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Abstract: In this study we analyze and discuss the optical properties of
various tandem architectures: mechanically stacked (four-terminal) and
monolithically integrated (two-terminal) tandem devices, consisting of a
methyl ammonium lead triiodide (CH3NH;3Pbl;) perovskite top solar cell
and a crystalline silicon bottom solar cell. We provide layer thickness
optimization guidelines and give estimates of the maximum tandem
efficiencies based on state-of-the-art sub cells. We use experimental
complex refractive index spectra for all involved materials as input data for
an in-house developed optical simulator CROWM. Our characterization
based simulations forecast that with optimized layer thicknesses the four-
terminal configuration enables efficiencies over 30%, well above the
current single-junction crystalline silicon cell record of 25.6%. Efficiencies
over 30% can also be achieved with a two-terminal monolithic integration
of the sub-cells, combined with proper selection of layer thicknesses.
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1. Introduction

Crystalline silicon (c-Si) solar cells have been dominating the photovoltaics market for
several decades, with a current market share of 90% [1]. Even though the bandgap of c-Si is
nearly ideal according to the Shockley-Queisser limit [2], Auger recombination restricts the
conversion efficiency of silicon-based cells to 29.4% [3]. The current world record efficiency
for c-Si solar cells of 25.6% was obtained with amorphous silicon (a-Si) / crystalline silicon
heterojunction technology [4], which is already close to 26%, a value considered a “practical
limit” of c-Si single-junction solar cells [5]. Despite this, for photovoltaics to become fully
competitive with fossil and nuclear energy sources, even higher efficiencies at low cost may
be required. One approach to move beyond the fundamental limit of c-Si is to use solar cells
featuring multiple junctions, combining absorber materials that harvest different parts of the
solar spectrum. This reduces thermalization and transmission losses. In a two-junction
(tandem) configuration the theoretical limiting conversion efficiency under standard test
conditions is 46.1% (with bandgaps of 1.73 and 0.94¢V) and 45.7% (with bandgaps of 1.60
and 0.94¢V) for four-terminal and two-terminal device, respectively [6].

The tandem concept has already been successfully implemented for high-efficiency
concentrator cells [7], limited to regions with strong direct illumination, and to space
applications [8]. For low-cost terrestrial photovoltaics, tandem solar cells have also been
realized with various technologies, examples of which include amorphous and
microcrystalline silicon solar cells [9], dye-sensitized solar cells (DSSC) [10], organic solar
cells [11], quantum dot solar cells [12] and hybrid combinations like the DSSC /
Cu(In,Ga)Se; solar cells [13], DSSC / silicon solar cells [14] or organic solar cells / silicon
solar cells [15]. None of these tandem devices could yet surpass the single-junction c-Si
efficiency due to the defective nature of the absorber materials. As a consequence, high-
efficiency tandem solar cell fabrication at low cost has been elusive so far. This situation may
change rapidly with the recent emergence of organic-inorganic perovskites as photovoltaic
absorbers. First experimental examples of perovskite-based tandems can already be found in
the literature [16—18].
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Single-junction CH;3;NH;Pbl; perovskite solar cells have made remarkable progress in
recent years with reported efficiencies of more than 19% [19]. CH;NH;Pbl; has a high
absorption coefficient [20] and sharp absorption edge [21]. It also has a relatively large
bandgap of 1.57 eV, with little sub-bandgap absorption [21], making it an appealing candidate
for low-cost high-efficiency monolithic tandem solar cells. If we limit ourselves to c-Si
bottom cells (bandgap of 1.12 eV), the ideal bandgap of the top cell is 1.75 eV [9]. By
chemically tuning the composition of CH;NH;Pbl;, for example by partially substituting the
iodine atoms with different halogens such as bromine, the perovskite bandgap can be
increased to the ideal value [22]. The goal of this paper is to identify the most promising
experimentally feasible devices. For this reason we restrict ourselves to CH;NH;Pbl; as it is
the state-of-the-art material that demonstrates high conversion efficiencies [19,23] and has a
bandgap that is sufficiently close to the optimum to still allow for high efficiencies of tandem
structures in combination with c-Si [24].

Optical simulation studies of perovskite / c-Si tandems based on assumed refractive
indices and absorption coefficients for the CH;NH;Pbl; perovskite can already be found in
the literature [24-26]. Recently, the measured CH;NH;PbI; refractive index has been used for
single-junction perovskite and tandem perovskite / Cu(In,Ga)Se, solar cell simulation [27].

In this article, we study the optical properties of the entire tandem structure consisting of a
top CH3NH;PbI; perovskite solar cell and a bottom c-Si solar cell. Using optical simulations,
we provide guidelines for layer thickness optimization, and we estimate the efficiency
potential for several tandem device architectures, including mechanically stacked four-
terminal and monolithically integrated two-terminal tandem cells. For all these architectures,
we consider flat as well as textured c-Si bottom cells. We use experimentally determined
complex refractive indices of all layers, including CH;NH;3Pbl; [28] and Spiro-OMeTAD, as
simulation input parameters.

