflection values at this
range, demonstrate the better scattering performance of the texturized structure with 1000 nm period. The better AR
performance of the solar cell device with a 50 nm period led to a 3.6 mA/cm?increase of the Jsc value, over the ultrathin
reference solar cell. However, the complexity of a periodic structure with 50 nm period may hinder the fabrication of such
texturized surface, as it is hard to achieve this dense array of nanostructures with a high aspect ratio over large areas.



500

CIGS Thickness (nm)

ﬁ 0.6733 C |G S

MoSe,
Mo

b oaen0 (VM) AZO
— Zn0
200 0.6125 C d S

100 . . . . 100

1000
- )
0.03400 80 80
4001
. 0.1172

< <
= s
= o
2 k]
B I 3]
5 @
£ 0.2005 S ol lep =
g 30 02838 (y/m) 2 &
g =
== [92]
$ 0.3670 1G] Ultrathin reference - J,_ = 28.81 mAfcm? / 3
i 200 0.4503 ) 40 1000 nm pith - J,, = 30.87 mAIcr,nZ 440 T
1) - —— 50 nm pitch - J,_ = 32.41 mA/cm el
Q 0.5335 Qo Reflection ultrathin reference ! 2]
° 100 B oo 3 Reflecionsom 5
- -
%] I 1 g
0 T T T Y (7]
-1000 -500 0 500 1000 o a =SS T . .
Lateral size (nm) 400 600 800 1000

Incoming light wavelength (nm)

Figure 7. Electric field intensity at 1000 nm in the CIGS layer for a) periodic structure with a 50 nm period and b) periodic
structure with a 1000 nm period; c) simulated absorption in the CIGS layer and total solar cell reflection in the three
different studied architectures: 2D triangular grating with a 50 nm period, 2D triangular grating with a 1000 nm period and a
reference solar cell with no texturization. Schematic representation of the CIGS solar cells stack architecture with a 2D
triangular array pattern AZO layer.

Another critical optical loss is the poor light absorption in the NIR region. To tackle such issue, light management strategies
are employed to enhance the optical path length inside the absorber layer. Light management architectures can be employed
at the back interface and enhance this interface reflection/scattering capabilities. The simpler approach consists of adding
a highly reflective metallic layer as the solar cell back contact, enabling to double the light optical path inside the solar cell
%, However, in CIGS solar cell devices, employing highly reflective layers, such as Al, Ag or Au can be difficult. During
the absorber deposition, the metals are submitted to high temperatures and may diffuse to the absorber layer, or react with
Se, degrading the solar cell electrical performance 448, Commonly a Mo layer is used as back contact, which is a more
chemically and thermally stable metal. Nevertheless, the Mo reflection lacks in comparison with other metals, such as the
one aforementioned “°-52. To study the optical benefits of a metallic layer on a CIGS ultrathin solar cell device it is
imperative that a dielectric layer is added on top of the optical mirror. The following rear contact architecture was
employed: Mo/Ag (25 nm)/SiO; (20 nm). It is important to note that in this approach, the influence of a contact architecture
is not studied, as a purely optical study is being performed in this Section. Furthermore, here the metal of choice is Ag,
since this structure will be integrated in an architecture with Ag plasmonic nanoparticles (NPs) further down in this section.
In Figure 8, the simulated CIGS absorption, alongside the total solar cell reflectance of the solar cell with the metallic layer
and the ultrathin reference is presented. With the introduction of the metallic layer, there is a 1.49 mA/cm? improvement
over the reference Jsc value since it allows an additional pass of the light that wasn’t absorbed in the CIGS layer during
the first pass. Furthermore, there is more light leaving the solar cell, as shown by the increased reflection in the NIR.
However, adding the metallic layer only doubles the optical path, as it works as an optical mirror, only allowing an increase
in the light’s specular reflection 5354,
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Figure 8. Simulated absorption in the CIGS layer and total solar cell reflection of the ultrathin reference and the solar cell
device with the metallic layer at the rear contact. Schematic representation of the CIGS solar cells stack architecture with an
Ag metallic/dielectric based substrate.

