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Abstract: In the competition of solar cell efficiency, besides top-performance multijunction cells,
tandem cells based on perovskites are also breaking efficiency records to enter into the 30% range.
Their design takes advantage of the rapid development of perovskite cells, and the good sharing
of the available spectrum between the perovskite, absorbing at short wavelengths, and the c-Si or
similar lower band gap material, working at longer wavelengths. In this paper, we present a novel
tandem solar cell that combines crystalline silicon (c-Si) and perovskites cells. We analyzed the device
with computational electromagnetism based on the finite element method. Our design arranges the
perovskite solar cell as a multilayer 1D grating, which is terminated with a gold thin film (top metallic
contact). This multilayer nanostructure is placed on top of the c-Si cell and a thin protective dielectric
layer of aluminum nitride covers the whole device. The short-circuit current of the perovskite cell
is maximized by maintaining the current-matching conditions with the output from the c-Si cell.
This optimization considers the geometrical parameters of the grating: period and thickness of the
active layer of the perovskite cell. We compared the simulated short-circuit current of this device
to the planar tandem solar cell with indium tin oxide (top contact). The comparison shows a slight
increment, around 3%, of our device’s performance. Moreover, it has the potential capability to
circumvent postprocessing procedures used with transparent contact oxides, which can reduce the
device’s final efficiency. Furthermore, our proposed design can take advantage of photolithographic
and nanoimprint techniques, enabling large-scale production at a relatively low cost.

Keywords: tandem perovskite/c-Si solar cell; nanostructured metallic top contact; optical modeling;
computational electromagnetism

1. Introduction

In single junction solar cells, short wavelength photons (the violet-blue-green band)
generate heat losses when absorbed by a semiconductor material with a small band gap [1].
On the contrary, high-band-gap materials are poor absorbers for long wavelength photons
(the yellow-red near-infrared band). In multi-junction solar cells, two or more semicon-
ductor materials with different band gaps are stacked together to absorb the entire optical
spectrum of the sun more efficiently (compared to single junction solar cell devices) [2]. Typ-
ically, high-band-gap materials are placed on top to efficiently absorb the short wavelength
photons, whereas low-band-gap materials are stacked at the bottom to efficiently absorb
long wavelength photons. One simple form of multi-junction solar cells is two-junction
devices: they can be realized as two- [3], three- [4], and four-terminal configurations [5].
In four-terminal devices, each subcell is optimized individually and has an independent
output. However it requires more contact layers to extract the charges from each one,
leading to important optical losses [6]. On the other end, two-terminal tandems simplify
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the mechanical stack of the two junctions and require a lower number of contacts [7].
Here, we selected the two-terminal configuration because it simplifies simulations with
computational electromagnetism tools. Nevertheless, the analysis proposed here can be
implemented for other configurations. Perovskite/crystalline silicon (c-Si) is one of the
most promising combinations for this kind of device with a potential efficiency >30% [8]. In
fact, perovskite is an appropriate choice for the upper cell. It presents a large absorption at
shorter wavelengths and its photovoltaic conversion efficiency has rapidly increased in the
last few years [9]. Most devices include an indium tin oxide (ITO) top contact: a transparent
conductive oxide (TCO) [10]. This material is widely used because it has a high average
transmission at the visible region, T ≈ 85% [11], and low sheet resistance, ∼8–12 Ω/� [12].
This is why it is also widely used as a top contact in other optoelectronic devices, such as
light-emitting diodes [13] and touch displays [14]. However, ITO has some drawbacks:
there is a limited supply of indium in the Earth’s crust, resulting in a high-cost production
for large-scale applications [15]. ITO is also a hard and rigid material that cracks when bent.
This degrades its performance in flexible devices. Moreover, high efficiency ITO devices
require postprocessing steps, including annealing at high temperatures which affects the
perovskite solar cell layers [16,17]. To replace ITO, there are many structures being investi-
gated: nanowires [18], carbon nanotubes [19], thin metal films [20], metal grids prepared
by lithography [21], or printing [22], and metal nanohole arrays [23]. For example, a device
with electrodes based on metallic nanostructures can reach a performance in short-circuit
current up to 77% of the value for the device that uses transparent contact oxides [24].