® Incoming A)
V  light ® Incoming B)
T : light
— Glass
(] - . |
b "Top' ITO —e 2 MgF.
2 Compact TiO, : Top' ITO _Tg
2 CHsNHsPbls : SpiroOMeTAD
g : SpiroOMeTAD CH3NH;Pbls
o . ‘Bottom'ITO | 4 . . .° Compact TiO,
. ; —e (1 ; g
- Intermediate layer . Bottom' ITO
E
&
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;:l .
(%] -
ITO - : L o
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Fig. 1. Schematic representation of the simulated architectures: A) Four-terminal device, where
individual CH;NH;Pbl; perovskite and silicon cells are optically stacked. B) Two-terminal
device with CH;NH;Pbl; perovskite and silicon cells connected in series. On the left side
textured wafers (front surface) and layers deposited on top by conformal growth are shown.

2. Experimental

The optical functions of Spiro-OMeTAD were determined by fitting an optical model to
variable angle spectroscopic ellipsometry (VASE) data and reflectance and transmittance
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spectra. To enhance the accuracy of the fit, a multi-sample analysis was performed using co-
prepared films on c-Si and glass substrates.

Spiro-OMeTAD  (2,2",7,7 -tetrakis(V,N-di-p-methoxyphenylamine)-9,9-spirobifluorene)
was purchased from Merck KGaA. 72.3 mg spiro-OMeTAD, 28.8 ul 4-tert-butylpyridine,
17.5ul of a stock solution of 520 mgml™" lithium bis(trifluoromethylsulphonyl)imide in
acetonitrile, and 21.9 ul of a stock solution of 400 mgml™" tris(2-(1H-pyrazol-1-yl)-4-tert-
butylpyridine)-cobalt(IIT) Tris(bis(trifluoromethylsulfonyl)imide)) in  acetonitrile  were
dissolved in 1 ml chlorobenzene and spin coated on 500 pm thick Schott AF32 glass and 280
um thick double-side polished n-type 1 Qcm (100) c-Si wafers at 4000 rpm for 30 s in a
nitrogen atmosphere.

Reflectance and transmittance measurements were carried out using a Perkin Elmer
Lambda 950 spectrophotometer between 320 nm and 2000 nm with a spectral resolution of 10
nm. Ellipsometry measurements were done in reflection mode using a Horiba Jobin Yvon
UVISEL iHR320 polarization modulation ellipsometer under incident angles of 50°, 60° and
70° with a spectral resolution of 10 meV similarly as in [24]. The dielectric function is
identified indirectly by fitting the data with a suitable model. The thicknesses of all films
were measured with a KLLA Tencor P16 + profilometer and held constant in the fit.

We model the complex dielectric function &(w) with four Lorentzian oscillators and a
Cauchy contribution. The Lorentzian oscillators are described by a center frequency w,, a
damping factor I'y, and the parameters ¢.. and ¢, describing the response of the oscillator at
= (0 and w = o, respectively.

4 (e )&,
E=¢ + “— 1
; @), — @ +il, O
The Cauchy contribution adds a term
4 9
n=nm+BX1O +C><10 @)

A At

to the real part of the dielectric function, with the three real parameters 7.., B, and C.

All data, i.e. the ellipsometric measurement of spiro-OMeTAD on ¢-Si, as well as the
reflectance and transmittance measurements of Spiro-OMeTAD on c-Si and glass were fitted
(least squares) simultaneously in a bound model. The layer thicknesses were fixed to the
values measured with the profilometer. A surface roughness was not accounted for. The
parameters giving the best fit to the data are summarized in Table 2. The complex refractive
index, n—ik was calculated from the dielectric function, & = &,—ie,, with &; = n’—k* and &, = 2nk
and is shown in Fig. 2(a).

3. Model description

In this study we exclusively analyze perovskite cells in a planar thin-film configuration
without mesoporous scaffold (A discussion of the different perovskite architectures has
recently been published by Snaith [29]). Perovskite solar cells can be prepared with a variety
of electron and hole transporting materials, either by vapor-deposition or solution processing
[30-32]. We choose a structure based on a highly efficient CH;NH;Pbl; perovskite cell [23],
replacing the opaque metal back contact with transparent indium tin oxide (ITO) to enable
transmission of infrared light to the bottom cell. To prevent sputter damage a thin metal oxide
buffer, such as MoOy layer, could be evaporated before the ITO deposition [17]. MoOy has
very similar refractive index to that of the ITO and only a very thin layer (~10 nm) is required
to prevent sputter damage. Therefore its influence on the optical behavior of the tandem cell
is minor and is not included in the model for simplicity. Our results can be applied to a broad
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range of material combinations, provided that their optical properties are similar to the
materials we use.

For the c-Si bottom cell, we employ amorphous silicon / crystalline silicon heterojunction
(SHJ) cells, which use c-Si wafers as photoactive absorbers [4] and a-Si thin-films for
junction formation and surface passivation. In a single-junction design, such cells exhibit high
open-circuit voltages (V,.) of up to 750 mV [33] thanks to high c-Si bulk lifetimes and
excellent surface passivation. These cells are particularly well-suited for bottom cell
applications from an electrical and optical perspective: Their high voltages are maintained at
reduced illumination levels, and with proper light management [34] these cells exhibit
excellent external quantum efficiency (EQE) response in the long-wavelength region [35].
Our results are also valid for other types of ¢-Si solar cells, such as diffused junction cells, as
the a-Si layers and diffused regions influence the optical properties only marginally.