Other light trapping concepts need to be explored to further enhance the light path inside the absorber %. The surface
texture of the back contact is also a potential strategy to increase light absorption in thin film solar cells. For example,
Huang et al. produced in % a highly scattering rear Si surface texture by plasma etching of poly-Si thin film solar cells.
Using the plasma-etching technique, sub-micron textures at the rear surface were produced and values of haze reflection
higher than 95 % at the Si-air interface were achieved . However, in thin film solar cells such texturization can degrade
the overall cell performance by creating defects in the absorber material . Another approach consists in exploring the
plasmonic resonances of metallic nanoparticles. When light reaches the metallic nanoparticle, the electric field will lead
the metal’s free electrons to the nanoparticle surface. Since these entities are confined, positive charges will be accumulated
at the opposite surface creating an electric dipole. This charge displacement generates an electric field that induces an
oscillatory behavior of the electron cloud %7. At certain wavelength values, the incident light can be in resonance with the
metals free electrons oscillations, leading to resonant oscillations of the electron cloud that can generate high scattering or
absorption cross-sections, depending on the NPs size, shape and dielectric medium 57%8, The nanoparticle resonance can
be tuned to enhance the scattering effect at the NIR region, where the thin film solar cells absorber thickness is not sufficient
to accommodate the long wavelength’s penetration depth. To redshift the nanoparticle resonant wavelength value, large
sizes (around 50 nm radius) and elongated shapes are preferred 5758, Usually these plasmonic entities are integrated in the
solar cell structure accompanied by a metallic layer, creating a so-called plasmonic back contact . This way, the light
scattered backwards by the NPs can be reemitted to the solar cell’s absorber.

For a viable integration of the Ag plasmonic nanomaterials, one must study the scattering cross-sections at the localized
surface plasmon resonance (LSPR). In order to do so, a total-field scattered-field (TFSF) source with a wavelength range
between 300 to 1100 nm was used to illuminate Ag NPs with a radius of 50 nm. The TFSF source allows to study the
scattering and absorption behavior of the spherical NPs, as it can separate the NP scattered field from the incident
electromagnetic field 1°. The scattering and absorption efficiency of a NP can be calculated by normalizing the scattering
(Cs) and absorption cross-section (Ca) to the NP volume, using the following equation:

Pas
Cas = IaM1.5 )
where Pas is the net power absorbed/scattered by the NP. It is important to keep in mind that the refractive index of the
medium where the Ag NPs will be inserted is different than 1 (air). The CIGS absorber has a higher refractive index close
to 3. Furthermore, the NPs will be encapsulated by a dielectric material. Therefore, for a proper study of the effective
scattering behavior of the Ag NP (Figure 9) located inside the solar cell architecture, a refractive index of 3 was used and
an oxide shell of different dielectric materials (SiO,, Al,Os, and TiO,) was placed surrounding the NP. The resonant
wavelengths of the stand-alone Ag NP are within the desired NIR wavelength range. However, one must consider that the
NPs cannot be implemented directly in contact with the CIGS layer, since Ag would not withstand the harsh growth
conditions of the absorber. Therefore, the NPs need to be encapsulated with a dielectric layer. On the other hand, this will
affect the resonant properties of this nanostructures, as the local refractive index of the medium is different. The oxide
shells have a lower refractive index than the CIGS, so a blue-shift and dampening of the scattering cross-section is verified



with the implementation of every oxide shell 8. SiO; has the lowest refractive index, leading to the largest blue-shift and
dampening effect, while the opposed is verified in TiO, that has the lowest dampening and blue-shift. As such, for an
improved optical performance, a TiOz shell holds more promise, as it is the configuration with the highest scattering
efficiency matching the wavelength range where most optical losses will occur due to incomplete light absorption in an
ultrathin solar cell device.
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Figure 9. Scattering efficiency of 50 nm radius Ag NPs incorporated in a medium with n = 3: without an oxide shell, with a
10 nm SiO2, Al203 and TiOz shell.

