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Abstract: A key challenge in photovoltaics today is to develop cell technologies with both
higher efficiencies and lower fabrication costs than incumbent crystalline silicon (c-Si) single-
junction cells. While tandem cells have higher efficiencies than c-Si alone, it is generally
challenging to find a low-cost, high-performance material to pair with c-Si. However, the recent
emergence of 22% efficient perovskite photovoltaics has created a tremendous opportunity for
high-performance, low-cost perovskite / crystalline silicon tandem photovoltaic cells. Nonethe-
less, two key challenges remain. First, integrating perovskites into tandem structures has not yet
been demonstrated to yield performance exceeding commercially available crystalline silicon
modules. Second, the stability of perovskites is inconsistent with the needs of most end-users,
who install photovoltaic modules to produce power for 25 years or more. Making these cells
viable thus requires innovation in materials processing, device design, fabrication, and yield.
We will address these two gaps in the photovoltaic literature by investigating new types of 2D
perovskite materials with n-butylammonium spacer layers, and integrating these materials into
bifacial tandem solar cells providing at least 30% normalized power production. We find that
an optimized 2D perovskite ((BA)2(MA)3(Sng ¢Pbg.4)4113)/silicon bifacial tandem cell, given a
globally average albedo of 30%, yields a normalized power production of 30.31%, which should
be stable for extended time periods without further change in materials or encapsulation.

© 2017 Optical Society of America
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1. Introduction

Metal-halide perovskites have gained a great deal of attention for their extraordinarily rapid
increase in single junction world-record efficiencies, rising from below 1% to 22% today [1-3].
Similarly, world-record cell efficiencies of perovskite/silicon tandem cells have risen from
13% [4] to over 21% [5] within a little over one year. Furthermore, perovskites are solution-
processable materials that appear resilient in the presence of defects [1, 2]; thus, they have a
potential to serve as ultra-low cost solar cells. Although long-term stability and reliability is a
major potential challenge, recent work indicates that 98% stability for months can be achieved
via modest changes in the chemistry [6,7] or fabrication process (e.g., with hot casting) [8]. There
have been many studies attempting to significantly improve the stability of perovskite materials.
In one recent study, it has been shown that slow photocurrent degradation in thin-film photovoltaic
devices is caused by light-activated meta-stable deep-level trap state formation. However, the
devices can self-heal completely by resting them in the dark for > 1 min; furthermore, the
degradation can be completely prevented by operating the devices at 0°C [9]. More recently,
using 2D perovskite materials in a multilayer Ruddlesden-Popper phase, separated by organic
n-butylammonium (BA) spacer cations, can yield a photovoltaic efficiency of 12.52% without
hysteresis [10]. As a result, the devices exhibit greatly improved stability in comparison to their
3D counterparts when subjected to light, humidity and heat stress tests. In particular, it was
shown that unencapsulated 2D perovskite devices retain over 60% of their efficiency for over
2,250 hours under constant, standard (AM1.5G) illumination, and exhibit greater tolerance to
65% relative humidity than do three-dimensional equivalents, while encapsulated 2D perovskite
devices show an extreme robustness with almost no degradation over 2,250 hours [10].
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This approach has potential to be combined with other approaches, such as using a thin buffer
layer plus indium tin oxide (ITO) as a moisture barrier, which can greatly slow down degradation
mechanisms in perovskite material system [11]. Furthermore, external encapsulations (glass
and/or polymers) [12,13] can also improve material stability significantly.

Recently, perovskite-crystalline silicon tandem cells have been proposed, with theoretical
efficiencies exceeding 30% [4,14,15]. However, measured efficiencies for monolithic tandem cells
typically fall between 13% and 21.2% [5, 16], below that of the best single junction crystalline
silicon cells [4, 16—18]. On the other hand, spectral splitting and 4-terminal perovskite/silicon
tandem cells [19,20] have higher efficiencies, but potentially requiring higher manufacturing
cost compared to the monolithic tandem cells.

