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Abstract: As Si single-junction technology is approaching its Shockley–Queisser theoretical limit,
relevant efforts are being expended towards the development of multi-junction modules. In this
work, we employ an optical model based on Monte Carlo ray tracing to compare four different multi-
junction modules in a voltage-matched two-terminal (VM2T) configuration. In particular, we took
into consideration the VM2T coupling of crystalline silicon cells with CuInxGa1-xSe2 (CIGS), CdTe,
GaAs and perovskite (PVK) solar cells. We optimized the thicknesses of each layer in the top sub-
module and determined the performance of VM2T modules in the Shockley–Queisser theoretical limit.
We also considered the possibility of using modules in which the top Si surface is flat to determine
the performance drop due to the absence of the texturization on the top Si surface. Moreover, we
determined the optimal bandgap energy of PVK in a VM2T PVK/Si module as well as the highest
efficiency achievable. Lastly, we show that when using state-of-the-art cells, the highest VM2T
efficiency achievable for the considered materials is 34.2% under standard test conditions.

Keywords: multi-junction modules; Monte Carlo ray tracing; III-V solar cells; perovskite solar cells

1. Introduction

While the conventional Si single junction is currently the prevalent technology in the
photovoltaic (PV) market [1], research is also focusing on alternative module designs in or-
der to achieve higher efficiencies. One of these alternatives is represented by multi-junction
modules, PV systems, in which two or more technologies with different bandgaps are
connected in order to harvest solar light more efficiently. The two main connection schemes
are the four-terminal (4T) design, in which the sub-modules are electrically independent,
and the tandem design, in which the component solar cells are connected in series. In both
cases, it is necessary to split the solar spectrum so that each portion of the spectrum is
harvested by the cell it is most suited to; this can be achieved by employing optical ele-
ments [2] or by stacking the sub-modules one upon the other (with high-bandgap materials
at the top and low-bandgap materials at the bottom) [3]. Dichroic mirrors and holographic
lenses [4] are the most commonly used optical elements for the former implementation,
with demonstrators at laboratory scale having already been developed and tested [5].

The two sub-modules of the 4T design can be connected by putting the two modules
in series (which requires sub-module current matching for optimum coupling), in parallel
(which requires voltage matching) or separately connected to two maximum power point
(MPP) tracking systems and then opportunely sent to the electrical load. In a previous
experimental paper, we demonstrated that the parallel connection of the two sub-modules
is extremely efficient in transforming the solar energy into electrical power, even in the
presence of very large variations in the solar spectrum or when the bottom sub-module
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is operating in bifacial mode [5]. Given such high efficiency, among the various pos-
sible 4T connections, we decided to consider the parallel connection between the two
sub-modules. Therefore, in this paper, we consider two-terminal (2T) voltage-matched
sub-modules for all the calculations.

As far as the modeling of multi-junction PV devices is concerned, one of the most
common approaches is the transfer matrix method [6], in which every layer and interface is
represented by a matrix operator and the optical properties of the system can be derived
from the product of the operators. However, this method is not entirely suited to simulating
textured surfaces, which are especially common in Si cells, and modifications or mixed
approaches are usually adopted for these systems [7].

In this work, we present a Monte Carlo ray-tracing algorithm developed specifically
for textured surfaces. Ray tracing has already been used to analytically determine the
reflectivity of Si surfaces textured with upward or inverted pyramids [8,9] by considering
all possible paths light can take according to geometric optics, and it has been applied to
Monte Carlo simulations of light to determine the optical properties of solar cells [10,11].
The model we propose in this work aims to provide accurate predictions of the optical
and electrical response of a solar cell with a limited number of parameters, as most of the
material-dependent electrical parameters are expressed in a single coefficient, which will
be introduced in the final section of the work.

In the present work, we employ our model to evaluate the power conversion effi-
ciency (PCE) of four voltage-matched two-terminal (VM2T) modules: GaAs/Si, CdTe/Si,
CuIn1−xGaxSe2/Si (we will examine the case for x = 1, which is referred to as CGS in
the rest of the work) and perovskite (PVK)/Si. In the next sections of the work, we will
describe the optical simulation protocol and the assumptions about the electrical model
that we considered to calculate the current–voltage (I-V) characteristics of each sub-cell
and the multi-junction modules. Then, we will determine the optimal thicknesses of the
semiconductors as well as of the transparent conductive oxide (TCO) layers for the case
of the CdTe/Si module. Moreover, we will investigate the possibility of using modules
with a flat Si surface to determine the contribution of Si surface texturization to the overall
system efficiency. We will examine the dependence of the PVK/Si module efficiency on the
bandgap energy of PVK. Lastly, we will determine the theoretical and practical PCE of the
aforementioned modules in the optimized thickness configuration.