A periodic structure of Ag NPs displayed in a rectangular lattice was integrated in an ultrathin CIGS solar cell. A metallic
layer was placed below the NPs, to collect the light that is scattered backwards and would be absorbed by the Mo layer.
The NPs were integrated into the solar cell through a volume compensation approach, i.e. the occupied volume by the NPs
was added to the thickness of the CIGS layer without any texturization transfer. This method was used to decouple the AR
effects that would occur from the front-surface, if the NPs texturization was translated to the upper-most layers. Previous
to the solar cell stack simulation, an optimization sweep was performed to study the best distance between the metallic
NPs, in order to obtain the NP surface coverage presenting the highest scattering efficiency 5. This optimization was
achieved once again through a particle swarm optimization algorithm included in the FDTD solutions software °. The
CIGS simulated absorption, of three solar cell devices with this plasmonic configuration is represented in Figure 10 a).
When comparing the performance of the different dielectric layers, the configuration with the TiO> shell, with the highest
dielectric constant, presents the highest simulated /. value (31.04 mA/cm?). As demonstrated before, in Figure 9 when
the NPs are encapsulated in a TiO; shell, the best resonant matching and the best scattering performance for a single NP is
achieved. However, it is important to consider the effect of this dielectric layer in the solar cell electrical performance.
While Al,Os3 and SiO; dielectric layers have been successfully employed and extensively studied in CIGS solar cells as
surface passivation layers 4846266 TjO, was not. The employment of TiO, in this optical study served, however, to
demonstrate the benefits of using oxide layers with a higher refractive index. In Figure 10 b), the CIGS simulated
absorption of the ultrathin reference, a solar cell stack with a metallic layer and the best performing plasmonic configuration
are presented. With the plasmonic configuration, a 2.23 mA/cm? increase of the Js. value can be achieved over a reference
solar cell, and around 0.74 mA/cm? when compared with a structure with only a metallic layer. Such enhanced optical
performance is a result of the increased scattering at the NIR wavelength range. Comparing the absorption spectrum of the
solar cell with the metallic layer and the plasmonic solar cell, there is an absorption dip over the 900 nm wavelength region
in the solar cell with nanoparticles. This effect is related to a fundamental limit of the plasmonic approach, since at the
resonant wavelength values, the Ag NPs also present a strong absorption cross-section, leading to parasitic absorption that
it is not used to generate photocurrent 2>%, This effect is demonstrated on the higher Ag parasitic absorption in the
plasmonic configuration as opposed to the metal one, also presented in Figure 10 b). Furthermore, the integration of
metallic NPs can also be complex in substrate architectures, as the metal may diffuse into the absorber during its high
temperature deposition 2%, Therefore, chemically stable and absorption-free dielectric NPs have also been a topic of
interest for scattering entities in solar cell devices at the rear interface 878, Besides an optical benefit, such dielectric
nanostructures may provide a passivation effect beneficial for the solar cell optoelectronic properties 2.
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Figure 10. a) Simulated absorption in the CIGS layer on solar cell stacks with the plasmonic architecture using three
different oxide layers (SiO2, Al203 and TiOz); b) Simulated absorption in the CIGS layer and Ag parasitic absorption in the
three different studied architectures: configuration with only a metallic layer, plasmonic configuration and a reference solar

cell with no light trapping architecture. Schematic representation of the CIGS solar cells stack architecture with an Ag
metallic/dielectric/Ag NPs/ dielectric based substrate.

The most effective light management approaches both to reduce the front surface reflection and to increase the optical path
length value were incorporated in a solar cell stack. In Figure 11 a), the simulated absorption in the CIGS layer of the
optimized architecture (best texturization plus plasmonic) is compared with the reference solar cell devices (ultrathin and
thin ). The broadband AR performance, as well as the increased optical path length, led to a /.. value of 34.96 mA/cm?,
2.26 mA/cm? higher than the thin reference with 2000 nm thick CIGS. The optical path length through the employment of
the best light management architectures is compared with the one of the ultrathin reference (Figure 11 b)). To calculate the
optical path length, a method developed by Hegedus and Shafarmann was followed 5°. With the implementation of the
plasmonic back reflector as well as from the texturized AZO layer an optical path length as high as 4 is achieved in the
NIR region. The increase of the optical path length over the ultrathin reference leads to an optical absorption performance
equivalent to the one verified in the NIR range in the thick 2000 nm absorber, as it is seen in Figure 11 a). Therefore, such
light management architectures enable a reduction of the solar cell production costs, since a 4 times lower absorber
thickness may be used without significant optical losses. Furthermore, the developed nanostructures can be produced by
low-cost, industrially friendly approaches, as the trench design can be implemented through nano-imprint lithography and
solution-based depositions can be used to deposit the metallic plasmonic nanoparticles.
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Figure 11. a) Simulated absorption in the CIGS layer on reference solar stacks with 500 and 2000 nm absorbers and in a solar cell
stack where the best light management approaches were integrated b) Estimated optical path length in a solar cell stack with the best
light management approaches and a reference solar cell with an absorber thickness of 500 nm. Schematic representation of the CIGS

solar cells stack architecture with full optimized light management integration.



