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Photonic Intermediate Structures for

Perovskite/c-Silicon Four Terminal
Tandem Solar Cells

Augusto Martins, Ben-Hur Viana Borges, Juntao Li, Thomas F. Krauss, and Emiliano R. Martins

Abstract—Tandem perovskite/silicon devices are promising can-
didates for highly efficient and low-cost solar cells. Such tandem so-
lar cells, however, require careful photon management for optimum
performance, which can be achieved with intermediate photonic
structures. Here, we identify the ideal requirements for such in-
termediate structures in perovskite/silicon tandem cells. Counter-
intuitively, we find that the reflectance in the perovskite absorption
window, i.e., below approx. 800 nm wavelength, does not have a
strong impact on the tandem performance. Instead, the main func-
tion of the intermediate structure is to act as an optical impedance
matching layer at the perovskite—silicon interface. This insight af-
fords the design of simple and tolerant photonic structures that can
obtain efficiencies surpassing 30 %, assuming a passivated emitter,
rear locally diffused (PERL) bottom cell and realistic perovskite
top cell, by optical impedance matching alone.

Index Terms—Intermediate reflectors, optical impedance
matching, perovskite, photovoltaics, photonic nanostructures, sili-
con, tandem solar cells.

I. INTRODUCTION

OR solar cells to become competitive with traditional en-
F ergy sources, their cost per Watt of energy needs to be
reduced. This cost depends mainly on the installation and man-
ufacturing process as well as on the power conversion efficiency.
As the average price of silicon has already dropped sharply in
the last decade [1], the manufacturing costs are already very
low and the installation costs are difficult to reduce, much of
the research effort is now focusing on the efficiency problem.
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Since the efficiency of single junction silicon cells is already
approaching its theoretical limit of 30% [2], [3], it is essential
to seek low-cost alternatives to boost the efficiency of silicon
solar cells beyond their single junction limit. As a result, there
has been a surge in interest in tandem solar cells using silicon
as the low band gap absorber and perovskite as the high band
gap absorber [4]-[9], with the goal of exploiting the higher
open-circuit voltage of perovskites. This interest is justified by
the combination of the mature silicon technology with the huge
potential of perovskites to deliver low-cost and highly efficient
solar cells [9]-[11]. Theoretical analyses suggest that, in prin-
ciple, tandem silicon perovskite cells can have efficiencies in
excess of 30% [4], [5], [12], while there have been experimental
reports of tandem silicon perovskite cells reaching 23.4% [6],
18% [8],25% [13], and even 28% [14], the latter using an optical
splitting system. In order to be technologically viable, tandem
cells need to be realized as stacked structures, in which case
the performance is highly dependent on photon management.
For example, in two-terminal tandem cells, photon manage-
ment is used to balance the absorption in the different layers
in order to match the currents delivered by each cell. In the
alternative four-terminal configuration, photon management is
used to maximize the absorption in the top cell, which has the
highest band gap and therefore delivers the highest open-circuit
voltage (V,.). Photon management can be achieved by placing
intermediate photonic reflectors between the two cells, with the
reflectance designed to match the top cell absorption band. Ex-
amples of intermediate reflectors include homogeneous layers
[15], [16], photonic crystals [15]-[18], metallic nanoparticles
[19], stacked layers [15], [16], and a combination of those with
randomly texturized surfaces [20]. It is interesting to note that
most of the attention has been paid to the reflectance at shorter
wavelengths, motivated by the desire to optimize the top cell
performance [15]-[20], with only a few papers addressing the
problem of optical impedance matching into the lower cell [18].
Here, we take the optical impedance matching concept further
and demonstrate that it is, in fact, the dominant effect in deter-
mining tandem cell efficiency.