Reaching these theoretical limits for tandem cells is still challenging for a variety of reasons.
First, the materials used for hole transport layer (HTL) are not sufficiently transparent. For
example, Spiro-OMeTAD has been used as the HTL in many world-record perovskite solar cells,
but it has a strong absorption peak at 400 nm. Second, bottom junctions made of crystalline
silicon require top junctions with bandgaps of 1.7-1.8 eV for the highest performance. In other
words, 1.55 eV metal-halide perovskites may suffer a slight open-circuit voltage loss, as well
as short-circuit current mismatch. Third, conventional front texturing approaches developed for
wafer-based silicon cells are no longer valid for solution processing of perovskites. Thus, new
concepts for light trapping are needed to maximize absorption in both junctions of such tandem
cells.

Fortunately, there are two potential solutions to these challenges in perovskite/c-Si tandem
cells. In the first approach, we introduce manufacturable light-trapping structures for higher
short-circuit current (Jsc) values. Our combined electro-optic tandem cell model shows that front-
coating layer designs improves the tandem short-circuit current by 2.8 mA /cm? [21]. Additionally,
recent work on pervoskites indicates that even thinner Spiro-OMeTAD hole transport layer can
be used without sacrificing charge collection efficiency [5]. A combination of these approaches
will achieve an even larger Jsc gain.

Our recent studies indicate that modifying the perovskite/c-Si tandem architecture to admit
light from the back dramatically boosts the area-normalized power output [15,22]. The basic
rationale for this approach is two-fold: (1) significant additional power is available from ground
reflection R (the Earth’s surface typical shows R = 29% [23]); and (2) current matching
constraints are relaxed significantly. Our recent work has demonstrated that even with no
improvements to subcell performance, an ideal 20% perovskite subcell combined with a 24%
c-Si subcell would only yield 25% tandem performance in the typical configuration; whereas 33%
normalized power output is possible using a bifacial tandem configuration when R = 30% [15].
Additional gains are also possible by incorporating future, higher-performance perovskites.
The theoretical best case yields a normalized power production of 52%, well in excess of an
ordinary tandem or even a bifacial c-Si tandem cell [22]. Despite the promise of a low-cost
bifacial architecture, most of the theoretical work to date has been limited to an idealized 1D
absorption [15] calculating using a transfer matrix method [24]. Although some full-wave 3D
optical simulations have been performed for perovskite solar cells, they have been limited to
unifacial architectures with MAPbI3; materials that degrade quickly [25-27].

In this work, to design 2D perovskite/silicon bifacial tandem cells, we first model the op-
tical dispersion of crucial perovskite materials (e.g., MAPbIz, (BA)2(MA)3(Sn,Pb_)4l;3,
Spiro-OMeTAD, PCBM, PEDOT, TiO;, etc.) in a particular form that is suitable for the time
domain analysis. These dispersion models are then incorporated into finite difference time
domain (FDTD) simulations to characterize the quantum efficiency of the 21% world-record per-
ovskite/silicon tandem cells recently reported in the literature [5]. Finally, we design multilayer
2D perovskite based tandem cells using tin-rich perovskites with BA spacers.
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Fig. 1. Photovoltaic material dispersion for both the (a) real and (b) imaginary parts of the
relative permittivity. Symbols denote experimental data [10,28-30], while solid lines are
fits to the QCRF model, suitable for FDTD simulation. A close fit is obtained for nearly all
data sets, with the exception of the imaginary part of Spiro-OMeTAD. The imaginary part
of TiO, dispersion is dropped due to negligible absorption in thin film.

2. Methods
2.1.  Material modeling

FDTD is a very accurate optical simulation method that directly solves Maxwell’s equation
over time and space; however, it requires dispersion functions suitable for solution in the time
domain [31]. Most semiconductors including photovoltaic materials do not simply follow the
Drude-Lorentz model which is the most commonly used dispersion model in FDTD, because
of the many optical transitions that are possible above the bandgap energy [32]. In this work,
we follow our previously developed dispersion model, called the Quadratic Complex Rational
Function (QCRF) [33], to simulate perovskite materials. The QCRF method is more accurate and
computationally efficient than conventional dispersion models (e.g., Debye and Drude-Lorentz).
Also, it can guarantee a relatively large grid spacing in the FDTD simulation when the material
dispersion fitting is numerically validated against von Neumann analysis [34,35]. The measured
complex refractive indices are collected from the literature [10,28-30]. The refractive indices of
tin-rich 2D perovskites (BA),(MA)3(Sn,Pb; _ )41;3) are generated from the refractive index
of (BA)>,(MA)3Pbali3 [10] plus a uniform, bandgap difference-dependent shift measured in
experiment.