In this paper, we analyze a tandem perovskite/c-Si solar cell where the top ITO contact
is replaced with a 1D gold grating. The perovskite layer is based on the organic–inorganic
hybrid Methylammonium lead iodide material (CH3NH3PbI3). To control light absorption
at each subcell, we additionally rearranged the whole perovskite solar cell as a multilayer
grating on top of the c-Si cell. Then, we covered the entire device with a thin dielectric
protective layer. This design can be applied to a physically deposited perovskite cell,
which can be fabricated with high efficiency, stability, and reproducibility [25,26]. With this
design, optical losses of the hole transport layer can be reduced if the perovskite cell is
thermally evaporated [27]. We optimized the geometrical arrangement of this structure
by maximizing the short-circuit current, JSC, of the two junctions of the tandem cell when
illuminated by the solar radiation. In Section 2, we present the layer structure of the
reference planar device, the layer structure of the proposed device, and a definition of the
parameters used for device optimization. Section 3 includes the results provided by the
computational electromagnetism package (wave-optics module of Comsol Multiphysics).
With these results, we generated an optimum device. The overall performance of our
device is analyzed and compared to a reference planar configuration of tandem cells
which obtained a 3% increase. Finally, Section 4 summarizes the main conclusions of
this contribution.

2. Design and Modeling

The layered structure for the planar perovskite/c-Si tandem solar cell shown in Figure 1a is
one of the commonly used in other works [8,28,29]. Our nanostructured layer arrangement
and design are shown in Figure 1b,c. The role, material and thickness of each layer are
listed in Table 1, where they are ordered from top to bottom. When moving from the
planar tandem cell to our design, we consider that the grating constitutes the upper cell.
The materials of the core of the perovskite cell are the same for both designs. Table 1 also
contains the references used to retrieve the optical constants of the materials.
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Table 1. Tandem perovskite/c-Si solar cell layer structure. Both the materials and thicknesses of the
layers are included for the planar cell and the one presented in this paper (nanostructured). We have
also included the references where the optical constant are taken from.

Layer Material
(Planar Cell → Nanostructured)

Thickness
(Planar Cell → Nanostructured)

Protective None→ AlN [30] 0→ 50 nm
Top contact ITO [31]→ Au grating [32] 100 nm→ 20 nm

Hole transport layer (HTL) SPIRO-OMeTAD [33] 160 nm
Active layer Perovskite (CH3NH3PbI3) [34] 260 nm→ 750 nm

Electron transport layer (ETL) TiO2 [35] 30 nm
Tunnel junction ITO [31] 44 nm
Hole transport p-type hydrogenated amorphous silicon (paSi-H) [36] 10 nm

Buffer layer intrinsic hydrogenated amorphous silicon (iaSi-H) [36] 5 nm
Active layer Crystalline Si (c-Si) [37] 200 µm
Buffer layer Intrinsic hydrogenated amorphous silicon (iaSi-H) [36] 5 nm

Electron transport layer n-type hydrogenated amorphous silicon(naSi-H) [36] 10 nm
Botton contact Aluminum (Al) [38] 200 nm

The 5 nm-thick hydrogenated amorphous silicon layers are to facilitate the charge
carrier transport in the c-Si subcell by generating the required built-in potential in the
junction. Due to their small thickness, their optical effects are negligible and they will be
ignored in our model [7,39]. In the proposed design we replaced the ITO thin film top
contact with a nanostructured metallic electrode. The perovskite multilayer cell structure is
distributed as a 1D rectangular grating on top of the cSi cell, which includes a gold thin film
20 nm-thick on top of it (refractive index from [32]). Figure 1b,c show the top perovskite cell
layers arranged as a multilayer grating with a period P = 800 nm. As we see in Figure 1c,
the width of the perovskite cell layers and the gold contact is the same, W. Both the width
and the thickness of the perovskite layer, W and H, are the geometrical parameters that we
optimized. Finally, we used a thin dielectric layer of aluminum nitride (AlN) as a protective
coating. This material is being included in a wide variety of optoelectronic sensing devices
because of its good biocompatibility and mechanic–electrical properties and is typically
fabricated by sputtering technique [40]. The wavelength-dependent refractive index data
for AlN was extracted from a standardized table [30]. Our design incorporates this material
as a thin film, having a thickness of 50 nm. We have checked that the addition of this layer
does not compromise the performance of the cell.

Figure 1. (a) Layered structure of the reference planar tandem perovskite/c-Si solar cell (the active
c-Si is much thicker than the rest of the layer). (b) Schematic design of a nanostructured perovskite
solar cell located on top of a crystalline silicon cell. (c) Detailed cross section of the layer structure.
This corresponds with the unit cell in the simulations.

We calculated the optical performance of both the reference and proposed designs with
the finite element method implemented in COMSOL Multiphysics. The nanostructured
array is infinite along the grating direction and can be computationally reduced to a unit
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cell as shown in Figure 1b,c. Then, periodic boundary conditions applied on the sides of
this unit cell to repeat it infinitely. The optical source is placed on top of the whole structure
with a customized orientation that resembles the incidence conditions. The optical model
evaluates absorption at each active layer, as well as the total reflection of the tandem cell.
A detailed description of the optical model and the underlined equation are discussed and
reported elsewhere [41]. The optical absorption in the perovskite and c-Si active layers
is weighted with the spectral solar irradiance and is used to calculate the short-circuit
current of each cell [7]. The structure is illuminated with transverse magnetic polarized
light (TM) and transverse electric polarized light (TE) separately. Finally, we averaged both
contributions to consider the unpolarized character of the solar irradiation.