The majority of intermediate reflectors proposed so far have
been targeted at micromorph solar cells, with their potential for
perovskite/silicon tandem cells yet to be explored [9]. As an
example of this potential, Lal et al. have concluded that a com-
bination of an intermediate reflector with a Lambertian scat-
terer can overcome the 30% limit in a perovskite/silicon tandem
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cell [12]. However, it is still not clear what the ideal proper-
ties of an intermediate structure should be and whether these
properties can be met by realistic structures. Here, we address
this problem by first identifying the ideal requirement for inter-
mediate photonic structures in perovskite/silicon tandem solar
cells. Importantly, and counter-intuitively, we show that the in-
termediate structure reflectance into the high band-gap material
(perovskite) absorption window does not have a significant im-
pact on the overall tandem performance. This conclusion differs
from the requirement for micromorph solar cells [14], [21]. In-
stead of boosting the reflectance into the perovskite window, we
show that the intermediate structure should mainly act as an op-
tical impedance matching layer for the spectral region where the
perovskite is transparent, i.e., the intermediate structure should
maximize the optical transmission between the top cell and bot-
tom cell. After carefully identifying this requirement, we design
simple and robust photonic structures that provide broad-band
optical impedance matching between top and bottom cells. Fi-
nally, the performance of different optical impedance matching
structures is compared to that of intermediate reflectors, ana-
lyzing the impact of both classes of photonic structures on the
overall performance of the tandem solar cell. The conclusion is
that simple and efficient structures are obtained when only an
optical impedance matching layer is used. As an example, we
show that by varying the reflectivity and cut-off wavelength of
the intermediate reflector, the highest increase in short-circuit
current, assuming there is no light trapping, is 18.5% compared
to a structure without intermediate reflector, and it is achieved
for R = 0, i.e., for an optical impedance matching layer.

II. IDEAL INTERMEDIATE PHOTONIC STRUCTURE

We begin by identifying the ideal requirements for the inter-
mediate photonic structure, which is placed between the per-
ovskite and silicon absorbing layers of a four-terminal tandem
solar cell, as shown in Fig. 1(a). The choice of a four-terminal
configuration has two important advantages: 1) it does not re-
quire current matching and 2) it affords the optical separation
between the top and bottom cells by means of an optical buffer.
This scheme is particularly convenient because it allows the
cells to be fabricated separately and be subsequently bonded
together. The top cell is comprised of an antireflection (AR)
coating, a 400 nm thick perovskite layer, and a 100 nm thick
indium tin oxide (ITO) electrode. The top and bottom cells are
optically separated by a 1 pm silicon dioxide (SiO,) buffer, fol-
lowed by the photonic intermediate structure. Finally, the cell is
terminated by a 400 pm thick crystalline silicon (c-Si) absorber
covered with a perfect mirror. The refractive index of the AR
coating is set to 1.45 and the dispersion of all materials can be
found in the Supplementary information. As the choice of the
optimum transparent front contact is still under active research
[22]-[26], we opted to first perform the calculations without
any particular choice of front contact and transport layers, so
that the results can be kept as general as possible. However,
the performance characterization for a complete device using
ITO as the front contact and multiple perovskite thicknesses is
provided in the Supplementary information.
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Fig. 1. (a) Intermediate photonic structure on a perovskite/c-Si tandem solar
cell. The thickness of each layer is stated in parenthesis in front of the mate-
rial. The refractive index of the AR coating is set to 1.45. First, the optimum
properties of an ideal intermediate reflector are identified. The ideal reflector
is depicted in (b). In (c), the absorption in the perovskite layer is calculated
by choosing a substrate such that the Fresnel reflection coefficient between the
perovskite layer and the substrate gives the desired ideal reflectance—according
to the top inset of Fig. 2(a). In the second step, (d), the power transmitted into
the substrate of (c) is transposed to a matched superstrate (with the same real
part of refractive index as silicon), so as to avoid reflection from the silicon
layer. The structure of (d) is then used to calculate the absorption in the silicon
layer. The light reflected from (d) is considered as loss and does not reach (c)
again.

The ideal properties of the intermediate structure can be iden-
tified by considering that an ideal reflector is placed between
the perovskite and silicon layers, as shown in Fig. 1(b). The
ideal reflector spectrum is shown in top the inset of Fig. 2(a): it
has a fixed reflectance R;,. up to a cut-off wavelength A;,., after
which the reflectance drops sharply to zero. The impact of the
ideal reflector on the solar cell efficiency can thus be assessed
by varying the reflectance R;, and the cut-off wavelength Aj,.