4. ELECTRICAL SIMULATION SUPPORT

The optical parameters, extracted from the analysis of a solar cell stack with the FDTD software, can be integrated into
electrical simulations to obtain a fully viable optoelectronic model. In this Section, two different examples where FDTD
was used to enhance electrical simulations, will be described. First, the validation of the SCAPS electrical model was
performed through the comparison of the figures of merit of a simulated 2000 nm CIGS solar cell with the current
conversion efficiency record holder with equivalent architecture 7°. Second, the FDTD method was used to improve the
electrical simulations of a more complex solar cell architecture in the Lumerical CHARGE software. Here, an
optoelectronic model was developed to study an ultrathin architecture with a patterned metallic/dielectric interlayer
integrated at the Mo rear contact.

At first, the use of two electrical simulators, SCAPS and Lumerical CHARGE, to study CIGS solar cells might seem as a
waste of resources. However, even though each program has its own strong points, both exhibit certain weaknesses that
end up being complemented by the other software solution.

SCAPS software is a 1D solar cell and capacitor simulator, tailored for the simulation of thin film solar cells . Therefore,
it incorporates in its models various phenomena typically found in thin film solar cells, such as various recombination
mechanisms located throughout the cell, a multitude of defects levels, and many other parameters 72, The end result is
the possibility to develop electrical numerical models with a high degree of correlation with real samples, which in turn,
can be used to better understand the behavior of said samples, and thus, provide a pathway for improvement. Moreover,
not only is this tool freely available to the PV scientific community, as it only requires modest computational resources.
The consequence of these advantages is a multitude of available literature that can act as a reference and as a springboard,
for one’s work into highly advanced electrical studies of thin film solar cell’s architectures. Nonetheless, even though
SCAPS is a powerful tool, it has its own shortcomings as well. The most significant one is the fact that it can only simulate
1D architectures. If the object of study is a line contact or a point contact passivation layer for example, 2D and 3D
structures respectively, SCAPS cannot accurately model said structures, requiring thus, a considerable amount of
assumptions and approximations during the creation of the electrical model of the design in study. Another aspect that can
be lacking, is the optical aspect of the solar cell simulations, as it only accounts for simpler optical models and phenomena
when compared with more specialized optical simulation software, whereas the outsourcing of reliable optical data is
necessary for such SCAPS models.

The Lumerical CHARGE electrical simulator is built on the finite element drift-diffusion method and it is capable of
performing 2D and 3D simulations of custom and highly complex structures. In the case of solar cells, it takes into
consideration the complex optical response of the entire solar cell architecture, by importing the charge carrier generation
rate distribution calculated with Lumerical FDTD. The end result is that CHARGE cannot only calculate the conventional
figures of merit, but it also provides a multi-dimensional distribution of the variation of multiple parameters throughout
the solar cell, such as the band structure, carrier current density, free charge density, electric fields, recombination, carrier’s
lifetime and so on. The ability to incorporate the results of complex thermal simulations, performed with Lumerical HEAT
is available as well, thus allowing the study of the impact of the thermal response of a solar cell in its own behavior.
Additionally, the Lumerical simulation suite offers the possibility to use Particle Swarm optimization algorithms, or other
custom algorithms, to better exploit the available computational resources, and aid the architectural design. However,
once again, this software tool has its own constraints. Unlike SCAPS, Lumerical CHARGE requires the purchase of
software licenses, thus restricting those who can access it. Furthermore, the ability to perform multidimensional simulations
comes at a cost of high computational requirements. As a consequence, this tool is only infrequently found in the thin film
PV literature. Since Lumerical CHARGE was designed with a more universal application range in scope, even though this
approach has several advantages, it also means that, for example, it is not possible to set up semiconductor’s electronic
properties as well tailored towards the intricacies of thin film solar cells, as SCAPS can. One other example is that CIGS,
does not exist in an undoped state, meaning that the ability of CHARGE to automatically calculate the effects of a certain
doping concentration on the characteristics of the intrinsic material, and, thus, the effects on the simulated device, acts as
a constraint in the case of CIGS solar cells. The simulations cannot accurately be run without the doping concentration
simulation object present, thus a work-around needs to be put in place, in order to more accurately simulate the self-doping
CIGS absorber. To overcome this obstacle, the CIGS semiconductor model must initially be defined in an “undoped” state,
with its parameters taking into account that a certain dopant level will be added afterwards, bringing the semiconductor
properties into the desired level. Most existing CIGS models found in the literature for SCAPS, can be used, but require
certain parameters adjustments, as for example, CHARGE requires the work function of a material, instead of the electron
affinity required by SCAPS.