In our simulations of perovskite / SHJ tandem cells, we use experimentally extracted
complex refractive indices of all involved layers. These spectra were taken from the literature
for well described materials (references in Table 1), but for the CH3;NH;Pbl; perovskite [28]
and Spiro-OMeTAD, we used our own data, determined from spectroscopic ellipsometry
measurements. To simulate the optical properties of the tandem devices we used the optical
simulator CROWM, which combines wave optics (transfer matrix method) for thin films and
geometrical optics (ray-tracing) for textured surfaces, and was developed at the University of
Ljubljana [36]. For illumination we use AM1.5G solar spectrum (IEC 60904).

3.1 Four-terminal model description

In the four-terminal tandem device, the top CH;NH;Pbl; perovskite cell and the bottom SHJ
cell are electrically independent. However, the cells are optically coupled, such that the light
that is transmitted through the top cell reaches the bottom cell. For the model, the planar
CH;NH;PbI; perovskite cell structure shown in Fig. 1(a) (top cell) is assumed, consisting here
of a 2 mm thick glass superstrate followed by five thin-film layers (i.e. ‘top’ ITO, compact
TiO,, CH3;NH;Pbl;, Spiro-OMeTAD and ‘bottom’ ITO). On top of the glass superstrate a thin
MgF, layer can be added as an anti-reflective coating. We omit light scattering and model the
layers with planar interfaces, which allows us to focus on interference effects.

The optical structure of the SHJ cell model shown in Fig. 1(a) (bottom cell) consists of a
ITO (70 nm), p-type a-Si (10 nm), intrinsic a-Si (5 nm), c-Si absorber, intrinsic a-Si (5 nm),
n-type a-Si (10 nm), ITO (150 nm), and a silver back reflector (300 nm). SHJ cells usually
feature textured c-Si surfaces, consisting of randomly distributed pyramids prepared by
alkaline-etching, with a characteristic angle of 54.7° (left side of Fig. 1(a)). These textured
surfaces reduce the reflection and increase the optical path length in the cell [37]. Increased
optical path length due to light trapping is a necessity for achieving high long-wavelength
EQE response and consequently high efficiency SHJ and tandem cells. However, simulating
light trapping effects is computationally intensive and not suitable for our multi-dimensional
optimization task. To introduce the increased optical path length in our SHJ cell model we
take a cell with flat surface and increase the optical thickness of the absorber material — we
use a 3.5 mm thick c-Si layer. This thickness results in a similar long-wavelength response as
an experimentally measured textured state-of-the-art SHJ cell (symbols in Fig. 3) [35]. With
this approach our model has a much lower computation time but the results are comparable to
the computationally demanding ray tracing routines. Our flat SHJ cell model therefore
features a planar front surface, but still exhibits excellent light trapping properties, without the
anti-reflection effect of the front side texture. In practice, planar front surface cells with ~100
pum thick absorbers and enhanced light path length, can be realized with structured rear
surfaces, for example by using hexagonal sphere gratings [38]. For anti-reflection properties
due to a texture, see the section on surface texture effects.

Between top and bottom cell in the four-terminal tandem, a thick non-absorbing
intermediate light-coupling layer is assumed, for which the ideal wavelength independent
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refractive index is to be determined. Since room for electrical contacts has to be available in
the four-terminal device between the top and bottom cells, we assume that the intermediate
layer is sufficiently thick to be incoherent and set its thickness to 2 mm. The glass superstrate
is also modeled as an incoherent layer, implying that it does not cause interference effects.

Omitting ray tracing during optimization results in a computationally fast model, which
enables us to optimize the structure in a 6-dimensional parameter space consisting of the
combination of five layer thicknesses of the CH;NH;Pbl; perovskite cell (excluding the glass
layer) and the refractive index of the intermediate layer (assuming a non-absorbing layer, k =
0). We determine the values of these parameters that result in the highest combined efficiency
of the CH3NH;Pbl; perovskite and SHJ cells. To achieve this, we use the CROWM simulator
to calculate the short-circuit current densities under the assumption that all photo-generated
carriers are successfully collected (equivalent Ji.). We then apply this simulated J;. value to
the one-diode model of the single junction CH3;NH;Pbl; perovskite and SHJ cells from which
we estimate the efficiency. The objective function for optimization maximizes the sum of
efficiencies of the CH3;NH;Pbl; perovskite cell, #p,,, and the SHJ cell, 7,

Jar = Mpo + gy, ©)

To obtain the one-diode model parameters we use a curve fitting routine to fit the current
density-voltage characteristic (J-V) of the one-diode model with J-V curves reported in the
literature. Although higher efficiencies are reported in literature, we choose a 16.7% efficient
perovskite cell, since care was taken to minimize the error due to the hysteresis effect during
the J-V measurement [23]. For the bottom cell we choose the record both-sides-contacted SHJ
cell, which yields 24.7% certified efficiency [33]. The record SHJ cell of 25.6% is not chosen
because it has all contacts on the back side of the cell [4], and is therefore not suitable for
implementation of the two-terminal device.

Using one-diode parameters of the single-junction cells and using them in tandem
optimization has some drawbacks. For instance, the areas of the cells are different (SHJ cell
with 100 cm? vs. perovskite cell with <1 cm?), making it difficult to directly compare the cell
parameters. Moreover, structural changes required for tandem implementation such as
absence of rear metal layers (four-terminal perovskite cell) and front metal grids (two-
terminal SHJ cell) might influence the J,. and series resistance, introducing some level of
uncertainty to the parameters. To evaluate these effects a detailed characterization of single-
junction devices or electrical modeling would be required. Nevertheless, using single-junction
cell parameters as a basis for optimization and efficiency estimation still gives more realistic
results than only the optimization of J;. values.