The absorption spectra of the perovskite and silicon layers
in the presence of the ideal reflector are then calculated in two
steps. First, the perovskite absorption and transmission are cal-
culated by replacing the entire bottom cell, including the optical
buffer, by a substrate whose refractive index is calculated from
the Fresnel equations to provide the chosen reflectance R;;, as
shown in Fig. 1(c). Second, the power transmitted into the sub-
strate of Fig. 1(c) is assumed to be the incident power on the
matched superstrate of Fig. 1(d). Notice that the power incom-
ing from the superstrate is the total incident power minus the
power lost to both reflection and absorption in the perovskite
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Fig.2. (a) Dependence of the tandem solar cell efficiency on the ideal reflector

cut-off wavelength. The efficiency is not strongly dependent on the reflectance
for cut-off wavelengths inside the perovskite absorption window, but drops
sharply for high reflectance when the cut-off wavelength reaches the perovskite
transparency window. The top inset shows the reflectance of the ideal reflector
and the bottom inset shows the absorption coefficient of perovskite. (b) De-
pendence of the silicon (continuous line) and perovskite (dashed lines) layers’
efficiency on the ideal reflector cut-off wavelength.

layer. The configuration of Fig. 1(d) is then used to calculate
the absorption in the silicon layer. The calculations assume per-
pendicular incidence and AM1.5G solar spectrum. All optical
calculations were performed using the rigorous-coupled wave
analysis [27].

The calculated absorptions were then used to determine the
performance of the tandem cell. Following the procedure de-
scribed in [4], the bottom silicon solar cell parameters are cho-
sen based on the c-Si PERL solar cell [28]; they are: charge
carrier collection probability of 0.978, fill factor of 82.8%, and
open-circuit voltage V5! given by the following diode equation:

()
q Jo+1

where k is the Boltzmann constant, 7 is the temperature, ¢ is the
fundamental charge, JSSCi is the short-circuit current density in
units of mA/cm?, and Jy = 4.9 x 107! mA/cm®.

The top perovskite solar cell short-circuit current, open-
circuit voltage, and efficiency are also calculated according
to [4]. Following [4], the parameters used in the calculations
are: diffusion length L; = 100 nm, luminescence efficiency of

Si_
V:)c -
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0.55, fill factor of 80%, and band-gap of 1.55 eV. Even though
the optimum band-gap is around 1.8 eV, we opted to choose a
band-gap that is more similar to current perovskite materials.

Fig. 2(a) shows the tandem solar cell efficiency as a function
of the cut-off wavelength A;,. for different values of R;,. Ac-
cording to the ideal reflector spectrum [top inset of Fig. 2(a)],
the reflectance between the perovskite and silicon layers is fixed
to R;, up to the cut-off wavelength. For wavelengths above A,
the ideal reflector acts a perfect optical impedance matching
layer between perovskite and silicon. As perovskite absorbs up
to 800 nm, it is reasonable to assume that the ideal reflector opti-
mum parameters should be R;; = 1 and A;;. ~ 800 nm, since
this is the condition that maximizes absorption in the high band-
gap (perovskite) layer. The results of Fig. 2(a), however, con-
tradict this assumption: it is clear that the total efficiency is not
maximized for R;, = 1 and, more importantly, it depends only
weakly on R;, for Aj;. up to ~750 nm. This counter-intuitive
behavior can be explained as follows: In the wavelength region
near cut-off (550 nm < A;;. < 800 nm), one would expect a
strong dependence of the tandem efficiency on R;, because of
the strong overlap of high solar photon density with the per-
ovskite absorption window. According to Fig. 2(a), however,
this dependence is not pronounced and, moreover, it peaks at
R, = 0.7and Ai;,. = 750 nminstead of the expected Ry, = 1,
with only a weak dependence on R;,. Therefore, these results
lead to the conclusion that high reflectance in the perovskite
absorption window is not a strong requirement.

