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ABSTRACT: One of the promising approaches to improve the efficiency of conventional single-crystalline silicon (c-Si) solar
cells is their integration in a tandem arrangement. In this perspective, inorganic—organic perovskites are an ideal blend of
materials to combine with c-Si owing to their complementary light absorption characteristics. Even though interesting and
promising combinations of perovskite/c-Si-based solar cells have been presented, their overall efficiency has been limited by the
photocurrent reduction occurring in both perovskite and silicon due mostly to reflection and parasitic losses. Here, we envision
and model a new design strategy for an efficient light-to-current conversion through the use of a nanopillar array based
perovskite/c-Si tandem solar cell. The optical—electrical performance of the proposed architecture is analyzed by a 3D finite-
element numerical model. In particular, we have searched for the best optical enhancement conditions through the tuning of the
cell geometrical parameters, demonstrating the importance of optical resonances. Afterward, we have evaluated the electrical
response of the optimized structures in a four-terminal (4-T) configuration by studying the current—voltage characteristics and
power conversion efficiency. In particular, the introduced solar cell yields a conversion efficiency of 27%, with contributions of
18.5% and 8.51% from perovskite and c-Si, respectively. We have compared our proposed nanopatterned design with its planar
counterpart characterized by the same quantity of active material, obtaining a relative efficiency enhancement of 21%.
Importantly, the conversion efficiency of our proposed design surpasses the efficiency of single-junction perovskite and c-Si solar
cells, and, similarly, it represents a new achievement for 4-T perovskite/c-Si tandem solar cells.

KEYWORDS: perovskite solar cells, nanowire, tandem solar cell, photovoltaics

he photovoltaic industry has been growing rapidly and

targets to deliver electricity for less than $1/W."” Despite
this promising future, nowadays photovoltaics contributes only
<1%' to the world’s electricity generation, which directly
conveys the fact that there is still a requirement for reducing the
cost of electricity generation while maintaining or increasing
the power conversion efficiency (PCE). In the past few years,
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several companies have been shut down after proposing
innovative photovoltaic technologies® in view of reducing the
cost/watt. In this regard, it has been suggested that the most
promising way for companies to establish new ventures in the

Received:  April 20, 2017
Published: June 22, 2017

DOI: 10.1021/acsphotonics.7b00406
ACS Photonics 2017, 4, 2025—-2035


pubs.acs.org/journal/apchd5
http://dx.doi.org/10.1021/acsphotonics.7b00406

ACS Photonics

field of photovoltaics is to upgrade the market-leading
technology, crystalline silicon (c-Si), instead of seeking
replacements.” The main motivation is that the photovoltaic
market has been dominated by c-Si solar cells, with the current
market share contribution of 90%." According to Shockley et
al,” c-Si possesses an ideal band gap for solar applications, but
due to Auger recombination, it is limited to a theoretical
conversion efficiency of 29.4%.° Recently, Yoshikawa et al.”
reported the world’s highest power conversion efficiency of
26.3%, thus approaching the theoretical limit. In this regard,
one of the most promising approaches is indeed to embrace
even more tightly the fundamental Si-based solar cell
technology and integrate it with another solar cell technology
to achieve higher efficiencies by maintaining a low power cost.
A very interesting way toward this goal is to use dual junction
solar cells combined with different types of absorbing materials.
This approach would allow for the harvesting of different parts
of the solar spectrum in order to target the highest possible
efficiency.”