As shown in Fig. 1, the modeled time domain dispersion curves match well with prior ex-
periments [10,28-30]. The imaginary part of the relative permittivity € for (BA),(MA)3Pbsl;3
behaves like an indirect bandgap material. Therefore, thin 2D perovskites suffer both incomplete
absorption near their bandgap, plus parasitic absorption below their bandgap. Also, the refrac-
tive index difference between Spiro-OMeTAD and MAPbDI; is not negligible, which induces
Fresnel reflection losses at the materials boundaries, specially when the surface is not textured.
Note that we model 2D perovskites (BA)>(MA)3(Sn,Pb; _ x)4113), 3D perovskites (MAPbI;3,
MASn, Pb;_,13), and charge transport materials (Spiro-OMeTAD, PCBM, PEDOT and TiO,),
but only selected material fittings are shown here for clarity and brevity. The refractive indices
of the Sn-rich alloys with BA spacers are assumed with a uniform bandgap shift in the 2D
perovskite dispersion data [10], a procedure which has previously been used effectively in other
contexts [34]. While prior work alloying Pb-based 3D perovskites with Sn did not yield high
stability, it is expected that an encapsulated 2D Pb/Sn perovskite alloy may have superior stability
properties, as seen in the 2D Pb perovskite experiment [10].

To further validate our QCRF modeling results, we apply them to FDTD simulations of 300 nm-
thick dielectric slabs, and compare to analytical absorption spectra [36,37]. To calculate analytic
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Fig. 2. For each of the modeled photovoltaic materials in Fig. 1, a 300 nm-thick dielectric

slab is created; then, the analytical (symbol) and FDTD-simulated (line) absorption (2D, 3D

perovskites and Spiro-OMeTAD) and reflection (TiO, only) spectra are given above. A close

fit is found for all materials across a broad bandwidth, with the exception of Spiro-OMeTAD

at short wavelengths.

absorption spectrum, we collected the experimental refractive index data from the literatures [10,
28-30] and then compute absorption of 300-nm-thick dielectric slab via multiple reflections and
transmissions [36]. Figure 2 shows very good agreement between theory and simulation overall,
with the exception of Spiro-OMeTAD at short wavelengths. (BA)>,(MA)3Pbslj3 may require
substantial light trapping for thin films, due to significant incomplete absorption, as observed in
experiment [10].

2.2. Tandem perovskite/silicon cell modeling

The co-exitence of multiple loss components in a tandem cell make it difficult to isolate the light
harvesting efficiency (and thereby the material quality) of the absorbers. Especially for light
scattering and trapping solar cells, quantifying the fractional absorption of each loss component
is much harder. Here, we use both 3D FDTD simulations and experiments to analyze the quantum
efficiency of light trapping tandem cells [5]. In this work, photo-current and parasitic absorption
are all quantified in units of mA/cm?, which can be calculated by:

1100 nm
ed dI
Jon = dl|——A) |, 1
Ph fsoonm [hc da ( )} M

where A(A1) is a simulated fractional absorption for each photovoltaic layer, and Z—/Il indicates the
light intensity reaching the solar cell per unit wavelength (given by the AM1.5G solar spectrum).

For a light trapping tandem cell shown in Fig. 3(a), a simulated total absorption spectrum
is compared to the same quantity measured in experiment [5]. Note that the absorption of the
wafer-based silicon layer is approximated by a physics-based extrapolation [21]. As shown
in Fig. 3(a), the experimental (black dashed line) and simulated total absorption (red dashed
line) agree very well, with a root-mean-squared percent error of 2.26%, which increases our
confidence in the following loss calculation (filled plot) in the same figure. The total absorption
A in the simulation is computed as A = 1 — R (where R is the reflected flux), while the fractional
absorption of each loss component is calculated by the net transmitted electromagnetic flux at
the material boundary. Now, we define Absorber Light Harvesting Efficiency (ALHE), which
can be calculated as the experimentally measured EQE divided by the simulated perovskite (or
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Fig. 3. (a) Optical loss analysis of the world-record experimental perovskite/silicon tandem
cells [5]. Reflection and Spiro-OMeTAD parasitic absorption are the major loss components
over wavelengths ranging from 400-1127 nm. Ideal quantum efficiency is assumed for
quantifying photo-current. The dashed lines indicate total absorption (= 1 — R) for both
experiment [5] and simulation. (b) The calculated Absorber Light Harvesting Efficiency
(ALHE) shows that the perovskite layer does not suffer much electrical losses, while the
c-Si layer has recombination losses. The inset figure indicates a simulated perovskite/silicon
tandem structure. Note that ALHE slightly exceeds 100 % at the shorter wavelengths due to
a modeling error of Spiro-OMeTAD shown in Fig. 1(a).