2. Optical Model

In the context of solar cells, Monte Carlo simulations have been used to determine
reflectance and absorbance profiles, with the fundamental physical laws being Snell’s Law,
Lambert–Beer’s Law and the Fresnel equations [12]. To determine when the simulation
should end, several simulation tools consider the intensity as a continuous parameter
(which decreases when the ray travels through absorbing media), and the end of a run
is determined at a certain threshold [13], while in others, the ray is either simulated or
ended based on probabilities calculated from the aforementioned processes up to a definite
number of steps (after which the simulation is ended) [10]. The model proposed in this
work follows the latter approach, but otherwise it does not impose any limit on the optical
path length of the ray.

The whole VM2T system is depicted in Figure 1. For the top cell, as TCO layers, we
assumed Al-doped ZnO (AZO), since this is a common high-quality and low-cost TCO for
thin-film PV. In the top cell, we omitted emitters, back surface fields, etc. We assume that
the whole top cell is optically represented only by the semiconductor absorber layer and
the two AZO films. Between the two cells, we assumed a dielectric interlayer with n = 1.5
and k = 0, such as glass [14], or polymeric films such as PMMA [15]. For the bottom cell, we
assumed a Si heterojunction technology (HJT) PV cell. For the Si cell TCO layers present, in
particular In2O3:Sn (ITO), we simplified the HJT structure by omitting the top and bottom
thin hydrogenated amorphous Si layers. However, we considered the texturization of the
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Si cell, i.e., the presence of Si pyramids on the Si surface, since this has a major effect on
light trapping. This point is described in more detail below.
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Figure 1. Layers of the VM2T multi-junction module. The top sub-module is flat, whereas the Si and
ITO layers of the bottom sub-module are textured.

Some of the thicknesses of specific layers in the system are fixed: in particular, the Si
layer is 160 µm thick and the second ITO layer below the latter is 80 nm thick. The height of
the Si pyramids on both sides is 1 µm. Both glass layers are 4 mm thick. The above values
are typical in current state-of-the-art Si HJT cells.

All the other variables were allowed to vary. In particular, the thicknesses of the AZO
layers in the top sub-module and of the top ITO layer in the Si sub-module ranged from 40
to 200 nm, while the semiconductor layer thickness ranged from 0.1 µm to 4 µm. Moreover,
the interlayer thickness was allowed to vary from 50 µm to 300 µm.

The system is divided into layers, where each layer j is characterized by the dispersive
complex refractive index nj(λ) + ik j(λ) of its material and its thickness lj. With respect to
the crystalline Si (c-Si) substrate, the flat interfaces are represented by (100)-oriented planes
of the Si crystal, whereas for the case of the textured c-Si layer, the surfaces are (100) planes
roughened by pyramids with (111)-oriented faces [16]. All pyramids were assumed to
be equal, 1 µm tall and non-intersecting. The first and last layers are semi-infinite air
layers; the top sub-module is made up of a top-cell semiconductor (TCS) layer between
two AZO layers and the bottom sub-module is a textured ITO/c-Si/ITO cell. The VM2T
multi-junction module is encapsulated in glass on both sides.

To simulate a structure that is infinite on the xy plane, a unit cell is defined by consid-
ering the (110) planes that include the base of the pyramids in the textured Si surface. This
cell can be repeated infinitely along the x and y direction by applying periodic boundary
conditions, and this approach allows the simulation of a large number of pyramids [10].
Rays are expressed in terms of position

→
p =

(
px, py, pz

)
and direction

→
v =

(
vx, vy, vz

)
. The

origin of the coordinate system is in the center of the base of the upward pyramid on the
top Si surface.

To implement the algorithm described in this section, we wrote a Python script, which
runs on a standard laptop with a I7 6 core processor and 16 GB RAM. For each wavelength
in the 300–1200 nm range with a 10 nm step, 1000 rays are simulated. At each iteration, the
ray is initialized with a random position and

→
v = (0, 0,−1) in the first layer (j = 1). There

is no set order in the simulation steps, but the possible situations are the following:

• When the ray is traveling through an absorbing medium, an absorption probability
a(λ) = 1− e−αjd is calculated, with αj being the absorption coefficient defined by

Lambert–Beer’s Law and d = lj/cosθ, where θ is the angle between
→
v and the (0, 0, 1)

direction. A random number is generated to determine whether the ray is actually
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absorbed into the current layer or not. In the former case, a new iteration is initialized,
whereas in the latter case, the position of the ray is updated and the iteration continues;