Dual-junction solar cell technology, known also as tandem
technology, has been realized and demonstrated successfully in
the form of micromorph (a-Si:H and pc-Si) technology,9
organic solar cells,"” and quantum dot solar cells'" for low-cost/
watt power generation devices. However, none of these
approaches have ever surpassed or even approached the
efficiency of single-junction c¢-Si solar cells due to a number
of practical reasons, such as optical losses, i.e., reflection from
the device, absorption within the contact layers, subgap
absorption within the active absorber materials, and an optically
thin active layer in the case of a thin-film solar cell. Recently,
this situation has drastically changed owing to the emergence of
organic—inorganic perovskite semiconductors, which offer both
low cost and high PCE.'> The perovskite semiconductor
exhibits important properties such as strong absorption within
the visible region of the sunlight spectrum,”® low nonradiative
Auger recombination,"* high carrier mobili 5 and large
diffusion length, exceeding the 1 um range,1 17 which adds
up to a record PCE for perovskite-only cells of 22.1%."% In this
regard, perovskite is indeed quite attractive for tandem solar
cells, where it can be integrated with the market-dominant c-Si
solar cell technology with the aim of enhancing the overall
efficiency of ¢-Si by maintaining a low cost.

In perovskite/c-Si tandem solar cells, photons that possess
higher energy are absorbed by the perovskite-based top subcell,
while the transmitted infrared photons are absorbed by the
bottom subcell made of c-Si, resulting in a wide spectrum
coverage up to 1.12 eV. Tandem solar cells have been mostly
realized in two configurations: four- and two-terminal
architectures. Four-terminal (4-T) tandem solar cells can be
envisioned as a consecutive stack of two subcells, being
optically coupled but electrically independent; that is, addi-
tional terminals are employed to extract the power from each
subcell. The stacked 4-T configuration eases constraints such as
current—density matching and tunnel junction formation,'® but
it suffers from additional fabrication complexities and increased
optical losses due to the presence of extra terminals between
the subcells. Vice versa, in the two terminal (2-T) tandem
configuration both subcells are optically and electrically
connected to each other. Considering that the subcells are
connected in series, the system delivers less complexity in terms
of fabrication but hinders its own performance due to the
requirement of current-matching fulfillment and the presence
of an additional tunnel junction (recombination junction).”* In
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recent times, both configurations have been investigated with
respect to perovskite/c-Si tandem solar cells, and the results
look promising in regard to the possibility of realizing low-cost
high-PCE photovoltaic devices.

The few existing reports on experimental 4-T tandem solar
cells based on perovskite/c-Si mainly focus on the selection of
the front and intermediate transparent electrodes. Bailie et al.”!
demonstrated a promising approach to fabricate silver nano-
wires used as a semitransparent front electrode to achieve an
efficiency of 17%. Later on, Loper and co-workers™” used
indium tin oxide (ITO) as a top electrode, where a c-Si layer of
a few hundreds of nanometers was considered to record an
efficiency of 13.2%. Afterward, Werner et al.”® raised the
conversion efficiency to 18.2% by using zinc-doped indium
oxide (IZO) as a front contact. Recently, McMeekin et al.”*
introduced a highly crystalline and compositionally photostable
perovskite absorber leading to the remarkable conversion
efficiency of 25.2%. The authors also concluded that through
proper optical management the conversion efficiency could rise
even beyond 30%. Apart from c-Si-based bottom subcells,
Kranz et al.”> proposed a perovskite/copper indium gallium
diselenide (CIGS) 4-T tandem solar cell capable of producing
an efficiency of 19.5%. This was an important result inasmuch
as it demonstrated that perovskite could also be integrated with
other technologies to produce highly efficient tandem solar
cells.

For 2-T perovskite/c-Si solar cells, Mailoa et a
demonstrated a 13.7% efficient solar cell by exploiting a tunnel
junction with low resistance. Furthermore, S. Albrecht et al.”’
reported a conversion efficiency of 18.1% by fabricating the
hole transport material with a combination of Spiro-OMeTAD
and molybdenum oxide while sputtered indium tin oxide was
used as a front electrode. In more recent times, 21.2% efficiency
was achieved by Werner and co-workers,”® who addressed the
issue of charge recombination. An exotic approach was recently
introduced where, through an intelligent optical splitting
system, the light was separated into different paths leading
directly to the perovskite and c-Si subcells. Importantly, the
authors could reach a remarkable conversion efficiency of
28%.%