We propose that this counter-intuitive behavior is a conse-
quence of the balance between reflection and thermalization
losses, which is best explained by means of an example: as-
suming a perfect AR coating, for R;, = 0, the absorption at
the wavelength of 700 nm is about 80% in the perovskite layer
and 20% in the silicon layer (at this wavelength, the 400 pm
thick silicon layer absorbs virtually all photons that reach it). For
R;, = 1, however, and at the same wavelength of 700 nm, the
absorption in the perovskite layer is about 90%, while in the sil-
icon layer it is 0% (since no photon reaches it). This means that
R;, = 1resultsin higher absorption in the perovskite layer and,
consequently, lower thermalization losses, yet this improvement
is more than outweighed by the loss of efficiency in the silicon.
Consequently, there is a trade-off between reflection and ther-
malization losses that cannot be overlooked in the intermediate
structure design; essentially, while any value of R;; > 0 in-
creases the absorption in the perovskite layer, it also increases
the reflection back into free space, so photons are being lost
rather than being absorbed in the silicon. It is this trade-off that
accounts for the low dependence of the tandem efficiency on
R, in the spectral region 550 nm < A;;. < 800 nm. This com-
pensation is clearly seen when the efficiencies for the perovskite
and silicon solar cells are plotted independently [see Fig. 2(b)]:
as R;, increases, the efficiency of the perovskite top cell also
increases by approximately the same amount as the efficiency
of the silicon bottom cell decreases. Consequently, the tandem
efficiency is not strongly affected by a change of R;,.

Even though the tandem efficiency is fairly constant for A,
up to 750 nm, the reflection loss argument starts to become much
more relevant in the long cut-off wavelength region (Ai,. >
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750 nm), where the perovskite layer becomes transparent. In this
region, any value of R;, different from zero results in reflection
losses, so it is of paramount importance to identify a minimum
requirement for R;,. This requirement can be readily identified
through the results of Fig. 2(a): it is apparent that the tandem
efficiency is almost independent of wavelength for R;, = 0.1,
thus indicating that the reflection losses should not be higher
than 10% in the spectral region where perovskite is transparent.

We have thus gained two key insights into the analysis of
the ideal intermediate reflector: 1) The device performance is
almost independent of the intermediate structure reflectance in
the perovskite absorption window; 2) the intermediate structure
should act predominantly as an optical impedance matching
layer in the spectral region where perovskite is transparent, with
the requirement that the reflection arising from impedance mis-
match be kept below 10%. In the next section, these insights are
used to guide the design of the intermediate photonic structures.

III. INTERMEDIATE PHOTONIC STRUCTURE DESIGN

As discussed in Section I, we have now identified that the main
role of the photonic intermediate structure in perovskite/c_Si
tandem cells should be to provide optical impedance matching
between the top and bottom cells. In order to better understand
the role of intermediate photonic structures, we now introduce
four different designs, shown in Fig. 3(a)-(d). The structures
of Fig. 3(a) and (b) are designed to act as optical impedance
matching layers between the top and bottom cells, whereas the
structures of Fig. 3(c) and (d) are designed as intermediate re-
flectors. Their corresponding transmittance spectra are shown in
Fig. 3(e). For reference, we also show the transmittance without
any intermediate structure in Fig. 3(e). Notice that the spectra
are calculated assuming incidence from the buffer SiOy super-
strate into the silicon substrate, as required by the tandem solar
cell configuration of Fig. 1(a).

Fig. 3(a) consists of only a single 80 nm thick layer of silicon
nitride (Si3N,) sandwiched between the SiO» superstrate and
the silicon substrate. The structure of Fig. 3(b) shows a patterned
double layer photonic structure, where a 50 nm thick corrugated
titanium dioxide (TiO,) layer is combined with a homogeneous
layer of the same material and thickness. The period of the TiO,
grating is 300 nm and the fill factor is 60%. Notice that the small
grating period ensures that the grating acts only as an effective
medium and that there are no propagating diffraction orders.
As shown in Fig. 3(e), the transmittance of the double layer
structure is higher than the transmittance of the single layer
structure, but the difference is not large: both structures provide
broad-band high transmittance (>90%), spanning the spectral
range between 500 and 1100 nm.