¢-Si) layer absorption. The calculated ALHE in Fig. 3(c) shows that the perovskite layer does not
suffer much electrical loss, while the c-Si layer has recombination losses at longer wavelengths.
This analysis suggests that electrical losses in the crystalline silicon bottom junction must be
reduced. The two major barriers to ideal optical performance are Spiro-OMeTAD parasitic losses
and reflection losses in this tandem cell. Unfortunately, light trapping on the front-side may also
increase Spiro-OMeTAD losses, canceling out the potential benefit. Also, a conformal texturing
technology, which can potentially increase light trapping further, may not be compatible with
perovskite/silicon tandem cells due to manufacturing constraints [5]. Alternatively, a plasmonic
back reflector or dielectric back grating can be used to improve light trapping of this tandem
cell without inducing optical parasitic losses [38,39]. In summary, the world record monolithic
perovskite/silicon tandem cell has already reached near unity (i.e., ideal) ALHE, while it still
suffers a significant amount of parasitic losses and reflection loss. This indicates that the initial
performance of the perovskite layer itself need not be improved, but the surrounding layers can
still benefit from further research.

3. 2D perovskite/silicon bifacial tandem cell design

Recently, 2D perovskites have been shown to offer extraordinary intrinsic material stability
compared to corresponding 3D perovskites [10]. Furthermore, they offer flexible bandgaps,
depending on their precise material composition. Therefore, 2D perovskites are promising as the
top cell materials for long-term stable high efficiency tandem cells. However, Jsc values obtained
by single junction 2D perovskite have so far been limited to 16.76 mA/cm? due to incomplete
light absorption [10]. Thus, a new light trapping strategy is needed to improve its efficiency
further. The other meaningful progress for developing a top junction material of tandem cells has
been made in tin-rich low-bandgap perovskite solar cells [40]. Tin-rich perovskite solar cells
show an adjustable bandgap with relatively high open circuit voltage which is very important
for tandem solar cells. Here, we combine tin-rich perovskite and BA spacer cations together
to make high-stability tunable-bandgap top junction materials. Depending on the tin ratio in
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Fig. 4. 3D FDTD simulation geometry. The front and rear sides have pyramidal texturing with
1 um periodicity and 54.7 degree opening angle. Material thicknesses for glass/ITO/Spiro-
OMEeTAD/2D perovskite/PCBM/IZ0O/a-Si/c-Si/a-Si/ITO are 2m/90 nm/160 nm/200 nm—
450 nm/20 nm/30 nm/20 nm/270 pm/20 nm/70 nm, respectively. The dashed line indicates
an actually simulated region. The fractional absorption of a c-Si wafer is computed by a
physics-based approximation [21].
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Fig. 5. (a) Optical loss analysis for (BA),(MA)3Pbyl3/silicon bifacial tandem cells. The
integrated Jph for 2D perovskite, c-Si(from front) and c-Si(from rear) are 17.32 mA/cm?,
18.38 mA/cm?, 11.65 mA/cm?, respectively. Normalized power output for this bifacial
tandem is 23.13%. (b) I-V characteristics, as calculated by a combination of the optical loss
analysis in (a), plus a validated physics-based compact model [41].

(BA)2(MA)3(Sn,Pb — )41 3 materials, bandgaps as low as 1.1 eV can be achieved [40]. Paired
with a bottom silicon junction, the ideal bandgap for a top junction is around 1.7 eV for a
monofacial architecture, or 1.55 eV for a bifacial architecture with 30% albedo [22].