Even though interesting and promising results of perovskite/
c-Si-based solar cells start appearing, it is important to stress the
important fact that the overall efficiency of 2-T/4-T
configurations is limited by the photocurrent reduction in
both perovskite and silicon subcells due mostly to reflection
and parasitic losses occurring at the transparent front and back
electrodes.””***' To tackle this issue, Wei et al.> through an
analytical model demonstrated the importance of textured light-
trapping structures in planar perovskite thin films. Furthermore,
Loper and co-workers™ demonstrated the importance of
Lambertian trapping in the top cells, which comprises a
perovskite solar cell to achieve higher efficiencies. This simply
means that in order to achieve an overall higher conversion
efficiency, we required light-trapping techniques for perovskite
tandem solar cells. Furthermore, Padro et al.** reported that a
decrease in power conversion efficiency in the perovskite solar
cell is due to faster electron—hole recombination rates.

Nanopillar (NP) array based solar cells”> >’ could be one of
the most promising candidates for efficient light trapping and
charge separation for increasing absorption and the collection
of charge carriers. Indeed, compared with planar solar cells, the
use of NP arrays can lead to nearly gerfect light absorption due
to strong guided mode resoances, %39 and, when integrated
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Figure 1. (a) Schematic of NP array based perovskite/c-Si 4-T solar cell. The system comprises a top subcell composed of periodically arranged NP
perovskite (CH;NH;Pbl;) and a c-Si heterojunction bottom subcell. (b) Schematic of nip junction configuration of the top subcell where perovskite
(CH;NH,PbI,) is the photoabsorber and TiO,/Spiro-OMeTAD is playing the role of ETL/HTL layer.

with low-cost substrates such as Si, they can produce a
significant reduction in the final cost/watt.*”*' Apart from
strong optical absorption, the NP array highlights the collection
of charge carriers in radial or axial directions.*” Recently, Park
et al.” reported the integration of nanopillared NiO thin films
as a hole transport layer in perovskite solar cells, and they were
able to produce a conversion efficiency of 17.3% owing to a
reduction of the recombination rate. In a different work, Im and
co-workers** demonstrated solution-processed nanowire per-
ovskite solar cells and obtained a conversion efficiency of
14.71%. Additionally, our group also investigated the role of
perovskite nanowire array based tandem solar cells by using
germanium as a substrate, and we were able to achieve a
quantum efficiency of 77%."° Besides, Zong et al.*
demonstrated a solution-processed tubular perovskite solar
cell serving to facilitate charge separation between perovskite/
hole transfer layer (HTIL) interfaces; as a result, a higher open
circuit voltage was achieved. However, the proposed tubular
structure displays poor light-trapping capability as compared to
the planar structures even though it can be improved by tuning
its geometrical parameters.

Together with experimental studies, some numerical models
have been introduced to analyze the effect of combining
perovskite with c-Si. Most of these models have been focusing
only on light-management aspects through, for example,
pyramidal surface texturing performed on the front and back
sides of perovskite and c-Si to enhance the optical path length
of light. Results from just optical analysis suggest a theoretical
efficiency even higher than 30%."”** Few models have however
been used to address both the optical and electrical aspects of

perovskite-based solar cells, and the few examples are limited to
1D systems.””" In this regard, there is still a lack of predictive
3D opto-electrical numerical models to fully understand the 4-
T tandem physics and transport properties of charge carriers. It
is for this reason that in this work we propose a new design
strategy for 4-T perovskite/c-Si tandem solar cells, and we
evaluate its performance through a 3D opto-electrical numerical
model based on COMSOL Multiphysics (for the model
validation refer to the Supporting Information). In particular,
the top subcell comprises perovskite NPs connected axially
with compact TiO, NPs and Spiro-OMeTAD NPs, which act as
electron and hole transport layers, as shown in Figure 1b. On
the other hand, the bottom subcell is mainly composed by bulk
c-Si, therefore limiting the nanopatterning strategy to the top
subcell. In this regard, an optimization study based on the
geometrical characteristics of the cell was performed where the
photocurrent density was used as a benchmark. We then
evaluated the electrical response of the optimized structures in
4-T configuration by studying the current—voltage character-
istics and power conversion efficiency. Finally, we compared
our proposed architecture with the state-of-the-art tandem and
single-junction solar cells with respect to the power conversion
efficiency. The results suggest that the architecture proposed in
this work has indeed great potential to improve the