• When the ray reaches an interface, reflection and transmission probabilities are calcu-
lated from the Fresnel Equation [6] and a random number is generated to determine if
the ray is reflected or transmitted. In the former case, the ray remains in the current
layer and its direction is updated according to [17]; in the latter case, the layer is
changed, and the ray direction is updated according to [17];

• When the ray approaches a pyramid, that is, when pz is in the range of the z values

of the points of the pyramid, the intersections between the
→
v and the faces of the

pyramid and of the unit cell are calculated, if present. The closest point
→
p′ is selected,

and, if the ray is traveling through an absorbing medium, a new absorption event is

carried out as described above, with d = ‖→p −
→
p′‖. If the ray has not been absorbed

and
→
p′ lies on the pyramid, a new reflection/transmission event is carried out, whereas

if
→
p′ lies on the face of the unit cell, periodic boundary conditions are applied and the

position is updated as
→
p =

→
p′ + û·s, where û is the unit vector perpendicular to the

face pointing inwards and s is the length of the edge of the base of the pyramid. The
geometry of this step is summarized in Figure 2;

• If the ray travels from one surface of the Si layer to the other without being absorbed,
its px and py will be randomized with respect to the pyramid of the new surface. This
step reflects the fact that the position of pyramids obtained through chemical etching
of Si is not correlated with the two surfaces of the layer;

• If the ray is in one of the two semi-infinite air layers and is traveling away from the
system, it is considered either reflected (if j = 1) or transmitted (if j = 11), and a new
iteration is initialized.
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Figure 2. Interaction of the ray with a textured Si pyramid. Starting from the initial point P, the ray
direction

→
v intersects the pyramid at the points P′ and P′′ as well as the boundary of the unit cell at

P′ ′ ′. The closest point to P is P′, which will be selected for the next step of the algorithm.
→
n and

→
u are

the unit vectors perpendicular to the face of the pyramid and the unit cell, respectively.

The refractive indices of the materials considered in this work can be found in [7,18–22]
and are reported in Figure 3.

To verify the optical model, we tested it by considering a textured 160 µm silicon
sample covered with ITO1 (80 nm) and ITO2 (100 nm), manufactured by Enel Green Power.
Experimental data of reflectivity and transmissivity taken with a Bentham PVE300 for this
structure were compared to the reflectivity and transmissivity spectra calculated through
the present model. The results, reported in Figure 4, show that good agreement between
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the model and experimental data was found (Figure 4a), thus confirming the good accuracy
of the proposed model, as well as the contribution of each layer in the sample system to
the total absorbance (Figure 4b). More relevant deviations between model and data were
found in the near-infrared region around 1000 nm, where an underestimate of absorbance
was found. Such deviation is most likely due to relevant scattering effects occurring when
the wavelength is close to the pyramid feature size, which cannot be accurately modeled
using ray tracing, as shown in [23].
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3. Electrical Model

The fractions of reflected, transmitted and absorbed rays determine the reflectivity
R(λ), the transmittivity T(λ) of the multi-junction module and the absorbance Aj(λ) of
each layer. Then, the short-circuit current (Isc) of each sub-module is calculated as

Isc = qS
∫

As(λ)·φ(λ)·dλ (1)

where q is the electron charge, S is the cell area, As(λ) is the semiconductor absorbance and
φ(λ) is the photon flux. The ideal I–V characteristics of the sub-module are determined by
the lumped element model:

I(V) = Isc − I0

(
e

qV
kbT − 1

)
(2)

with I0 being the dark saturation current, kb being the Boltzmann constant and T being the
temperature of the sub-module. To evaluate the performance of the multi-junction module
in standard test conditions (STC), φ(λ) is the photon flux of the standard ASTM G-173-03
solar spectrum [24] and T = 25 ◦C.

To evaluate I0 we considered the Shockley–Queisser (SQ) limit [25], in which non-
radiative recombination phenomena are neglected and I0 is therefore

I0 = q2SQT (3)

where QT is the blackbody radiation at the temperature of the cell due to radiative recombi-
nation processes; this radiation emits from both sides of the cell, explaining the geometric
factor 2S in the previous formula, as reported in the reference. Other important phenomena,
including non-radiative recombination processes such as Auger recombination [26], as well
as positive ones, such as photon recycling [27], are not accounted for in the case of an ideal
SQ limit, but will be included heuristically in the last section of this work.