4.1 SCAPS electrical simulations

The model simulated by SCAPS aims to describe the best performance of the 2000 nm CIGS solar cell proposed
architecture, through the validation of the figures of merit values comparing with the ones experimentally reported for the
champion cell (22.6 %) with equivalent architecture . To develop a robust SCAPS model to describe the current CIGS
technology, several parameters have been updated, namely optical properties that were obtained through 3D FDTD optical
simulations. An important accuracy boost in the model was the update of the rear and front optical reflection values through
FDTD simulation reflection data. It is important to note that in SCAPS simulations, a bandgap grading profile in CIGS
was defined according to the experimental champion solar cell. However, in the FDTD simulations it was only considered
the minimum bandgap value. In order to replicate the champion device bandgap profile in the Lumerical FDTD software,
several finite CIGS layers with different optical properties need to be used. The presence of several CIGS layers with
different refractive index values produced additional interference fringes in the optical reflection data at the NIR
wavelength range. Therefore, the replication of the bandgap profile was discarded due to unrealistic interference fringes at
the optical front reflection together with an increased simulation complexity. For this Section, the CIGS optical constants
were taken from 73, where a complete database of the optical properties of CIGS absorber layers with different GGI values
is presented, allowing to simulate the gradient profile existent in the champion solar cell architecture.

The reflection of the Mo substrate was simulated with the FDTD simulation region inside a medium with n of 3. This
value corresponds to the mean value of the CIGS material. The fixed refractive index is an approximation of the reality
due to the variation of this index with wavelength (index variation of 2.8 to 3.2). The rear optical reflection obtained
through the 3D FDTD optical simulations and used in the SCAPS-1D model is presented in Figure 12 a), together with the
impact in the external quantum efficiency (EQE) curve, which may be seen by comparing both EQE curves of equivalent
solar cells with implemented rear optical reflection from Lumerical and set at 0 %. With Lumerical’s rear optical reflection,
there is an improvement in the light absorption for the IR region, describing in a more suitable way the behavior of a real
device. Hence, a certain percentage of light in this region of the spectrum reaches the Mo rear contact and is reflected back
to the absorber, enabling a second pass in the CIGS layer, increasing its probability to be absorbed.

The front optical reflection defined in the SCAPS model is also provided by 3D FDTD optical simulations. To obtain an
experimentally based model that can be compared with high-efficiency CIGS solar cells, an AR layer at the front contact
was considered. Furthermore, the thickness of such layer was optimized to achieve the highest J,. value. Additionally,
atomic force microscopy experimental measurements provided the CIGS roughness from a complete solar cell, which was
implemented in the FDTD optical simulations. The front optical reflection with the optimized AR layer with a thickness
of 113 nm coupled with CIGS roughness is presented in Figure 12 b). It is important to refer the 1 nm difference between
the thickness attained with this optimization and the optimized AR layer thickness in Section 3. This difference stems from
slightly different thicknesses of the TCO layers and optical properties of the CIGS absorber, as the SCAPS model was
validated through the employment of a highly efficient thin film architecture 7. Figure 12 b) also presents the EQE response
curve obtained with the SCAPS model with fully optimized rear and front reflections, and the EQE curve obtained from
just the optimization of the rear reflection. For comparison purposes, the EQE of the 22.6 % efficient solar cell champion
device isincluded in the Figure. The SCAPS model with rear and front optical reflections from FDTD simulations produces
an overall good fit with the experimental high-efficiency device regarding the EQE response curves. However, the
interference fringes are different between both curves, which is explained by the different CIGS roughness that is rather
variable and process-dependent. Finally, in Figure 12 c) the comparison between the current density vs voltage (J-V)
characteristic curves obtained by the SCAPS electrical model and the champion cell is shown. The SCAPS model was able
to describe the behavior of an experimental high-efficiency CIGS solar cell device by incorporating the FDTD simulation
results. The observation of the results in Figure 12 ¢) shows the accuracy of the SCAPS model describing the experimental
high-efficiency device. Hence, the open circuit voltage (V,.) and fill factor (FF) values are well modelled, mainly due to
experimentally updated parameters and some included post deposition treatments effects, which will be reported in future
contributions. Moreover, the optical reflection data from FDTD simulations was essential to provide a solid model
regarding the optical performance and depicted by the similar J,. values between both J-V characteristic curves. Therefore,
bringing together the electrical and optical simulation tools, FDTD and SCAPS respectively, allows for the creation of a
robust model that can effectively describe experimental champion solar cells.