However, these ideal top junction bandgaps may not be always true when non-ideality fac-
tors play a role. For example, parasitic absorption of longer wavelengths may red-shift the
ideal bandgap. This issue is particularly relevant in perovskite solar cells containing para-
sitically absorbing materials like Spiro-OMeTAD. Incomplete absorption, which is observed
in perovskite/silicon tandem cells [5], may also affect the ideal material selection of the top
junction. In this section, we take all these non-idealities into account to design optimized 2D
perovskite/silicon bifacial tandem cells for high normalized powers and long-term stability.

In this work, 30% albedo is assumed, which is the average reflectance value of Earth [23]. It
could also be much higher, if the ground material of a solar farm is chosen appropriately [42].
Figure 4 shows our 3D simulation geometry. A pyramidal texturing with a 54.7° opening angle
is applied to the front/rear glasses, while other layers have a planar surface which may not
cause extra carrier collection losses in real experiments. However, the rear side silicon surface is
conformally textured, which is commonly used in the HIT solar cell architecture [43,44]. Note
that silicon wafer absorption is approximated with a physics-based model [21], using transmitted
flux at the silicon material boundary. Rear side illumination with 30% albedo is simulated only
once, resulting in an extra 11.65 mA/cm? of photo-current in the bottom junction only.

As shown in Fig. 5(a), (BA)2(MA)3;Pbyl;3 is simulated here. Due to the assumption of a flat
material boundary, it suffers a relatively large amount of Fresnel’s reflection. This could be
addressed by optimizing refractive index and thickness of the charge transport materials [45].
However, in this work, to design an experimentally feasible architecture, we assume that their
refractive indices and thicknesses are not tunable and perovskite material boundaries are not able
to be textured. Figure 5(b) shows a current-voltage characteristic, calculated using a physics-based
compact model [41,46]. The perovskite compact model describes the operation of different kinds
of perovskite solar cells by accounting carrier selective transport layers and voltage-dependent
carrier collection. The integrated Jph calculated in (a) provides the maximum absorption (Gmax)
utilized in the compact model. Furthermore, we assume that adding BA spacers to 3D perovskites
only affect the optical but not electrical properties, which is reasonable for sufficiently thin layers.
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Fig. 6. (a) Jph versus both 2-D perovskite thickness and Sn ratio. The three Jph peaks
are found at 60 % Sn ratio with a 350-nm-thick perovskite(23.83mA/cm2), 80 % Sn
ratio with a 250-nm-thick perovskite(23.90mA/cm2), 100 % Sn ratio with a 350-nm-thick
perovskite(23.83mA/cm2). (b) Efficiency versus both 2-D perovskite thickness and Sn ratio.
The detailed method for calculating normalized power output is discussed in the main text.
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Fig. 7. (a) Optical loss analysis for (BA)>(MA)3(Sng.¢Pbg.4)4113/silicon bifacial tandem
cells. The integrated Jph for 2D perovskite, c-Si (from front) and c-Si (from rear) are 23.95
mA/cm?, 12.28 mA/cm?, and 11.65 mA/cm?, respectively. Normalized power output for
this bifacial tandem is 30.31%. (b) I-V characteristics, as calculated by a combination of the
optical loss analysis in (a), plus a validated physics-based compact model [41].

Our simulation results indicate that pure Pb-based 2D perovskite/silicon tandem cells have fairly
well-matched Jph values in a monofacial architecture; however, in a bifacial scheme it suffers
significant current mismatch. Thus, it might be more applicable to the conventional monofacial
architecture due to its relatively high bandgap (1.6 eV) [10].

Now, we vary both Sn ratio and perovskite thickness of (BA)>,(MA)3(Sn,Pb; _)41;3 to search
for an optimum design of this class of tandem cells. Figure 6(a) shows three local optima
in white. The first Jph optima is found at a 60% Sn ratio with a 350-nm-thick perovskite
(23.83 mA/cm?) and the second Jph optima is found at an 80% Sn ratio with a 250 nm-thick
perovskite (23.90 mA/cm?) and the last optima is found at a 100% Sn ratio (i.e., Pb-free) with
a 350 nm-thick perovskite (23.83 mA/cm?). If we assume that they all offer the same charge
collection efficiency, then (BA)2(MA)3(Sng ¢Pbg.4)4113 will have the highest efficiency due to
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Fig. 8. (a) Optical loss analysis for (BA),(MA)3(Sng.gPbg.2)4113 /silicon bifacial tandem
cells. The integrated Jph for 2D perovskite, c-Si(from front) and c-Si(from rear) are 24.28
mA/cm?, 12.25 mA/cm?, and 11.65 mA/cm?, respectively. The normalized power output
for this bifacial tandem is 28.41%. (b) I-V characteristics calculated by combining the
optical loss analysis in (a) and a validated physics-based compact model [41].