In the case of VM2T modules, different numbers of cells must be connected in series
in each sub-module in order to match the voltage outputs and maximize the performance
increase from the parallel connection. We considered 72 cells of M2 pseudo-square geom-
etry [28] with a cell area SSi of 241.4 cm2 in the Si sub-module, as this is a common case
in commercial modules [29], and the number of cells in the top sub-module can then be
obtained using

ntop = round
(

Voc,Si·nSi

Voc,TCS

)
(4)

where ntop and nSi are the number of cells connected in series and Voc,TCS and Voc,Si are
the open-circuit voltages of a single cell in each sub-module, respectively. The areas of
the two sub-modules are equal; therefore, the top cell area Stop is equal to 72·SSi/ntop. It
is important to note that losses due to cell spacing in the module and the metallic grid
shadowing are ignored.

Once the cell areas SSi and Stop are known, Equations (2) and (3) are used to calculate
the I–V characteristics of a single cell; then, in each sub-module, the voltage in the I-V
curve is multiplied by ntop and nSi, respectively, as the cells are connected in series with
the assumptions that series resistance is negligible and that all cells are exactly equal in
each sub-module. Finally, the I-V curves of the two sub-modules are summed in terms of
current as these are connected in parallel, and the VM2T module’s efficiency in converting
solar power to electrical power is then calculated as

PCE =
max(PVM2T)

72·ASi·1000 W/m2 (5)

where max(PVM2T) is the maximum power point of the power–voltage characteristics of
the whole VM2T module, 72·SSi corresponds to the area of the whole module (as the two
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sub-modules have an equal area) and 1000 W/m2 is the optical irradiance of the standard
solar spectrum.

The advantage of our approach based on Monte Carlo ray tracing, negligible series
resistances and a Voc equal to the Shockley–Queisser limit is that it requires a very limited
number of parameters. Only the real and imaginary parts of the refractive index are actually
required, since only the optical absorbance of the solar cells is actually evaluated. Aspects
such as doping profiles, carrier lifetimes and surface recombination velocities, which are
important parameters in other widely used solar cell simulation programs [30–33], are not
considered in our model, since they are cumulatively incorporated by considering the open-
circuit voltage of the cell, either in the Shockley–Queisser limit or, as will be discussed in
more detail in the next sections, in the case of the record, current state-of-the-art solar cells.

4. Results and Discussion
4.1. VM2T Module Optimization

To optimize the thicknesses of AZO1, AZO2, ITO1 and the interlayer of the VM2T
module, we considered the case of the CdTe/Si module, since the refractive index of CdTe
is close to the average of all the considered semiconductors for the top module, as can
be seen from Figure 3. Rather than simulating all the possible combinations of the four
parameters, we optimized one layer at a time, while keeping each optimal thickness fixed
in the following steps (a similar approach was employed in [34,35]). Starting from the
initial configuration lAZO2 = 100 nm, lITO1 = 80 nm, linterlayer = 100 µm and lCdTe = 2 µm,
we first varied the thicknesses of the TCO layers and the interlayer.

In the first step of the optimization process, the thickness of the first AZO layer was
varied while the other thicknesses were fixed to the values reported above; the results
shown in Figure 5a indicate that the optimal thickness of this layer is 60 nm, and this
value was fixed for the following steps. In the next step, the thickness of the second AZO
layer was varied to obtain an optimal value of 80 nm (Figure 5b). In the same fashion, the
optimal thickness of the top ITO layer (Figure 5c) was determined to be 100 nm (similar
results for the ITO layer have already been reported in [36]), and the optimal interlayer
thickness was 75 µm (Figure 5d). At the end of the process, a new optimization iteration
was performed on the first AZO layer to check that the optimal value had not changed due
to the optimization of the following layers (Figure 5a).
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It has to be noted that the order in which the layers were optimized was determined
by the impact of each layer on the optics of the overall system; in fact, by comparing the
scales of the y-axis of the subfigures, it can be seen that each layer had less influence on
the PCE of the module than the previous one. In particular, the most relevant parameter
among AZO1, AZO2, ITO1 and interlayer thicknesses was the AZO1 thickness.

As is well known, Si texturization is widely used in PV technology to trap light by
increasing the number of reflections and enhancing the optical path before light can escape
the surface, therefore increasing the current output [16]. However, to facilitate the device
manufacturing for the realization of a mechanically stacked 2T device and even more so in
the case of a 2T tandem cell, it may be desirable to avoid Si texturization. Therefore, we
evaluated the impact of texturization on the overall device performance. To this end, we
considered a VM2T CdTe/Si module where the top ITO layer and the top Si surface were
flat (whereas the bottom surfaces were still textured), and we optimized the system with
the same procedure reported above.