performance of tandem solar cells.
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Figure 2. (a) Top perovskite subcell. (b) Map of the maximum photocurrent density calculated in the top perovskite subcell as a function of the NP
diameter D and array periodicity P. (c) Calculated absorption efficiency A, in the top perovskite subcell for different diameters D, while the
periodicity P is kept constant at 350 nm. Inset: Maximum photocurrent density as a function of diameter D at constant P equal to 350 nm. (d)
Calculated absorption efficiency A ¢ in the top perovskite subcell for different periods P, while the diameter D of the NPs is kept constant at 180 nm.
The light orange line represents the AM 1.5G solar spectrum. Inset: Maximum photocurrent density as a function of periodicity P at a constant D

equal to 180 nm.

B PROPOSED STRUCTURE AND SIMULATION
METHOD

In a 4-T perovskite/c-Si configuration, the top perovskite and
bottom c-Si subcells are electrically independent, although they
are optically coupled to each other as shown in Figure la.

In particular, the top subcell is formed by an array of
perovskite NPs axially connected to TiO, and Spiro-OMeTAD
NPs as shown in Figure 1b. Furthermore, 150 nm thick ITO is
used as top contact of the nip junction based vertically grown
and axially connected NPs, where CH;NH;Pbl; perovskite is
acting as photoabsorber, while compact TiO, and Spiro-
OMeTAD play the role of electron (ETL) and hole (HTL)
transport layers, respectively. The height of the perovskite NPs
is 1 pm, a choice dictated by the diffusion length of the charge
carriers,'” while the height of the ETL/HTL NPs is 50 nm.
Furthermore, similarly to Flipic and co-workers,*® we have also
considered 10 nm of magnesium fluoride (MgF,), which works
as an antireflection layer. However, considering that the optical
properties of MgF, are similar to those of ITO, the MgF, layer
is not included in our simulation model. At the rear side of the
top perovskite subcell, 70 nm thick ITO is employed as bottom
contact, which also acts as a transmission window for the
bottom c-Si subcell. A feasible and comprehensible fabrication
process to develop the 2perovskite NPs is described by Zheng et
al’' and Wong et al,,>” who employed a growing technique to
realize the nanopillars. Alternatively, anodized aluminum oxide
templates could be employed to form uniform nanohole arrays
to be subsequently filled with perovskite and the transport
layers, as recently demonstrated by Ashley et al.>

The bottom c-Si subcell comprises a 200 ym thick n-type c-
Si wafer physically coupled to 10 nm of n-type and p-type a-
Si:H layers amalgamated with S nm intrinsic layers of a-Si:H, as
shown in the bottom part of Figure la. These layers of a-Si:H
are used to form the p/n junction and also serve to minimize
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the surface recombination at both the front and rear sides of the
subcell. A 70 nm thick ITO layer is then used as top contact,
while a 300 nm thick Al layer is used as back contact for the
bottom c-Si subcell. A feasible and comprehensible fabrication
process to develop the c-Si subcell would contain the following
steps:”” a 200 um thick silicon wafer is cleaned through the
RCA process, therefore removing any oxide formed on the
wafer. Afterward, through the plasma-enhanced chemical vapor
deposition technique (PECVD), an intrinsic a-Si:H layer is
formed using aluminum hydride (AiH,) as precursor gas, while
doped a-Si:H layers (n-type and p-type) are deposited through
PH; or B,H, added to the precursor gas, respectively. Finally,
300 nm thick Al as back contact is formed through a sputtering
process at the rear side of the bottom c-Si subcell. It is to be
recalled that as the proposed 4-T tandem solar cell is formed by
two optically coupled subcells (top and bottom), a 2 ym thick
nonabsorbing glass layer is placed in between the two subcells
as optical spacer.