3. Results and Discussion

The duty cycle of the grating—the portion of the period occupied by the perovskite cell—
determines the amount of short-wavelength irradiation that is absorbed by the perovskite
cell and the energy transferred to the c-Si cell. It considers the radiation both directly through
the gap of the grating, and after being transmitted through the perovskite cell. We optimized
the design to maximize JSC from both junctions by considering the multilayered grating’s
width , W, and the perovskite cell thickness, H. For a two-terminal tandem cell to operate
properly, an additional condition must be fulfilled: currents from both device junctions
need to be equal. This condition ensures that both junctions electrically matched, so that
JSC(perovskite) = JSC(c-Si). Considering this electrical matching condition, the term JSC will
refer to the short-circuit current of the individual cells.

We performed calculations with values of W between 50 nm and 650 nm (grating duty
cycle ranging from 6.25% to 81.25%). The height ranges of the perovskite active layer went
from 100 nm to 1000 nm. The diffusion length of the photo-generated charge carriers in
perovskites is about 1 µm, so we limited the maximum height of the perovskite layer in
our calculations to this value [42]. The results for the optimization calculation are shown
in Figure 2. They show that increasing the width, W, generates a lower response from
the c-Si cell (see Figure 2a). The same trend is observed when enlarging the thickness of
the perovskite layer, H. The increase in both W and H leads to a larger volume of the
perovskite multilayer and a higher absorption inside it, which leads to a lower generation
of power at the c-Si cell. This result is expected because the perovskite multilayer extracts
power from the incoming radiation, reducing the amount to be absorbed by the c-Si cell.
The behavior of the perovskite cell is a little more complex (see Figure 2b). The delivered
short-circuit current, JSC increases with thickness, H (more active medium involved), but it
shows an optimum value for the width of the grating ('50% duty cycle). The black lines in
the maps of Figure 2a,b, define the geometrical parameters that yield the same JSC value
as the reference planar device (16.2 mA/cm2) [7]. These lines divide the maps into two
regions of interest: I and II. Region I corresponds to a JSC value lower than the value of JSC
for the reference device with ITO and region II yields a JSC value higher than the one for
the reference planar device. Therefore, the optimum geometry is in region II, where the
design delivers a short-circuit current higher than the reference planar tandem cell. When
choosing the geometrical arrangement of the grating lying in region II of both Figure 2a,b,
we also need to fulfill the matching current condition. This situation is marked by the
black star on the maps of Figure 2. It corresponds to a width W = 250 nm and a thickness
H = 750 nm of the perovskite layer. The JSC value at this point is 16.7 mA/cm2, which is
1.03 times the value of the reference planar device that uses an ITO top contact.

When analyzing the electromagnetic behavior of the proposed nanostructure, we
observed how the top metallic contact efficiently redirects light towards the active layers
of both devices. At the same time, the structure responds differently in terms of the
polarization state of the incoming radiation. The results of this analysis is shown in
Figure 3a,b for the TE and TM linear polarizations, respectively. Here, transversal means
that the field vector is aligned along the grooves of the grating (perpendicular to the cross
section presented in Figure 1c). The short wavelength portion is mostly absorbed by the
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active layer at the perovskite cell (shown in gray) and the long wavelength portion is
absorbed by the active layer at the c-Si cell (shown in light blue). The sum of the absorption
at both two active layers is plotted as a red solid line and the total reflection is plotted
as a black solid line. The values of absorption at the active layers and total reflection
for the reference planar ITO tandem cell are also represented as red and black dotted
lines, respectively. Since the reference planar ITO tandem layer is polarization insensitive,
the dotted lines are the same for both figures. These figures show that TE behaves better
than TM for both parts of our nanostructured tandem cell. Moreover, the c-Si cell partially
absorbs energy at short wavelengths as its surface is directly exposed to light. However,
most of this absorption comes from the reduction in the total reflectance of the device. Our
calculation of the short-circuit current uses the weighted absorption at the active layer
with the AM1.5 solar spectrum. Based on these observations, we do not expect the final
performance to degrade due to this absorption at short wavelengths at the c-Si cell. When
averaging the TE and TM results, we obtained the performance for the unpolarized solar
irradiation. Our design maximizes the short-circuit current of each cell. This optimization
also provides a lower total reflectance for the proposed design (black solid line in Figure 3)
when compared the reference planar device (black dashed line in Figure 3). This reduced
total reflectance appears over the whole spectral range of the device.