The values reported In Figure 6 indicate the optimal thickness of the first AZO layer
was 70 nm (Figure 6a), the optimal thickness of the second AZO layer was 50 nm (Figure 6b),
the optimal thickness of the first ITO layer (which is now flat) was 60 nm (Figure 6c) and
the optimal thickness of the interlayer was 175 µm (Figure 6d). Again, the first optimization
step was repeated to check that the optimal value did not change during the process. As for
the case of the textured Si shown in Figure 5, in this case the impact of each layer decreased
at each step, with the interlayer having the smallest effect on the PCE of the module as it
served no optical purpose and was mostly transparent to the wavelength range of interest.
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With the AZO1, AZO2, ITO1 and interlayer thicknesses optimized as shown in
Figures 5 and 6, it was possible to focus on the optimization of the TCS thickness. This
variable was allowed to span from 0.1 µm to 4 µm, and the results are reported in Figure 7,
showing the VM2T system efficiency under STC as a function of TCS thickness. From
the inspection of Figure 7, it is evident that the PCE increased with the TCS thickness,
though the PCE increased with respect to a decrease in thickness greater than 1 µm. Since a
minority of carrier diffusion lengths in thin-film PV technologies are generally of the order
1 of µm or below [37,38], and given the change in slope at 1 µm in Figure 7, we assumed
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1 µm to be the maximum realistically possible TCS thickness, as the increase in absorbance
in thicker films would be balanced out by the increased recombination effects.
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Figure 7. SQ PCEs of the GaAs/Si, CdTe/Si and CGS/Si VM2T modules with textured Si sub-module
(a) and flat Si sub-module (b).

For reference, the SQ PCE of the single-junction Si cell, based on the absorbance,
transmittivity and reflectivity values shown in Figure 3, was 28.87%. In the case of the
textured Si module, the GaAs/Si module reached an SQ PCE of 30.7%, the CdTe/Si module
reached an SQ PCE of 34.7% and the CGS/Si module reached an SQ PCE of 36.3%. The
relative PCE loss between modules with a flat Si sub-module and a textured Si sub-module
was about 3.3% for the CGS/Si module, 1% for the CdTe/Si module and 0.4% for the
GaAs/Si sub-module; these differences are due to the fact that GaAs and CdTe have lower
bandgap energies than CGS (1.42 eV, 1.5 eV and 1.7 eV, respectively), and therefore overlap
more than the latter with the wavelength range absorbed by the Si sub-module, reducing
the contribution of the Si bottom sub-module to the performance of the system.

4.2. VM2T PVK/Si Module Analysis

One important advantage of PVK is the feasibility of tuning its bandgap [39]. It is
therefore useful to evaluate the optical PVK bandgap for the coupling with Si. In order to
estimate the performance of PVK/Si modules with different PVK bandgaps, we started by
considering the experimental optical constants of PVK with a bandgap of 1.94 eV [7]. We
then modified the imaginary part of the refractive index to obtain bandgaps ranging from
1.6 eV to 2 eV, and recalculated the real part through the Kramers–Kronig relations [40].
The new refractive indices are reported in Figure 8a,b, along with the absorption coefficient
α (Figure 8c).

With the optimized thicknesses of AZO1, AZO2, ITO1 and the interlayer reported
in the previous section, we varied the PVK bandgap energy from 1.6 eV to 2 eV (with a
fixed thickness of 2 µm) for the cases of the textured Si module and the flat Si module.
Figure 9 reports the results of these calculations. In Figure 9a, it can be observed that in
both cases, the optimal bandgap energy was 1.85 eV, which is quite different from the
value commonly reported in the literature of 1.7 eV [41]. However, this value is usually
obtained through ab initio calculations, where the absorbances of the materials are assumed
to be one, neglecting optical effects altogether. On the contrary, the simulations showed
that an accurate evaluation of the performance of a photovoltaic system must include an
optical model that considers the refractive indices of all materials involved. Moreover, it
has to be noted that the difference in PCE between the modules with textured and flat Si
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surfaces increased with the PVK bandgap energy, in accordance with what was stated in the
previous section; in fact, it can be seen that PVK’s contribution to the overall PCE decreased
with an increasing bandgap, whereas the contribution of Si (and of its texture) increased.
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Figure 8. Real (a) and imaginary (b) parts of the refractive indices of PVK for bandgaps ranging from
1.6 eV to 2 eV obtained from Kramers–Kronig relations. Absorption coefficients (c) of PVK for the
same bandgaps [7]. Values relative to the literature material are included for comparison. The legend
applies to all sub-figures.
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Figure 9. PCE as a function of PVK bandgap at the SQ limit for the VM2T PVK/textured Si and the
VM2T PVK/flat Si module at a fixed PVK thickness of 2 µm (a). SQ PCE of the PVK/textured Si
module and the PVK/flat Si module and each sub-module for different thicknesses of the 1.85 eV
bandgap PVK (b). TCO layers and interlayer thicknesses were fixed to the values obtained from the
optimization processes for multi-junction modules with textured and flat Si surfaces in Section 4.1.