The intermediate structures shown in Fig. 3(c) and (d) are
distributed Bragg reflectors (DBR), comprised of two and four
layers, respectively. The DBRs are first optimized to provide
high reflectance into the perovskite absorption spectral win-
dow and, at the same time, low reflectance in the perovskite
transparency window. As a second optimization step, the DBR
thicknesses were fine-tuned to optimize the overall performance
of the tandem solar cell, which is discussed in detail as follows.
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Fig. 3. (a)—(d) Four different intermediate structure designs. (a), (b) Inter-
mediate structures designed as impedance matching layer: (a) A single 80 nm
thick silicon nitride impedance matching layer. (c), (d) Intermediate structures
designed as intermediate reflectors. (b) Double layer structure consisting of a
corrugated TiOy layer, with a period of 300 nm, followed by a homogenous
layer of the same material. There are no propagating diffraction orders and the
grating acts only as an effective index layer. (c) A two-layer DBR with parame-
ters fine-tuned to optimize the tandem solar cell performance. (d) A four-layer
DBR with parameters fine-tuned to optimize the tandem solar cell performance.
(e) Transmittance of all four intermediate photonic structures. The transmit-
tance without any intermediate structure (WIS) is also shown for comparison.
All transmittances are between the silicon dioxide superstrate and the silicon
substrate.

The DBR final thicknesses are 50 nm for the TiO» layers and
95 nm for the SiO layers.

Fig. 4(a)—(d) shows the tandem solar cells with the corre-
sponding intermediate photonic structures, whereas Fig. 4(e)
and (f) shows the absorption in the perovskite and silicon layers,
respectively. As expected, the perovskite absorption is higher
in the structures with intermediate reflectors, as shown in green
squares and yellow triangles in Fig. 4(e). The perovskite absorp-
tion spectra for the intermediate reflectors also show more pro-
nounced Fabry—Perot oscillations when compared to the optical
impedance matching layers. We use the integrated absorption
as a figure of merit to assess the performance of the structures.
The integrated absorption takes into account the photon density
in the solar spectrum and is defined as the total amount of ab-
sorbed solar photons divided by the total amount of incoming
solar photons.

The integrated absorptions in the perovskite layer for the
solar cells of Fig. 4(a)-(d) are, respectively: 46.2% (optical
impedance matching), 46.2% (optical impedance matching),
49.3% (DBR), 50.2% (DBR), while the integrated absorption
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Fig. 4. (a) Illustration of the complete solar cell with the intermediate pho-
tonic structure. (a), (b) Photonic intermediate structures designed as impedance
matching layers. (c), (d) Photonic intermediate structures designed as interme-
diate reflectors. (e) Absorption in the perovskite layer. (f) Absorption in the
silicon layer.

in the perovskite layer without intermediate structure (WIS) is
47.4%. The absorption in the silicon layer shown in Fig. 4(f), on
the other hand, is higher for the impedance-matched structures
of Fig. 4(a) and (b).

The integrated absorptions in the silicon layer for the
structures of Fig. 4(a)—(d) are, respectively: 41.9% (optical
impedance matching), 43.5% (optical impedance matching),
34.6% (DBR), 34.8% (DBR), while the integrated absorption in
the silicon layer WIS is 36.85%. The calculated efficiencies and
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TABLE I
SOLAR CELL PARAMETERS FOR L; = 100 AND 400 NM

Ly = 100 nm
Impedance Intermediate Without
Matching layers Reflectors intermediate
structure
Si3zNy TiOy 2 Layer DBR 4 Layer DBR
Silicon Js. 17.81 18.50 14.74 14.81 15.68
(mA/cm?)
Perovskite 18.79 18.79 20.05 20.57 19.29
Jse (mA/cm?)
Silicon 10.08 10.49 8.29 8.32 8.83
Efficiency (%)
Perovskite 19.01 19.03 20.27 20.79 19.52
Efficiency (%)
Tandem 29.09 29.52 28.56 29.11 28.35
Efficiency (%)
Ly =400 nm
Impedance Intermediate Without
Matching layers Reflectors intermediate
structure
SigNy TiOz 2 Layer DBR 4 Layer DBR
Silicon 17.81 18.50 14.74 14.81 15.68
Jse (mA/cm?)
Perovskite 19.98 19.98 21.32 21.87 20.50
Jse (mA/em?)
Silicon 10.08  10.49 8.29 8.32 8.83
Efficiency (%)
Perovskite 20.23  20.26 21.57 22.13 20.78
Efficiency (%)
Tandem 30.31  30.74 29.86 30.45 29.61
Efficiency (%)

short-circuit currents are shown in Table I for two different val-
ues of the perovskite charge carrier diffusion length: L; = 100
and 400 nm.