In our simulation setup the employed active layer is formed
by perovskite (CH;NH;Pbl,), which is characterized by a band
gap of 1.55 eV. This choice was dictated by the abundant
studies on CH;NH;Pbl;, which provides all the optical and
electrical parameters necessary for setting up our 3D
optoelectrical model, even though a band gap of 1.7 eV
would have been the best choice to achieve maximum
conversion efficiency while using c-Si (band gap 1.1 eV) as a
bottom subcell.’* Interestingly, the band gap of 1.7 eV could
have been achieved by performing halide substitution such as
bromine.”> Furthermore, very recently Duong et al.’® have
demonstrated that also rubidium could be used as an alternative
cation within formamidinium/methylammonium/cesium per-
ovskite materials to obtain an ideal band gap of about 1.7 eV.
However, the lack of detailed and well-confirmed information
on these kinds of perovskite materials prevents their use for the
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Figure 3. (a) Bottom c-Si subcell. (b) Map of the maximum photocurrent density calculated in the bottom c-Si subcell as a function of the NP
diameter D and array periodicity P. (c) Calculated absorption efficiency A, in the bottom c-Si subcell for different diameters D, while the periodicity
P is kept constant at 350 nm. Inset: Maximum photocurrent density as a function of diameter D at constant P equal to 350 nm. (d) Calculated
absorption efficiency A in the bottom c-Si subcell for different periods P, while the diameter D of the NPs is kept constant at 180 nm. Inset:
Maximum photocurrent density as a function of periodicity P at a constant D equal to 180 nm.

setting up of an optoelectrical numerical model. In particular, in
our simulation setup the wavelength-dependent og)tical
constants of perovskite were taken from Loper et al,”’ and
we employed experimentally determined optical constants of
Spiro-OMeTAD,” which were verified through Lorentzian
modeling by Filipic and co-workers.”” The optical constants of
c-Si were taken from Green et al,”” ITO was described
according to the data from Holman et al,*” while TiO, data
were taken from Topic et al®' Finally, a-Si parameters were
taken from Isabella et al,®> and Al, which is used as back
contact, was described following Palik.”* The parameters for the
electrical modeling of CH;NH;PbI;, in particular the diffusion
lengths, were taken from Li et al,'” ie., an electron diffusion
length equal to 1.7 ym and hole diffusion length equal to 6.3
pum. All the remaining parameters were taken from Minemoto
et al* In the case of the c-Si subcell, we took electrical
parameters from Filipic et al.®* All the parameters are
summarized in Table S1 and Table S2 of the Supporting
Information. Furthermore, both optical and electrical simu-
lation methods are explained in detail in the Supporting
Information.

B RESULTS AND DISCUSSION

In our optical model the geometrical parameters are tuned to
optimize the overall performance of the introduced perovskite
NP array tandem solar cell. In particular, the diameter D of the
NPs and the period P of the NP array are modified to
determine their influence on the top and bottom subcells in
terms of maximum photocurrent density (see eq 3 and eq 4 in
the Supporting Information). The NPs follow a square pattern.

Figure 2b shows the maximum photocurrent density map as
a function of D and P of the NP array calculated for the top
perovskite subcell (]Pew) , as illustrated in Figure 2a. The figure
shows an increase of the current with the NP diameter D, as

highlighted by the dashed arrow, which can be explained

2029

through the corresponding increase of the volume of the active
material. This is confirmed by Figure 2¢, where the absorption
efficiency A (see eq 1 in the Supporting Information for
details) is illustrated for three selected diameters and the inset
displays rapidly increasing J,.,, (according to eq 3 of the
Supporting Information) as a function of the diameter. Apart
from volumetric effects, tailoring the diameter D of the NPs can
also g)lay a role in tuning the waveguide resonances of the
NPs.”” Indeed, with x-polarized incident light (see Figure 1),
resonance conditions can be achieved through the increase/
decrease of the NPs’ diameter, thus moving the region of
absorption enhancement closer to the critical wavelength range
just below the band gap.