100 T T T T 100

) 100 T T T T 100
< a B A= reoee
s EoE Reflection _ S b) 3 o
3 80r N\ 80 T80t 71 ) {60
5 ) o EQE [\f‘ . Reflection
5 +0.9 mA/cm % 8 0, - - ,\3
) - Q i | S
W 60 Je0 ¥ S0l & 3 leo &
o 60 3 é & [
) ! S
£ = pe i 2
2 2 E 2 % 3
c o > =
G 40| a0 9 2 a0t & O EQE - champion cell (22.6%) B J40 5
= EQE - Rear reflection = 0 % = I o EQE - Optimized Rear Reflection i) —
© EQE - Rear reflection update & =] g EQE - Optimized Front and Rear Reflection : e
= Rear reflection from 3D EDTD simulation (o4 g Front reflection from optimized scaps model lLL',' o
£ 20t 120 T 20| £ 9! {20 W
g = g %
& 2 8 3
< 3
. . . . 0 w g . ) . . 0
400 600 800 1000 1200 400 600 800 1000 1200
Incoming light wavelength (nm) Incoming light wavelength (nm)
50 T T T T T T T
a0k C) O ZSW experimental result
SCAPS model
—~ 30 i
e
o 20 4
=
<
£ 10 E
=3
2 0
%) Voo . FF o
qc) a0k mv) Jic (MA . cm?) %) Efficiency (%) rrJJ ]
a SCAPS model 747 37.0 80.3 22.2 o
]
e -20 ZSW championcell 741 378 80.6 226 o B
] o
% -30 |- p b e
(@) 40+ o AR A et AT (e L |
-50 Il Il Il Il Il

00 01 02 03 04 05 06 07 08
Voltage (V)

Figure 12. a) EQE response curves comparing the rear optical reflection of 0 % with the presented Mo rear optical reflection (dashed
line) obtained with the 3D FDTD optical simulations in a 2000 nm thin film CIGS solar cell. Note that the front optical reflection is
defined to 0 %; b) EQE response curve considering: the optimized rear reflection with front reflection equal to 0 %, the optimized AR
layer and additional CIGS roughness used in the SCAPS model at the front contact and the experimental record cell; ¢) J-V curve
comparison between the SCAPS model and the experimental result of the champion cell.

4.2 3D electrical Simulations Charge

Lumerical FDTD studies rely on the determination of the optical absorption of each layer, calculated through the FDTD
method, and its dependence on the properties of the incident spectrum. Through the optical absorption rate, it is possible
to calculate the number of generated charge carriers, the 2D and/or 3D distribution of said G per each of the incident
wavelengths. To know how the performance of the solar cell will be affected, when the charge transport mechanics are
considered, the architecture needs to be studied under a charge transport simulator 4. However, a purely electronic study
cannot accurately describe a CIGS solar cell on its own. As previously shown by the FDTD analysis, the charge carrier
generation is not homogenous in the CIGS absorber, and it will vary depending on the optical architecture in place. Thus,
the charge carrier generation distribution needs to be transported from the FDTD analysis, into the Lumerical CHARGE,
such that the electronic analysis can take into consideration the optical properties in the density of charge carrier generation.
However, prior to the electrical study with Lumerical CHARGE, the charge carrier generation distribution can provide
information beyond the total solar cell J¢- value. By integrating the charge carrier distribution through the length and width
of the CIGS absorber, multiplying it by q and plotting the resulting /. value in relation to the thickness of the absorber,
the relationship between the generated current and the thickness depth at the absorber can be seen. As an example, a study
was performed about a metallic rear reflector, deposited on the Mo rear contact. In CIGS solar cells, patterned dielectric
layers can be used to encapsulate a highly reflective metal, allowing for both an interfacial passivation effect, as well as
an enhanced optical reflection effect, as explained in Section 3 244, Since the 25 nm rear reflector’s metal (Al) had to be
shielded from the CIGS layer, in order to avoid unwanted metallic diffusion into the absorber, it was encapsulated with a
20 nm SiOx film, with the dielectric not only acting as a diffusion barrier, but as a passivation layer as well 7. The previously
described current generation thickness dependence was calculated for the referred architecture, and the results are shown
in Figure 13 a), as well as an illustration of the design in question. In this example, there are two noticeably different