3.2 Two-terminal model description

In the two-terminal tandem device the cells are optically stacked and electrically connected in
series. The structure schematic is shown in Fig. 1(b). As the cells are monolithically
integrated, the SHJ cell serves as the substrate for the perovskite cell deposition (instead of
the commonly used glass). We chose a structure where the perovskite absorber is prepared on
top of a compact TiO, layer, as most perovskite cells are prepared in this manner [30,31]. The
perovskite preparation on TiO, dictates the polarity of the tandem, as in this case, hole
collection occurs at the sun-exposed side. Therefore, compared to the four-terminal device,
the polarity of the CH;NH;Pbl; perovskite sub-cell has to be reversed. On top of the tandem
structure an MgF, layer is added as an anti-reflective coating. For the two-terminal tandem,
the CH;NH;Pbl; perovskite cell is again modeled as a stack of five flat thin-film layers (in
reversed order, compared to the four-terminal device, however). The SHJ cell model used in
the optimization is the same as for the four-terminal tandem.

As the cells are connected in series in the monolithic tandem, the cell with the lower

current limits the tandem cell power output and best efficiencies are achieved when the

current at the maximum power point (MPP) of the perovskite cell J1 <, is equal (matched) to
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that of the SHJ cell J;/, . Note that this leads to a current mismatch at short-circuit conditions
[39]. We take this constraint into account in the objective function during optimization:

Jor =My 1y _|JA}Z:P - JAS;IIZJ : “

Units of # are in % and units of Jypp are in mA/cm’ making their numeric values equal in
magnitude. The objective function in Eq. (4) maximizes the sum of both efficiencies, while
keeping their difference in current densities at MPP low. The efficiencies and current
densities at MPP are obtained with the one-diode model and the optically simulated J;. values
as in the four-terminal case. During the 6-dimensional parameter optimization we searched
for the combination of five CH;NH;Pbl; perovskite cell layer thicknesses and SHJ ITO layer
thickness that results in maximized objective function.

3.3 Surface texture effects

As mentioned previously, SHJ cells usually feature random pyramid textures. Inverted
pyramids, employed in simulations by other authors [26], are interesting from an academic
point of view, but due to cost reasons only random pyramid textures are relevant to the
industry. After the flat layer thickness optimization, we run ray tracing simulations with a
textured front surface of the SHJ cell, taking into account all possible reflections from the
pyramids, to evaluate the anti-reflection effect of the texture on the tandem structure. The
simulated texture consists of a periodic array of 5-um-high upright pyramids with a
characteristic angle of 54.7°. Since the front surface texture not only reduces reflection, but
also increases the optical path length, the optical thickness of the absorber with a textured
front surface has to be adjusted to 1.5 mm to yield a good agreement with the long-
wavelength response of the measured SHJ cell [35]. Note that the optical absorber thickness is
still larger than the usual ~100 um thick SHJ cell absorber. The reason for this is that the back
surface of the SHJ cell is flat in all cases considered here, and a thicker absorber is required to
compensate for light trapping effects of the back texture.

For the two-terminal tandem, the perovskite cell is deposited on top of the textured SHJ
surface and for a conformal thin-film layer stack on an ideal pyramid the light enters the
perovskite cell at an incident angle of 54.7° (see left side of Fig. 1(b)). When simulating
textured surfaces with ray tracing, we use perovskite cell layer thicknesses that were
optimized at an oblique incidence of 54.7°. Note that optimization is carried out on flat thin-
films and therefore the optimum is determined with respect to the incident ray only (rays
reflected from pyramid faces are not included due to the low reflection of the optimized
stack).

3.4 Optimization procedure

In both two- and four-terminal tandem devices the optimum is found by starting the
optimization routines that converge to the local maximum from many randomly selected
starting points (layer thickness combinations). When searching for the optimum we can
constrain the search range of layer thicknesses. First we constrain the thicknesses to
experimentally feasible ranges around typical values of our experimental devices, given in
Table 1. For ITO layers, where a low sheet resistance is needed for lateral conduction (i.e.
‘top’ and ‘bottom’ ITO of the four-terminal perovskite cell and the ‘top’ ITO of the two-
terminal tandem cell), the lower bound was chosen to be 60 nm. However, perovskite cells
can be realized with alternative layer sequences and thickness constraints as the ones used
here. For example, the compact TiO, or the Spiro-OMeTAD can be exchanged by other
materials [32,40]. Therefore, we use in the second case more relaxed constraints, limiting
each layer thickness to the range of 0 to 1000 nm. The layer thickness of 0 nm means the
optical absence of that layer, which gives us an indication of which layers are most
problematic and should be avoided when developing novel tandem architectures.
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Table 1. Layer thickness constraints for the perovskite cell and references to the
refractive indices of simulated layers, cf. Fig. 1. ‘Bottom’ ITO has different constraints
for the four-terminal (4T) and two-terminal (2T) configuration.