On the other hand, from Figure 2b it was realized that no
significant variation in ], appears in the top subcell while
increasing the period P of the NP array. This is indeed a
marginal effect, as highlighted by the inset in Figure 2d
calculated for increasing P and constant diameter D = 180 nm.
The explanation lies in the small change affecting A.4 upon
period change, as shown in Figure 2d. Most importantly, Figure
2¢,d highlight the role of the perovskite subcell: The perovskite
top subcell is capable of effectively collecting radiation in the
300 to 800 nm wavelength range, while zero absorption occurs
at higher wavelengths.

A similar analysis of the bottom c¢-Si subcell, as schematized
in Figure 3a, reveals an opposite behavior with respect the top
perovskite subcell. Indeed, an increase of D is associated with a
clear decrease of the maximum photocurrent density J.g;, as
highlighted by the black arrow in Figure 3b and by the inset in
Figure 3c. This behavior can be explained through the main
plots in Figure 3¢, where the quantity A is reported. In
particular, in the wavelength range from 500 to 750 nm we can
note a rapid drop of A upon increase of D, which is the
counterpart of the behavior manifested in Figure 2¢ for the
same wavelength range. On the contrary, and similarly to the
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Figure 4. (a) Maximum photocurrent density map for a full 4-T perovskite/c-Si solar cell. The dashed line indicates the geometrical conditions
associated with the best performance. (b) Calculated maximum photocurrent density as a function of the perovskite NPs diameter D at period P
equal to 350 nm. The black dot represents the maximum current density occurring at D = 180 nm. (c) Calculated absorption efficiency A of top
and bottom subcells of the perovskite/c-Si tandem solar cell with respect to the optimized parameters, ie., at D = 180 nm, P = 350 nm. (d)
Calculated absorption loss in the form of A ¢ in the front contact ITO (red, left) and reflection (blue, right) for the proposed 4-T tandem structure.
The inset shows the calculated absorption loss for the different layers forming the solar cell (see Figure 1).

top perovskite subcell, there is no significant change in J_g;
while increasing the period P, as shown in Figure 3b. This result
is highlighted for D = 180 nm in the inset of Figure 3d.
However, in a small wavelength range the quantity A
calculated in the bottom subcell increases with P (see Figure
3d), once again as counterpart of the behavior noted in Figure
2d. Finally, Figure 3c,d highlight the capability of the bottom c-
Si subcell in absorbing light in the remaining 800 to 1100 nm
range, a complementary portion of the spectrum with respect to
absorption capability of the top perovskite subcell.

From the aforementioned results we can infer that the
maximum photocurrent density for both the subcells is strongly
dependent on the diameter D of the NP array. Furthermore, we
observe that the tunability of the period P does not appreciably
influence the current density, which, from a fabrication
perspective, represents a strong advantage inasmuch as it
relaxes the fabrication constraints.

We can now determine the ideal geometrical conditions of
the full perovskite/c-Si tandem solar cell with the purpose of
maximizing its photocurrent density J, 7. The optimum
geometrical parameters are obtained looking at the added
photocurrent contributions from the top perovskite and the
bottom c-Si subcell, as presented in Figure 4a. In particular, P =
350 nm and D = 180 nm correspond to the maximum in the
Jor current density plot with a value of 35.6 mA/cm?, as shown
in Figure 4b. Figure 4c reveals the tandem nature of the device;
that is, between 300 and 800 nm the top perovskite subcell
dominates the absorption of light, while between 800 and 1100
nm light couples mostly to the bottom c-Si subcell. The results
are obtained for the optimum geometrical parameters as shown
in Figure 4b.