the highest Voc [40]. As shown in Fig. 6(b), the normalized power output of the bifacial tandem
cell is calculated with assuming 76% fill factor measured in the experiment [40] and measured
Voc for a c-Si subcell Voc [43] and 2D perovskite subcell [40] with a 0.156 V blue-shift, caused
by the 2D perovskite spacers. In this calculation, the peak normalized power production of
30.31% is found at a 60% Sn ratio with a 350-nm-thick perovskite. This calculated efficiency
could increase more with further enhancements of 2D perovskite material quality [10].

Figure  7(a) shows the optical loss analysis for the  optimum
(BA)2(MA)3(Sng_¢Pbg.4)4113/silicon bifacial tandem cells. The matched Jph is 23.93
mA/cm? in this bifacial tandem cell with assuming 30 % albedo. Both the Spiro-OMeTAD
parasitic absorption (2.28 mA/cm?) and the Fresnel’s reflection loss (2.77 mA/cm?) are major
optical loss mechanisms here. Thus, Jph can be improved further by a transparent hole collecting
material and optical path length optimization [45]. In particular, preliminary modeling results
show that replacing the hole transport layer with a thinner one and/or reversing the stacking
order could be beneficial, but further experimental advances would be needed to realize such
a strategy. The corresponding I-V curve for the optimum design is shown in Fig. 7(b) using
physics-based compact models for both subcells [41,46].

Finally, the optical loss analysis for the local Jph optima at 80% Sn with a 250 nm 2D
perovskite thickness is plotted in Fig. 8. Because the optimum perovskite thickness (250 nm)
for (BA)2(MA)3(Sng_gPbg 2)4113 is much thinner than other material compositions, this local
optima may have great potential as a specific target for future experiments. As discussed in the
experimental paper [10], 2D perovskites could be more sensitive to material thickness due to
their limited electronic mobilities. Detailed optical losses for different tin ratios are shown in
Table 1.

These findings demonstrate how experimentally realizable 2D perovskite/silicon bifacial
tandem cells can be designed while accounting for previously observed non-idealities [5, 10,
40]. The particular combinations of 80% Sn 2D perovskites with a 250 nm thickness and
60% Sn 2D perovskites with a 350 nm thickness seem most relevant for experiments, with
normalized power production up to 30.31%. Also, any future improvements in material quality,
light trapping (including textured perovskite syntheses) and improved transparent charge transport
layer materials could further increase the predicted bifacial power output.
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Table 1. Optical losses in terms of Jph [mA/cmz]

Sn [%] | Perov. thick. | Refl. | ITO | Spiro-OMeTAD | Perov. | c-Si (front) | c-Si (rear)
0 450 nm 3.36 | 1.12 2.29 17.32 18.38 11.65
60 350 nm 2.77 | 1.02 2.28 23.95 12.28 11.65
80 250 nm 2.14 | 1.07 2.28 24.28 12.25 11.65

4. Conclusion

In this work, to achieve high-efficiency, low-cost and long-term stable solar cells, we investigated
bifacial tandem cells using 2D perovskite materials on top of a crystalline silicon solar cell. To
build an accurate simulation framework, we first model perovskite materials in the time domain
and validate them against theory and experiment. Using the model, we quantified both optical and
electrical losses separately for perovskite/silicon tandem cells by comparison with measured EQE,
and then simulated the fractional absorption of each layer. This novel characterization method
reveals the hidden loss mechanisms for light trapping perovskite/silicon tandem cells. Then, we
design Sn-based 2D perovskite/silicon bifacial tandem cells which are intrinsically much more
stable than their 3D perovskite counterparts. The optimum designs use 60% Sn 2D perovskites,
which have a maximum photo current of 23.95 mA/cm? with 30% albedo, corresponding to
30.31% normalized power output. This efficiency calculation is obtained with reference to
existing subcell performances. In addition, it is shown that Pb-free 2D perovskite/silicon bifacial
tandem cells can achieve over 27% normalized power production.
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