Layer Thickness constraints (nm) Source of n and k&
MgF, 0-200 [41]

‘Top’ ITO 60-150 [42]
Spiro-OMeTAD 100-300 This study
CH;NH;Pbl; 200-350 [28]

Compact TiO, 10-80 [43]

‘Bottom’ ITO 60-150 (4T) or 20-150 (2T) [42]

a-Si layers Not varied [44]

c-Si Not varied [45]

Ag Not varied [46]

4. Results and discussion
4.1 Spiro-OMeTAD refractive index

The best fit to the experimental spectra is shown in Fig. 2(b) and 2(b). The calculated spectra
(lines) agree very well with the experimental spectra (symbols) over the entire measured
spectral range. The fit parameters are listed in Table 2, and the resulting complex refractive
index is plotted in Fig. 2(a). Our result is well comparable to that reported by Moule et al.
[47] which was obtained with slightly differently doped spiro-OMeTAD films. The
agreement between the experimental spectra on multiple samples increases the reliability of
our result.

Table 2. Parameters of the dielectric function model, giving the best fit to the data.

ne 15T | en 069 | e. 206 | es 115 | es 048
B —155| w. 294 | w. 309 | s 078 | wu 281
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Fig. 2. A) Real part n and imaginary part k of the refractive index of Spiro-OMeTAD. B)
VASE experimental spectra (symbols) and calculated spectra (lines) of Spiro-MeOTAD on c-
Si substrate. C) Reflection and transmission experimental spectra (symbols) and calculated
spectra (lines) on a glass and c-Si substrates.

4.2 Extracted one-diode parameters

Table 3 lists the one-diode model parameters obtained by fitting the model to the reported J-V
curves under illumination [23,33], where J; is the photo-generated current density, J; the
saturation current density, n the ideality factor, Rg the series resistance and Rgy the shunt
resistance. During optimization, the value of J; is replaced with simulated J,. value.
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Table 3. One-diode parameters of single junction cells, extracted by fiting from literature

data.
Cell Jy (mA/cm?)  J, (mA/cm?) n Rs(Qxcm®)  Rgy (Qxcmd)
Perovskite 21.2 4.93 x 107 2.20 0.48 8.90 x 10°
SHJ 394 821 x 10710 1.17 0.07 8.84 x 10°

4.3 Four-terminal optimization

Table 4 shows the optimal values of the varied parameters for the flat and textured four-
terminal tandem device. In addition, it also gives the most significant equivalent J;,. values for
the constrained case (thickness limits in Table 1) and the unconstrained case (thickness limit
from 0 to 1000 nm). For the constrained cases (flat and textured), most of the thicknesses are
close to the assumed boundaries, indicating that the true optimum might actually lie outside
these limits. This is indeed confirmed by the unconstrained simulations. Notably, the
thicknesses of layers in which parasitic absorption dominates over possible anti-reflection
properties converge to 0 nm in the optimum case, equivalent to the optical absence of the
involved layer. Despite this, the unconstrained optimum represents the J. limit for the given
device structure and may give guidance to future device design.

Table 4. Optimal parameter values of the four-terminal tandem device with equivalent J,.
values of selected layers without the MgF, anti-reflection layer.

Flat Textured
Varied parameters Constrained Unconstrained Constrained Unconstrained
‘Top’ ITO thickness (nm) 61 67 61 67
Compact TiO, thick. (nm) 10 14 10 14
CH;NH;Pbl; thickness (nm) 350 1000 350 1000
Spiro-OMeTAD thick. (nm) 100 0 100 0
‘Bottom’ ITO thick. (nm) 60 95 60 95
Intermediate layer n () 1.8 1.6 1.8 1.6
Equivalent J,. (mA/cmz)
Perovskite absorber 20.1 233 19.9 233
SHIJ absorber 17.9 16.0 19.6 17.7
Reflection 6.7 5.7 4.6 2.8
Spiro-OMeTAD 0.5 0.0 0.7 0.0
‘Top’ ITO 0.4 0.5 0.5 0.6
‘Bottom’ ITO 0.2 0.3 0.3 0.8

Due to the higher bandgap of the CH;NH;3Pbl; perovskite compared to the c-Si absorber
of the SHIJ cell, thermalization losses of high energy photons are lower if they are absorbed in
the perovskite cell. Therefore it is advantageous to absorb as much high energy photons as
possible in the top cell. Since CH;NH;Pbl; absorbs up to wavelengths of 800 nm, highest
efficiencies are achieved when most of the light at wavelengths up to 800 nm is absorbed in
the perovskite cell while simultaneously all light above 800 nm is transmitted to the SHJ cell.
For the unconstrained cases, this leads to a thick CH;NH;Pbl; layer, which absorbs all the
light below 800 nm in the perovskite cell. The reflection of the flat tandem device and
absorption in each individual layer are displayed in Fig. 3. In the constrained case, an
equivalent of 3.1 mA/cm® is absorbed in the c-Si wafer in the wavelength range between 500
and 800 nm, which ideally should have been absorbed in the CH;NH;Pbl; layer.