For a complete optimization of the introduced 4-T solar cell,
besides the positive aspects related to the light absorption from
¢-Si and CH3NH,PbI; it is important to analyze the parasitic
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absorption (ie., light absorbed by layers of materials different
from the active ones) and reflection losses, which might
negatively affect the overall output of the solar cell. In this
regard, Figure 4d plots the quantity A. associated with the
optical loss calculated in the ITO front contact layer (red line)
and the light reflected by the overall tandem solar cell (blue
line). The figure shows almost no absorption loss due to ITO
in the near-infrared region of the spectrum, while the only
appreciable absorption occurs in the UV—visible range (up to
400 nm). Absorption loss was also calculated for some of the
remaining material components of the solar cell (inset),
resulting in negligible losses when compared to the absorption
loss of ITO. This result suggests that replacing ITO with a
different transparent electrode material such as graphene,*
which exhibits less absorption in the visible range, might lead to
better performance of the solar cell However, in order to
compare the performance of the proposed design with the
state-of-the-art planar 4-T perovskite tandem solar cells,””*° we
have chosen to keep ITO as front electrode.

Regarding the light reflected by the tandem solar cell, we can
observe that above 1000 nm most of the light is indeed
reflected, suggesting that the chosen 200 ym thick c-Si active
layer is optically thin; namely, it does not allow for a complete
absorption of the impinging light. A further improvement of the
solar cell optical properties could then be achieved by
thickening the active layers or by employing scenarios involving
grating or light-trapping structures. However, at present we
have maintained the c-Si layer as thick as described in Figure 1.

One of the original aspects of the present work is the
nanopatterning approach employed for designing the top
perovskite subcell. Important insights on the optoelectro
advantages coming from this choice can be attained by
comparing the quantity A, calculated for the nanopatterned
solar cell and its planar counterpart. In this regard, a layer of
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CH;NH,Pbl, as thick as 207 nm® was chosen in order to
realize a planar perovskite structure with a volume of active
material equivalent to the NP array configuration. From Figure
Sa it is observed that the NP array configuration improves A g
over a broad range of wavelengths with respect to the planar
perovskite, in particular between 530 and 800 nm. The
resulting photocurrent density (see eq 3 in the Supporting
Information) is 20.6 mA/cm?, far exceeding the current density
of 16 mA/cm? obtained for the planar equivalent structure (207
nm thick perovskite layer). Therefore, a ~29% photocurrent
enhancement is obtained through the proposed nanopatterned
structure with respect to the planar configuration. Indeed, by
analyzing the near-field response of the structure, we can
observe that the A.; improvement is mainly originating from
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the electric field enhancement associated with the optical
resonances®® excited in the NPs. The corresponding peaks I—
III are highlighted in Figure Sa, and normalized electric field
distributions are shown in Figure Sb. In particular, the electric
field distribution at A = 710 nm (peak III) reveals the most
intriguing features, where the excitation of Fabry—Perot modes
(waveguide-like modes) induces light to experience a confine-
ment originating from the reflection from both front ITO/
Spiro-OMeTAD and TiO,/back ITO interfaces.

With respect to the latter considerations, we must recall the
normal incident radiation assumed for the calculations of Figure
5. However, the angle of incidence of the impinging light is
known to play a key role in the performance of any solar cell,
although considerations in this regard are often neglected in the
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literature. We have then investigated the optical response of our
tandem solar cell by varying the incident angle ¢ (polar angle)
from 0° to 90° while keeping the azimuthal angle & equal to
zero, as shown in Figure 6a. In particular, the A spectra for the
perovskite and c¢-Si subcells are shown in Figure 6b and c,
respectively. For completeness, the two polarizations corre-
sponding to the electric field E |l x and to E |l y were considered.
From the maps, obtained by assuming the geometrical
parameters D = 180 nm and P = 350 nm (the optimum
configuration as in Figure 4a), it can be well distinguished the
different optical working range between the top perovskite
subcell and the ¢-Si bottom counterpart together with limited
dependence on the polarization. Furthermore, the figures
demonstrate a sudden drop of A for angle ¢ around 60°/80°.
This important result was then translated into the calculation of
the maximum photocurrent density shown in Figure 6d and e,
respectively associated with perovskite and c¢-Si subcells. Here,
in order to resemble realistic unpolarized light, the average of
the contributions from the two polarizations was obtained. In
both figures a close to constant photocurrent behavior can be
observed in the ¢ range 0° to 60° (as shown in the insets),
followed by a fast drop of the signal, consistent with the maps
of Figure 6b and c. This important result demonstrates the
capability of our tandem perovskite/c-Si solar cell in efficiently
collecting incoming light in a wide range of incident angles,
which makes it particularly suitable for realistic applications.
In order to have a complete understanding of the
performance of a solar cell, besides an optical characterization
it is also necessary to employ a careful study of its electrical
properties. Indeed, it is only through the optimization of these
two aspects that high performance can be achieved. With
respect to the electric study of the perovskite-based NPs/c-Si
architecture, we have determined the current—voltage (J—V)
characteristic by employing eqs 7, 8, and 11—13 described in
the Supporting Information. As the top and bottom subcells are
electrically independent, we have calculated the J—V character-
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istic of each subcell, yielding two different maximum power
points. The whole 4-T tandem device efficiency is then
computed by adding the conversion efficiency of each subcell.
The structural parameters used in the electrical simulations are
based on the results of the previous optical optimization, i.e., P
= 350 nm, D = 180 nm.