The four-layer DBR shows high transmittance for wave-
lengths larger than 800 nm [see Fig. 3(e)], which results in
high absorption in the silicon layer for these wavelengths [see
Fig. 4(f)]. The four-layer DBR, therefore, is acting as both an in-
termediate reflector for the perovskite absorption window, and
also as an optical impedance matching layer for wavelengths
larger than 800 nm (i.e., the perovskite transparency window).

This double role of the DBR structure might justify the as-
sumption that the four-layer DBR is the optimum structure. As
shown in Table I, however, the tandem solar cell efficiency is
not the highest for the four-layer DBR. Indeed, the best over-
all efficiency is achieved for the optical impedance matching
structure comprised of the TiO, grating [see Fig. 4(b)]. It is
important to notice that, even when compared to the simplest
optical impedance matching layer [see Fig. 4(a)], the tandem
efficiency of the four-layer DBR is only marginally higher.
These counter-intuitive results can be understood by comparing
Fig. 3(e) with 4(f): even though the transmittance for the four-
layer DBR rises quickly between 700 and 800 nm; this transition
is not sharp enough to mitigate reflection losses in the sili-
con layer. Consequently, the absorption in the silicon layer [see
Fig. 4(f)] in the short-wavelength region (<850 nm) is higher
for the structures that provide only optical impedance matching.
It is this difference that accounts for the similar performances
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Fig. 5. Angular dependence of the solar cell performance. (a) and (b) show
the absorption spectra of the perovskite and c-Si, respectively, as a function
of incidence angle and wavelength. (c) Efficiency of the silicon and perovskite
solar cells as a function of the incidence angle.

of the tandem solar cells, listed in Table I. These results, there-
fore, corroborate the previous conclusion that it is preferable
that intermediate structures be designed to provide only op-
tical impedance matching between the top and bottom cells.
Indeed, the DBR intermediate structures are more complex and
yet show similar performance when compared to the simplest
optical impedance matching layer.

Our calculations indicate that both optical impedance
matching layers result in efficiencies exceeding 30% for
L; = 400 nm. Naturally, we expect that the tandem device
performance can be further increased by applying light trapping
concepts [7], [12] and that the design of such light trapping
structures will benefit from the optical impedance matching
principles we have outlined here. When compared to the solar
cell WIS, the silicon solar cell short-circuit current is increased
by 18.5% for the TiO, grating. It is important to notice that
these high efficiencies were achieved without any light trapping
scheme, which is expected to boost the efficiencies even further
(4], [12].

Resonant structures depend on specific phase accumulation
requirements that tend to limit their angular performance. One
additional advantage of employing optical impedance matching
layers is that their nonresonant behavior results in a very angular
tolerant performance. This feature can be seen in Fig. 5(a) and
(b), which show, respectively, the absorption in the silicon and
perovskite layers versus incidence angle (¢) and wavelength for
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the system with the TiO, grating acting as optical impedance
matching layer. The dependence of the solar cell efficiencies
on the incidence angle is shown in Fig. 5(c). Impressively, the
efficiencies are virtually constant up to an angle of 60 degrees,
implying an acceptance cone of at least 120 degrees.

IV. SUMMARY

We have identified that a photonic intermediate structure in
a perovskite/c-Si tandem solar cell should act as an optical
impedance matching layer at the perovskite—silicon interface.
The reason for this somewhat unexpected behavior is that by in-
creasing the reflectivity, the reflection loss back into free space
tends to outweigh the improvement in absorption in the top layer.
This insight affords the relaxation of the photonic structure re-
flectance in the perovskite absorption window, which leads to
very simple and robust designs for the intermediate structure.
Accordingly, we analyze two simple designs and compare their
performances with DBR-based intermediate reflectors. Our con-
clusion is that the intermediate structures acting only as optical
impedance matching layers are much simpler than the DBR
structures, yet showing similar performances. We then imple-
ment this insight by simulating a realistic device configuration
and show that optical impedance matching alone can increase
the short-circuit current of the silicon solar cell by 18.5% (cor-
responding to a boost of 2.8 mA/cm?), thus resulting in an ex-
pected tandem efficiency in excess of 30%.
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