Figure 2. Short-circuit current maps in terms of the thickness, H, and width, W of the perovskite
layer, for the c-Si cell (a) and the perovskite cell (b). The black line represents the value of the
short-circuit current obtained for the reference planar cell. Regions I and II contain the configuration
delivering a smaller or larger JSC than the planar tandem cell, respectively. The black star denotes the
configuration selected in this contribution, meeting the equal short-circuit current condition in both
cells of the tandem configuration.

Figure 3. Absorption and reflection for (a) TE and (b) TM cases. The gray color region represents the
absorption of the perovskite active layer and the light blue color region is for the absorption at the
c-Si active layer. The red solid line denotes the total absorption in the active layer for both of them
and the black solid line is the total reflection of the nanostructure cell. The red and black dotted lines
show the total absorption in perovskite and c-Si active layers and total reflection for the planar solar
cell, respectively.
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Figure 4 shows the maps for the electric and magnetic field distributions for the TE
and TM polarized light, respectively. We have evaluated these fields for two wavelengths,
λs = 600 nm and λl = 850 nm, located at the spectral regions where the perovskite and
c-Si cells absorb best, respectively. As expected, for λs, the electric and magnetic fields
are stronger at the perovskite cell, leaving almost no power for the c-Si cell to absorb.
Additionally, for λl , light is redirected by the grating towards the c-Si cell, generating larger
field amplitudes. This trend is maintained for an angle of incidence of 60◦.

Figure 4. Electric field (a) and magnetic field (b) maps for the TE and TM polarizations, respectively.
These maps were calculated for short and long wavelengths (λs = 600 nm and λl = 850 nm), and for
normal and oblique incidence conditions (θ = 0◦ and θ = 60◦).

In solar energy applications, solar cells receive sun irradiation from very different
angles throughout the day. Therefore, solar cell devices must maintain a high performance
under oblique illumination conditions. The dependence of the JSC value of perovskite and
c-Si junctions with respect to the angle of incidence is shown in Figure 5. The values for the
planar device is also included for comparison. Both devices behave almost the same through
the whole angular range, with a slightly better performance of the nanostructured device at
small angles of incidence (between 0◦ and 20◦ degree) and a little better performance of the
planar device at large angles of incidence (from 40◦ to 60◦ degree). In any case, both devices
maintain over 80% of their maximum performance value at normal incidence up 70◦.

Figure 5. Short-circuit current as a function of the angle of incidence for the nanostructured and
planar solar cells. The red line with closed circles is for the perovskite cell and the green line with open
circles is for the c-Si in the nanostructure cell. The black line with open stars is for the perorvskite cell
and the blue line with closed stars is for the c-Si in the planar cell.

4. Conclusions

Transparent oxides are widely used to work as top contacts in solar cells. However,
the advantage of these materials in terms of their electrical and optical properties is coun-
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terweighted by some other issues: their availability is limited, they are rigid and not easily
applicable to flexible designs, and the fabrication technique may involve processes that can
compromise the performance of the device. To replace these materials and maintain the
functionality of the system, we have presented a novel arrangement for tandem solar cells
that include perovskites on c-Si. The ITO top contact layer is removed, and a gold layer
is placed on top of a periodic 1D multilayer grating. This periodic structure contains the
perovskite cell of the tandem arrangement, where the c-Si cell is placed under the grating.

Our design optimizes the structure by maximizing the short-circuit current of the
whole device when considering the solar spectral irradiance and its unpolarized character.
To do this, we have used a computational electromagnetism package based on the finite
element method that has been positively proved to describe the behavior of optoelectronic
devices. The parameters used to optimize the system were: the width of the perovskite
cell—which is directly related to the grating duty cycle—including the top metallic contact;
and the thickness of the active layer of the perovskite cell. Using our simulations, we were
able to balance the distribution of light between both cells and to generate an electrically
matched tandem cell with a maximum short-circuit current. The calculated value of JSC is
1.03 times the value of the reference planar tandem cell that uses an ITO top contact. Reach-
ing this value ensures that the replacement of the ITO top electrode does not degrade the
efficiency of the cell. The computational evaluation considers unpolarized solar irradiation
by averaging the results from TE and TM incidences. We also analyzed the dependence
of the device’s performance with respect to the angle of incidence and we also observed
a similar behavior of our device compared to the reference planar device with ITO contact.

In summary, the approach presented in this paper shows advantages over the typical design
in terms of the availability and cost of the materials, while providing a comparable performance.
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