The J—V characteristics under light and dark illumination
conditions are shown in Figure 7a and b for top and bottom
subcells, respectively. In particular, with a fill factor (FF) of
79.2%, a short-circuit current density (J,.) of 19.8 mA/cm? and
an open-circuit voltage (Vo) of 1.18 V, the resulting
conversion efficiency (1, see Supporting Information) for the
top NP array based subcell is equal to 18.5%, as displayed in the
left column of Figure 7c. On the other hand, the calculated
for the bottom c-Si subcell is equal to 8.51% with a V¢ of 0.70
V, J.. of 15.3 mA/cm?, and FF of 79.5%. The total four-terminal
tandem device provides thus a 27% efliciency, 21% relatively
higher than the efficiency from a planar perovskite tandem solar
cell with the same material volume as indicated in the right
column of Figure 7c. When the conversion efliciency is
calculated only for the top subcell, this quantity is 46.8% higher
than for the planar equivalent structure. This extraordinary
enhancement is due to the higher ], which is due to light
coupling through waveguide-like modes excited in the NP
structure.

Finally, in Figure 7d we have compared the proposed
perovskite NP tandem solar cell with the current state-of-the-
art solar cells by listing the highest reported efficiencies
including single-junction perovskite,” crystalline silicon,”” and
#2258 Our proposed design based on a
perovskite NP array shows a remarkable efficiency of 27%,

tandem solar cells.

which exceeds single-junction c¢-Si and perovskite configura-
tions as well as the previously reported tandem solar cells
thereof.”*”"
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Bl CONCLUSION

To summarize, we have introduced a novel four-terminal
nanopillared perovskite/c-Si tandem solar cell that was
numerically investigated by means of a predictive 3D finite-
element-based optoelectrical model. The introduced architec-
ture is based on the combination of a c¢-Si heterojunction
bottom subcell with a nanopillared perovskite CH;NH;PbI,
top subcell. The obtained conversion efficiency of the tandem
device is 27%, with contributions of 18.5% and 8.51% from the
top and bottom subcells, respectively. Furthermore, we have
compared our proposed nanopatterned tandem design with its
planar counterpart characterized by the same quantity of active
materials, obtaining a relative efficiency enhancement in favor
of the nanopatterned one of about 21%, hence demonstrating
the advantage of using nanostructured cells. Importantly, the
conversion efficiency of our proposed design surpasses the
efficiency of single-junction perovskite and c-Si solar cells, and,
similarly, it surpasses the efficiency of state-of-the-art 4-T
perovskite/c-Si tandem solar cells. In perspective, the concept
of nanostructured subcells in tandem configurations can be
extended to different kinds of material combinations such as
perovskite/ CIGSe’>”> or perovskite/u-cSi. Finally, by pursuing
a similar approach, 2-T configurations can be realized by
enabling a current match between the top and bottom subcells
through the geometrical tuning of the whole solar cell.
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