Despite the fact that in the four-terminal tandem device Spiro-OMeTAD is positioned at
the bottom of the perovskite cell, it turns out to be the layer with highest parasitic absorption
(at optimized thickness) in the constrained case, as seen in Table 4. This is a consequence of
the fact that Spiro-OMeTAD considerably absorbs light in the visible and also the infrared
due to the presence of dopants in the Spiro-OMeTAD layer, required for high-efficiency
devices, resulting in reduced transmission of light to the SHJ cell. In the unconstrained case
this layer is absent, indicating that the absorption dominates over possible benefits from
interference effects. In the long-wavelength range, the bottom ITO also contributes to
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parasitic absorption, caused by free carrier absorption, but its thickness is increased in the
unconstrained case, suggesting that beneficial interference effects outweigh the absorption
losses. These results confirm the necessity to develop highly NIR-transparent charge transport
layers. In the UV range, parasitic absorption losses occur in the glass, the compact TiO, and
the ‘top’ ITO. The glass thickness was fixed at 2 mm and there are only minimal changes in
its absorption between the constrained and the unconstrained case. Small differences are also
observed in the ‘top’ ITO thickness, where anti-reflection properties outweigh the parasitic
absorption. Short-wavelength light, where a-Si layers parasitically absorb in single-junction
SHJ solar cells [48], is actively absorbed in the top cell and does not reach the bottom cell.
Therefore, a-Si layers do not contribute to parasitic absorption in the tandem. The optimal
constant refractive index of the intermediate layer for the unconstrained case is 1.6, which is
near the constrained value of 1.8.
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Fig. 3. Reflection and absorption plots for the flat four-terminal tandem configuration without
the MgF, anti-reflection layer. A) Reflection of the tandem stack, and absorption in the active
layers. B) Parasitic absorption of layers in the CH;NH;Pbl; perovskite cell. Dashed lines
represent the optimal results of the constrained case, while full lines show optimum results
when the thicknesses were unconstrained. Grey circle symbols in the top plot represent the
measured EQE of a SHJ cell [35].

For four-terminal tandems with textured SHJ bottom cells we assume the same optimal
perovskite layer thicknesses as with a flat surface. The main difference when introducing a
textured front SHJ surface is the reduced reflection of light from the bottom cell above
wavelengths of 800 nm. In the unconstrained case, most of the light below 800 nm is
absorbed in the perovskite cell and a surface texture of the bottom cell does not have any
effect on the perovskite cell current. In the constrained case less light up to wavelengths of
800 nm is reflected back from the textured than from a flat SHJ bottom cell, which reduces
the perovskite cell current by 0.2 mA/cm®. Therefore we conclude that the bottom cell surface
texture has only a minor effect on the perovskite cell, supporting our initial assumption of
similar optimal perovskite cell thicknesses for either a flat or textured SHJ cell. Even so,
having a texture is beneficial for the bottom cell, as less light above 800 nm is reflected and
its Jy. is consequently increased relative to a flat bottom cell. In both the constrained and
unconstrained case, the surface texture increases the bottom cell current by 1.7 mA/cm®,
Another effect of the texture is the increased parasitic absorption in the Spiro-OMeTAD and
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ITO layers at wavelengths where the c-Si absorber is weakly absorbing (>1100 nm). This is
due to the increased optical path length of light reflected from the SHJ back reflector which
then travels back through the perovskite cell, where it is parasitically absorbed in Spiro-
OMeTAD and ITO layers.

Finally, when a 114 nm thick MgF, layer that minimizes the reflection, is deposited on the
top side of the perovskite cell as an anti-reflection coating (not shown in Fig. 1(a)), the
perovskite cell J;. is increased by 0.5 mA/cm? and 0.6 mA/cm? for the constrained and the
unconstrained case, respectively, and the SHJ cell J;. by 0.4 mA/cm? in both cases. Since the
two-terminal tandem device studied here also features an anti-reflection MgF, layer, we take
these values into account when estimating efficiencies of the tandem cells to allow for a better
comparability between the various device architectures.

4.4 Two-terminal optimization

For the flat two-terminal device, the optimal layer thicknesses for the constrained and
unconstrained cases together with most significant equivalent J;. values are displayed in
Table 5. The flat unconstrained case again shows that the layers in which parasitic absorption
dominates over anti-reflection properties converge to a thickness of 0 nm. Since the two sub-
cells need to be current matched for best performance, the CH;NH;Pbl; thickness does not go
to as high values as in the four-terminal device. Figure 4 shows the reflection of the flat
tandem device and the absorption for the individual layers. In the optimal unconstrained two-
terminal tandem device the CH3;NH;3Pbl; perovskite cell acts as an anti-reflection coating for
the SHJ cell, which leads to a reflectance below 5% in the wavelength range of 500 to 1000
nm.

Table 5. Optimal layer thicknesses for constrained and unconstrained optimization of the
two-terminal device with flat or textured bottom cell surface.

Flat Textured
Varied parameters (nm) Constrained Unconstrained Constrained Unconstrained
MgF, thickness 105 109 119 142
“Top’ ITO thickness 127 52 123 58
Spiro-OMeTAD thickness 155 0 156 0
CH;NH;PbI; thickness 350 437 350 421
Compact TiO, thickness 79 72 10 83
‘Bottom’ ITO thickness 37 0 68 0
Equivalent J,. (mA/cmz)
Perovskite absorber 18.4 21.7 19.2 22.0
SHJ absorber 18.0 21.2 19.3 21.2
Reflection 6.2 2.7 3.0 2.2
Spiro-OMeTAD 2.4 0.0 3.0 0.0
‘Top’ ITO 1.0 0.4 1.2 0.6
‘Bottom’ ITO 0.1 0.0 0.2 0.0

Due to the inverted polarity of the perovskite cell in the two-terminal tandem, the
CH;NH;Pbl; absorber is illuminated through the Spiro-OMeTAD layer, which introduces
additional parasitic absorption in the short-wavelength range not present in the four-terminal
device. In the constrained case, Spiro-OMeTAD absorption is as high as 50% in the UV,
which surpasses UV parasitic absorption in the four-terminal configuration. This parasitic
absorption greatly reduces the performance of the constrained two-terminal device indicating
that Spiro-OMeTAD layers should be as thin as possible or replaced by a more transparent
hole conducting material. For comparison, we also simulated a two-terminal device with a
perovskite cell polarity as in the four-terminal device, i.e. where the cell is not illuminated
through the Spiro-OMeTAD layer. For the constrained case with such a polarity, the
pervoskite Jy. and the SHJ J,. values reach 19.6 mA/cm?, while the absorption in Spiro-
OMeTAD is reduced to 0.5 mA/cm®.