By varying the semiconductor thickness for the 1.85 eV bandgap PVK, it can be seen
from Figure 9b that the PVK/textured Si module reached an SQ PCE value of 36.7% with a
relative 3% decrease in the case of the PVK/flat Si module.
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5. State-of-the-Art Module Efficiencies

As mentioned in Section 3, the PCE of the multi-junction modules was calculated in
the SQ condition. However, the SQ limit is an ideal condition, in which recombination
is assumed to be minimal. During the development of PV technology, different semi-
conductor technologies have been experimented with, and they have achieved different
levels of performance compared to the maximum achievable according to their respective
SQ theoretical limit [42]. Such differences are due to various loss mechanisms, such as
Shockley–Read–Hall, Auger and surface recombination, which increase I0 and limit the
voltage output of the solar cell. In general, the weights of these phenomena depend on
the semiconductor used as well as the cell design. For this reason, in order to provide a
more realistic estimate of achievable multi-junction module efficiency, we introduced a
technology development coefficient (TDC), defined as the ratio between the open-circuit
voltages of state-of-the-art (SA) cells and the ideal SQ limit for the same semiconductor
evaluated in STC. This coefficient was introduced to take into account all the recombination
processes (Auger, Shockley–Read–Hall, interfaces, photon recycling, etc.) even without
an accurate electrical model. As SA values, we considered those reported in [43], while
the SQ values were obtained by considering the voltage of the ideal I–V characteristics of
(2) at I = 0 A. The TDCs for the semiconductor technologies considered in this work are
reported in Table 1. It must be noted that, although for CIGS and perovskite the materials
employed for the record cells reported in the literature have different bandgap energies
compared to those considered within this work, we assumed the same value for the TDC.

Table 1. Bandgap energies, open-circuit voltages and technology development coefficients (TDCs)
of the semiconductors considered in this work. For CGS and PVK, the bandgap of the record cells
reported in the literature are also listed. It must be noted that for these materials, TDC calculations
were based on the bandgap and voltages of the literature material, while the coefficient was assumed
to be the same for the bandgap considered in this work.

Semiconductor Bandgapthis work (eV) Bandgapliterature (eV) VOC,SA (V) VOC,SQ (V) TDC

Si 1.12 - 0.738 0.860 0.858

GaAs 1.42 - 1.1272 1.144 0.985

CdTe 1.5 - 0.875 1.215 0.720

CuIn1-xGaxSe2 1.7 (x = 1) 1.08 0.734 0.822 0.893

PVK 1.85 1.67 1.213 1.374 0.883

Once the TDC of each semiconductor was calculated, when calculating the I–V char-
acteristics of each sub-module, an initial SQ calculation was performed. Then, the dark
saturation current was updated as

I0 =
Isc

e
q·Voc ·TDC

kbT − 1
(6)

Then, the I–V characteristics of the sub-modules were recalculated as well as the
parallel connection between the two.

We report in Table 2 the efficiencies for the VM2T modules with textured Si obtained
in the SQ limit and considering the TDC of each semiconductor. The number of cells in
the top sub-module was modified to take into account the lower voltage output of the
state-of-the-art cells compared to their theoretical limit, whereas the number of Si cells in
the bottom sub-module was fixed at 72. The number of cells connected in series in the
top sub-module depended on the ratio between the SA Voc values of the TCS and Si and
therefore on each TDC.
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Table 2. Comparison between number of TCS cells and PCEs obtained in the SQ limit and for
state-of-the-art cells for the VM2T modules with textured Si. PCEs of each TCS single-junction record
cell as reported in [43] are included.

Module nTCS,SQ nTCS,SA PCETCS,SA (%) PCEVM2T,SQ (%) PCEVM2T,SA (%)

GaAs/Si 50 44 29.1 30.51 29.45

CdTe/Si 48 57 21.0 34.53 25.24

CGS/Si 42 40 23.35 36.07 31.74

PVK/Si 38 37 23.7 36.77 34.16

The PCE drop was more noticeable in the CdTe/Si module as CdTe has the lowest TDC,
whereas the drop was much lower in the GaAs/Si module as GaAs has the highest TDC.

From Table 2, it is clear that GaAs and CGS reached about 30% efficiency, while
CdTe only reached about 25%. This is due to CdTe’s lower TDC compared to the other
technologies, but this may change substantially as CdTe technology progresses.