curves, with the encapsulated sample showing higher total current, in comparison to a reference ultrathin CIGS solar cell.
Furthermore, the current augments are located close to the Mo rear contact, with the current increase due to the optically
enhanced rear reflector and dielectric layer. With this data, the importance of the passivation layer is brought to the
forefront. It shows that the optical gains are located close to the highly recombinative rear interface, meaning that if the
current gains are to be taken advantage off to their fullest potential, the rear contact interface has to be passivated, and
thus, the recombination velocity reduced . The Lumerical CHARGE simulations can provide more detail about the solar
cell architectures. For instance, the extraction method of the EQE of a solar cell device can be mimicked and extrapolated
into the Lumerical CHARGE simulations, enabling to attain the EQE plot and charge extraction ratios. The charge carrier
generation distribution can be exported with either the wavelength information integrated into a single distribution, or it
can be exported with it containing the information for every single simulated wavelength value. To calculate the EQE
through Lumerical CHARGE simulations, the latter needs to be performed, and the electrical simulations need to be carried
out for every single wavelength value at short circuit conditions. Afterwards, the current attained through the electrical
simulations is compared with the current values calculated through the FDTD simulations, and the ratio of how successfully
the charge carriers are extracted is calculated. For instance, if through FDTD a current of 0.5 mA/cm? is calculated for a
given wavelength value, but through CHARGE the resulting current for the same wavelength is 0.3 mA/cm?, the ratio of
the successfully extracted charge carrier is 0.6. By repeating this process for the entire spectrum, the complete charge
extraction ratio profile can be calculated. Afterwards, the resulting optical absorption calculated through FDTD can be
multiplied by said extraction ratio, and the resulting data is the solar cell’s EQE. An example of the results achieved by the
process described can be seen in Figure 13 b), where an ultrathin reference and a solar cell with back reflector and a
dielectric encapsulation are compared. Through the resulting EQE’s and charge extraction ratios, the effectiveness of the
passivation layer and optical reflector is demonstrated. The former in the higher extraction ratio of the passivated solar
cell, while the latter shows itself in the higher resulting photocurrent of the encapsulated solar cell once again.
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Figure 13. a) Current density generated throughout the thickness of the CIGS layer (dashed lines represent the current density sum);
b) Simulated EQE with and without charge transport mechanics of passivated and reference solar cells. The charge carrier extraction
ratio per wavelength is shown with the respective axis on the right side. Schematic representation of the CIGS solar cells stack
architecture with an encapsulated Al layer.

5. CONCLUSIONS

A showcase of the potential of combining optical and electrical models to efficiently characterize a solar cell stack with
the complex quaternary compound, that is CIGS, is demonstrated. The FDTD Lumerical software enables the realization
of accurate simulations over a great variety of complex and exotic geometries that can provide a detailed insight over light
management architectures in ultrathin CIGS solar cells. A detailed review of several light management approaches capable
of improving the optical performance of ultrathin CIGS solar cell devices, through FDTD optical simulations is also
presented, demonstrating the capability of this approach to accurately simulate and describe the optical benefits of exotic
photonic or plasmonic light management architectures. The realistic light management architectures were simulated in a



ultrathin solar cell device capable of surpassing the optical performance of a typical thin film (2000 nm) CIGS solar cell,
translated in a 6.15 mA/cm? enhancement of the short-circuit current over an ultrathin reference device, and 2.26 mA/cm?
over the thin one. Furthermore, the FDTD software can also support and complement electrical simulations performed
through the 1D SCAPS and 3D CHARGE software. The 1D SCAPS simulations supported through optical data extracted
from FDTD optical simulations were validated by the comparison with the champion solar cell holding the record
efficiency for the studied architecture. The potential of the FDTD and 3D CHARGE simulations was also demonstrated,
where a novel approach of simulating the EQE of a solar cell device with a complex rear architecture is demonstrated. This
study shows, through optical and electrical simulations, the potential of the CIGS ultrathin technology to meet the global
electrical demand, as a “green” and sustainable competitor to the current PV market players.
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