#228379 - $15.00 USD Received 12 Dec 2014; revised 9 Feb 2015; accepted 12 Feb 2015; published 27 Feb 2015
(C) 2015 OSA 6 Apr 2015 | Vol. 23, No. 7 | DOI:10.1364/OE.23.00A263 | OPTICS EXPRESS A274



100

:A)I U T T T ,l- T
7D N ]
e l/\- R\-—\ \.// N\ $
g 6o I—— AchH,Pol) \\ b
« 1 A
n:__ 40-_ ; c-Si / .

[ - - Vi j
oF - A — ey
60r B) gf—— ToplTO ;

oy 2 [— TiO, ]
= 1) g [— Spiro-OMeTAD A
< 40f l‘ n Bottom ITO /]
B h 4 [ /g
g 20 _\ l‘ L /\ /—/ /i
o N 2 —— N / S
N\ .
< _b——= ]
0 L — g e g g T T T T L
400 600 800 1000 1200

Wavelength (nm)

Fig. 4. Reflection and absorption plots for the flat two-terminal tandem configuration. A)
Reflection of the tandem stack and absorption in the active layers. B) Parasitic absorption of
layers in the CH;NH;Pbl; perovskite cell (y-scale changes after wavelength > 600 nm). Dashed
lines represent the optimal results of the constrained case, while full lines show optimum
results of the unconstrained case.

To estimate how the optical behavior of the top perovskite cell changes when deposited on
a random pyramid texture instead of a flat surface we simulate the incident angle dependence
of the flat two-terminal cell current. The angular dependence of tandem cell J;. is shown in
Fig. 5. For a perovskite cell deposited on the facets of the random pyramids the incident angle
of incoming light equals 54.7°. At this angle, the current for the unconstrained case drops by
5.8%, and for the constrained case by 10.2%, as compared to the normal incidence values.
This J,. drop can be partially recovered if the optimization is carried out at an incidence angle
of 54.7°, at the expense of J,. at lower angles as seen by the blue lines in Fig. 5. Therefore, we
conclude that perovskite cells can be optimized for deposition on textured surfaces. To
observe the effect of surface texture on reflection, we simulate a tandem with periodic
pyramid texture with a characteristic angle of 54.7° using ray tracing with normally incident
rays. For this we use perovskite layer thicknesses optimized for incident angle of 54.7°, since
the first reflection of incident rays occurs at this angle. Second and higher-order reflections hit
the pyramid surface at different angles [37]. However, as reflection is low, the second and
higher-order bounces carry only a fraction of the incident power. Therefore, the optimal layer
thicknesses required for the textured surface should not differ substantially from the optimum
at 54.7°. The results of ray tracing simulations are shown in the last two columns in Table 5
and in Fig. 6.

The main benefit of a textured compared to a flat surface is the reduction of reflection
losses, which are reduced by 3.2 mA/cm’ and 0.5 mA/cm® for the constrained and
unconstrained cases, respectively. This in turn results in higher J;. values but also in increased
parasitic absorption, since light that was reflected from a flat surface is now partially
absorbed. The increase in J;. due to texturing is not necessarily equal for both sub-cells, as
can be seen from the J,. values in the textured constrained case. This is because reflection
losses for the constrained case are larger in the wavelength range where the SHJ cell absorbs
light, while reflection losses in the perovskite cell absorber wavelength range are relatively
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smaller. After introducing a texture, this wavelength-dependent reflection causes the SHJ
current to increase more than the current of the perovskite sub-cell.
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Fig. 5. Angular dependence of J,. of the two-terminal tandem device. Full lines represent
unconstrained thicknesses, while dashed lines show the results for constrained thicknesses.
Above x-axis schematics show the incident angle.
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Fig. 6. Reflection and absorption plots for the textured two-terminal tandem configuration. A)
Reflection of the tandem stack and absorption in the active layers. B) Parasitic absorption of
layers in the CH;NH;Pbl; perovskite cell (y-scale changes after wavelength > 600 nm). Dashed
lines represent the optimal results of the constrained case, while full lines show optimum
results of the unconstrained case.

For the unconstrained case, the overall reflection is already low, and using a textured
surface introduces only minor current changes compared to the flat case. Owing to the
optimization constraint of equal current densities at MPP and the lower fill factor of the
perovskite cell, it is more beneficial to increase the J;. of the perovskite than of the SHJ cell,
as the unconstrained results demonstrate.
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4.5 One-diode model efficiency approximations

Efficiency results for both sub-cells and the tandem cell, based on the simulated J,. values and
the one-diode model, are shown in Table 6. Note again that simulated values for flat front
surfaces were obtained assuming a light trapping performance of a state-of-the-art SHJ cell,
but without reduced reflection of the textured surface. For the four-terminal device, the
efficiencies of top and bottom cell were simply added, while for the two-terminal device, the
J-V of both cells connected in series was calculated, from which the efficiency was
determined.