Among all the considered top semiconductors, the PVK module with the 1.85 eV
bandgap was the one allowing, in principle, the best VM2T PV system efficiency, which
reached about 34%, about 13% more than the other semiconductors.

6. Conclusions

In this work, we developed an optical model for VM2T PV systems based on Monte
Carlo ray tracing. The model was specifically designed for textured surfaces such as
the pyramidal texture of Si solar cells thanks to the unit cell approach, which allows
accurate simulation of infinite textured surfaces. Moreover, contrarily to most ray-tracing
algorithms, no limit is imposed on the maximum optical path of rays. The model was
applied to evaluate the PCE of four multi-junction modules: GaAs/Si, CdTe/Si, CGS/Si
and PVK/Si. The system was first optimized by tuning the thicknesses of the top sub-
module in the VM2T CdTe/Si module, starting from the most impactful layers. The
optimized VM2T setup was tested with the other semiconductor combinations in order to
determine their potential in the VM2T configuration, obtaining a maximum PCE within the
Shockley–Queisser limit of 36.07% for the CGS/Si module, 34.53% for the CdTe/Si module
and 30.51% for the GaAs/Si module.

We also evaluated the same VM2T modules in a system in which the top surface of
the Si layer and the overlying ITO layer were flat, obtaining a decrease in PCE, though this
increased with the bandgap energy of the top semiconductor, ranging from 0.4% to 3.3%.

As for the PVK/Si module, since it is possible to accurately tune PVK’s bandgap energy,
a first set of simulations was performed by modifying the refractive index of the material
through the Kramers–Kronig relations for different bandgap energies. We determined that
the optimal bandgap energy for Si-based multi-junction modules is 1.85 eV. With this PVK,
the highest PCE value achieved within the Shockley–Queisser limit was 36.77%.

Lastly, in order to provide insight into realistic performances based on state-of-the-art
technology rather than on theoretical limits, we introduced a technology development
coefficient, defined as the ratio between the open-circuit voltage of the top efficiency cell
and the one calculated in the Shockley–Queisser limit, and we calculated the performance
of the modules by taking into account the updated dark saturation current. For the VM2T
GaAs/Si, CdTe/Si, CGS/Si and PVK/Si modules, we obtained a PCE of 29.45%, 25.24%,
31.74% and 34.16%, respectively.
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D.; et al. 25.1% High-Efficiency Monolithic Perovskite Silicon Tandem Solar Cell with a High Bandgap Perovskite Absorber. Sol.
RRL 2020, 4, 2000152. [CrossRef]

16. Campbell, P.; Green, M.A. Light trapping properties of pyramidally textured surfaces. J. Appl. Phys. 1987, 62, 243–249. [CrossRef]
17. De Greve, B. Reflections and refractions in ray tracing. Retrived Oct. 2006, 16, 2014.
18. Green, M.A. Self-consistent optical parameters of intrinsic silicon at 300K including temperature coefficients. Sol. Energy Mater.

Sol. Cells 2008, 92, 1305–1310. [CrossRef]
19. Papatryfonos, K.; Angelova, T.; Brimont, A.; Reid, B.; Guldin, S.; Smith, P.R.; Tang, M.; Li, K.; Seeds, A.J.; Liu, H.; et al. Refractive

indices of MBE-grown AlxGa (1− x) As ternary alloys in the transparent wavelength region. AIP Adv. 2021, 11, 025327. [CrossRef]
20. E Treharne, R.; Seymour-Pierce, A.; DuRose, K.; Hutchings, K.; Roncallo, S.; Lane, D. Optical Design and Fabrication of Fully

Sputtered CdTe/CdS Solar Cells. J. Phys. Conf. Ser. 2011, 286, 012038. [CrossRef]
21. Leem, J.W.; Yu, J.S. Influence of oblique-angle sputtered transparent conducting oxides on performance of Si-based thin film solar

cells. Phys. Status Solidi (a) 2011, 208, 2220–2225. [CrossRef]

https://www.ise.fraunhofer.de/content/dam/ise/de/documents/publications/studies/Photovoltaics-Report.pdf
https://doi.org/10.1109/pvsc.2015.7355761
https://doi.org/10.1002/admi.201700731
https://doi.org/10.1117/1.JPE.7.017001
https://doi.org/10.1016/j.solener.2022.06.032
https://doi.org/10.1002/solr.201900555
https://doi.org/10.1557/jmr.2015.70
https://doi.org/10.1016/j.solener.2019.05.031
https://doi.org/10.1109/iesc.2018.8440001
https://doi.org/10.1016/j.egypro.2013.07.253
https://www2.pvlighthouse.com.au/calculators/wafer%20ray%20tracer/wafer%20ray%20tracer.html
https://www2.pvlighthouse.com.au/calculators/wafer%20ray%20tracer/wafer%20ray%20tracer.html
https://doi.org/10.1038/nenergy.2017.144
https://doi.org/10.1002/solr.202000152
https://doi.org/10.1063/1.339189
https://doi.org/10.1016/j.solmat.2008.06.009
https://doi.org/10.1063/5.0039631
https://doi.org/10.1088/1742-6596/286/1/012038
https://doi.org/10.1002/pssa.201026644


Energies 2023, 16, 4292 14 of 14

22. Minoura, S.; Maekawa, T.; Kodera, K.; Nakane, A.; Niki, S.; Fujiwara, H. Optical constants of Cu (In, Ga) Se2 for arbitrary Cu and
Ga compositions. J. Appl. Phys. 2015, 117, 195703. [CrossRef]

23. Höhn, O.; Tucher, N.; Bläsi, B. Theoretical study of pyramid sizes and scattering effects in silicon photovoltaic module stacks. Opt.
Express 2018, 26, A320–A330. [CrossRef]

24. Standard Tables for Reference Solar Spectral Irradiances: Direct Normal and Hemispherical on 37◦ Tilted Surface (astm.org).
Available online: https://www.astm.org/g0173-03r20.html (accessed on 22 December 2022).

25. Shockley, W.; Queisser, H.J. Detailed Balance Limit of Efficiency of p-n Junction Solar Cells. J. Appl. Phys. 1961, 32, 510–519.
[CrossRef]

26. Richter, A.; Werner, F.; Cuevas, A.; Schmidt, J.; Glunz, S. Improved Parameterization of Auger Recombination in Silicon. Energy
Procedia 2012, 27, 88–94. [CrossRef]

27. Raja, W.; De Bastiani, M.; Allen, T.G.; Aydin, E.; Razzaq, A.; Rehman, A.U.; Ugur, E.; Babayigit, A.; Subbiah, A.S.; Isikgor, F.H.;
et al. Photon recycling in perovskite solar cells and its impact on device design. Nanophotonics 2021, 10, 2023–2042. [CrossRef]

28. Linss, V.; Dietsch, T.; Baumann, J.; Graupner, U.; Hoß, J.; Linke, J.; Lossen, J.; Polzin, J.I.; Mack, S.; Nagel, H.; et al. Single
Sided High Throughput Sputter Process Technology for In-Situ Doped n-Type Amorphous Silicon Layers for High Efficiency
TOPCon Solar Cells. In Proceedings of the 39th European Photovoltaic Solar Energy Conference and Exhibition, Milan, Italy,
26–30 September 2022; pp. 202–207.

29. Monokroussos, C.; Salis, E.; Etienne, D.; Zhang, X.; Dittmann, S.; Friesen, G.; Morita, K.; Stang, J.; Herbrecht, T.; Fakhfouri, V.;
et al. Electrical characterization intercomparison of high-efficiency c-Si modules within Asian and European laboratories. Prog.
Photovolt. Res. Appl. 2019, 27, 603–622. [CrossRef]

30. Basore, P.A. Multidimensional Fourier-Series Solution of the Quasi-Neutral Drift–Diffusion Equations. IEEE J. Photovolt. 2020, 10,
905–911. [CrossRef]

31. Fell, A.; Fong, K.C.; McIntosh, K.R.; Franklin, E.; Blakers, A.W. 3-D Simulation of Interdigitated-Back-Contact Silicon Solar Cells
With Quokka Including Perimeter Losses. IEEE J. Photovolt. 2014, 4, 1040–1045. [CrossRef]

32. Varache, R.; Leendertz, C.; Gueunier-Farret, M.; Haschke, J.; Muñoz, D.; Korte, L. Investigation of selective junctions using a
newly developed tunnel current model for solar cell applications. Sol. Energy Mater. Sol. Cells 2015, 141, 14–23. [CrossRef]

33. Liu, Y.; Ahmadpour, M.; Adam, J.; Kjelstrup-Hansen, J.; Rubahn, H.-G.; Madsen, M. Modeling Multijunction Solar Cells by
Nonlocal Tunneling and Subcell Analysis. IEEE J. Photovolt. 2018, 8, 1363–1369. [CrossRef]

34. Jhuma, F.A.; Shaily, M.Z.; Rashid, M.J. Towards high-efficiency CZTS solar cell through buffer layer optimization. Mater. Renew.
Sustain. Energy 2019, 8, 6. [CrossRef]
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