Table 6. Estimated efficiencies of various four-terminal (4T) and two-terminal (2T)
tandem configurations based on the one-diode model and simulated J,. values.

Perovskite cell (%) SHJ cell (%) Tandem cell (%)
4T Constrained Flat 16.4 11.1 27.5
4T Unconstrained Flat 19.2 9.8 29.1
4T Constrained Textured 16.3 12.1 28.4
4T Unconstrained Textured 19.2 11.0 30.1
2T Constrained Flat 14.5 10.9 25.4
2T Unconstrained Flat 17.3 12.9 30.2
2T Constrained Textured 15.2 11.7 26.8
2T Unconstrained Textured 17.5 12.8 30.3

The estimated efficiency of the flat four-terminal constrained device is already higher than
that of today’s best single-junction SHJ cells (25.6%) [4], while the unconstrained case shows
even higher efficiency, mostly due to the much better CH;NH;3Pbl; perovskite cell that has
2.8% absolute higher efficiency compared to the constrained case. The SHJ cell in the
unconstrained case shows a decreased efficiency, since light up to wavelengths of 800 nm is
almost completely absorbed in the perovskite cell. Introducing a textured SHJ cell raises
efficiencies by 0.9% absolute and 1.0% absolute for the constrained and unconstrained case,
respectively, due to reduced reflection and thus increased efficiency of the SHJ sub-cell. If a
module glass with already deposited perovskite cells becomes available, this architecture can
use standard SHJ or other silicon solar cells, without much adaptation.

Looking at the two-terminal device results, the flat constrained case has efficiencies
comparable to the best single SHJ cells, mostly due to parasitic absorption and high reflection
losses. This result indicates that it will be highly challenging to surpass the single-junction
SHI cell efficiency with flat SHJ bottom cells. On the other hand, in the flat unconstrained
case, efficiencies of 30.2% are obtained, indicating that perovskite device architectures with
highly transparent transport layers might still allow for highly efficient tandem devices in
combination with flat SHJ cells. With a surface texture the reflection losses are even further
reduced. This has the most impact on textured constrained case, where efficiencies increase
by 1.4% absolute compared to the flat surface. With the unconstrained textured case the
highest efficiencies of 30.3% are obtained.

The results presented above demonstrate that it is not possible to reach efficiencies above
30% with constrained thicknesses, neither with four- nor two-terminal architectures. In order
to surpass 30% efficiency more transparent supporting layers are required. Spiro-OMeTAD
has been identified as the most problematic and should be the first on the list for replacement
with more transparent materials. ITO layers also introduce parasitic absorption losses, mostly
due to free carrier absorption in near-IR. High-mobility transparent conductive oxides, giving
the best compromise between resistive and free carrier absorption losses for the optimal
thickness, should be used [17].

Especially for the four-terminal device increasing the absorber thickness leads to
increased efficiency. An optimal four-terminal architecture requires thick perovskite layers, to
absorb most light up to the absorption edge in the perovskite cell. Such structures with
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absorber thicknesses up to 900 nm have already been realized (with different transport layers
than Spiro-OMeTAD) and are promising candidates for tandem implementation [49]. Another
possibility to increase efficiencies is to introduce a perovskite with a bandgap closer to the
ideal value for a tandem with a c-Si bottom cell (1.75 eV). For the two-terminal device the
absorber thickness is limited by the current matching condition. In this case, bandgap
engineering of the CH;NH;Pbl; perovskite, possible by introducing different halogens or
organic groups, might be the required degree of freedom that can help to optimize devices for
best possible efficiencies [22]. The polarity of the perovskite cell should be considered when
new high-efficiency architectures are designed. The electron or hole transporting layer, with
highest short-wavelength absorption (in our case Spiro-OMeTAD), should be positioned
behind the absorber layer, so that short-wavelength light does not reach it. For the two-
terminal configuration, the polarity of the SHJ cell can be easily adapted to support the series
connection of the sub-cells, for example by introducing a rear emitter cell or changing the
base and emitter doping type.

5. Conclusion

In this study we focused on layer thickness optimization with respect to the optical properties
of tandem CH;NH;Pbl; perovskite / SHJ cells, based on experimentally measured complex
refractive index values. We compared the constrained case, where layer thicknesses were
limited to experimentally accessible values, and an unconstrained case, where layers can be
optically absent from the structure. The constrained cases are therefore in principle realizable
with current state-of-the-art processes, while the unconstrained cases reveal the most
problematic layers in terms of optical losses or insufficient absorption in the photo-active
layers and show the path towards improved device architectures.

The efficiency estimates for optimized four-terminal devices exceed that of single-
junction SHJ cells. Since the four-terminal device requires only minimal adaptation of the
bottom SHJ cell, these devices could be readily integrated with existing industry production
lines for a boost of the solar module efficiency. The challenge lies in the realization of a low
parasitic absorption top cell. Integrated two-terminal devices require more complex
processing, and show greater differences between constrained and unconstrained cases, but
the highest efficiencies are obtained with this architecture. A textured surface of the bottom
cell leads to an increase in efficiency of varying degree for all considered tandem
architectures.

So far, the simulated devices were mainly inspired by their immediate experimental
feasibility and ultimate devices will probably feature not only optimized thicknesses but also
optimal materials and layer sequences. The benefit of our simulation approach to optical
optimization is that it can be readily applied to any architecture consisting of flat layers, given
that the relevant refractive index values are known.
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