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Minimizing optical losses in monolithic
perovskite/c-Si tandem solar cells with a flat
top cell
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Abstract: In a monolithic perovskite/c-Si tandem device, the perovskite top cell has to be
deposited onto a flat c-Si bottom cell without anti-reflective front side texture, to avoid
fabrication issues. We use optical simulations to analyze the reflection losses that this
induces. We then systematically minimize these losses by introducing surface textures in
combination with a so-called burial layer to keep the perovskite top cell flat. Optical
simulations show that, even with a flat top cell, the monolithic perovskite/c-Si tandem device
can reach a matched photocurrent density as high as 19.57 mA/cm’.

© 2016 Optical Society of America
OCIS codes: (350.6050) Solar energy; (040.5350) Photovoltaic; (310.0310) Thin films.
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1. Introduction

With a record efficiency of more than 25% [1], crystalline silicon (c-Si) solar cells have
nearly reached their practical efficiency limit. Solar cells based on CH;NH;Pbl; (perovskite)
more recently exceeded an efficiency of 20%, albeit on a small area and not stabilized [1].
Because c-Si and perovskite have different bandgaps, 1.1 eV and 1.6 eV respectively, a
tandem device with a perovskite top cell and a c-Si bottom cell, has an efficiency potential of
more than 30% [2]. This makes this tandem device structure very attractive, especially
considering that only low-cost materials are required. However, because the integration of a
perovskite top cell and a c-Si bottom cell is not trivial, a perovskite/c-Si tandem device with
an efficiency exceeding the c-Si solar cell record efficiency has so far not been demonstrated
experimentally.

Two main approaches for fabricating perovskite/c-Si tandem devices are described in
literature. In the first approach a transparent perovskite top cell is deposited front-to-back
onto a glass substrate. The finished top cell is then bonded to the c-Si bottom cell. The top
and bottom cells are coupled optically, but not connected electrically. Because both cells each
have their own external contacts this results in a four-terminal tandem device. The highest
efficiency thus far reported for such a four terminal device is 25.2% [3]. Alternatively, the
perovskite top cell can be deposited back-to-front, directly on top of the c-Si bottom cell. This
creates a monolithic perovskite/c-Si tandem device of which the top and bottom cell are
electrically connected in series. The highest efficiency thus far demonstrated by this type of
monolithic tandem device is 21.2% [4].

An advantage of the four-terminal approach is that the top and bottom cells can be
optimized and processed independently. In addition, the current of the top cell does not need
to match the current of the bottom cell. This gives more flexibility in the design of the tandem
device. On the other hand, an advantage of the monolithic approach is that it does not require
lateral current collection at the rear of the top cell and front of the bottom cell. This means
that the two transparent conductive layers there can be omitted. This results in lower parasitic
absorption losses and a higher efficiency potential. In addition, the monolithic tandem
approach is more compatible with existing module technology and can potentially result in
lower module cost. Also the system cost can be lower as only one maximum power point
tracker is required. This makes the monolithic perovskite/c-Si tandem an attractive
architecture.

When making a monolithic perovskite/c-Si tandem device, it has proven difficult to
fabricate a working perovskite top cell on a c-Si bottom cell with the usual anti-reflective
front side texture. Especially process steps that require spin-coating are problematic. Not
surprisingly, the above mentioned 21.2% record efficiency has been achieved with a flat ¢-Si
bottom cell, i.e. based on a double side polished c-Si wafer. From optical viewpoint this is far
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from ideal as flat solar cells generally suffer from reflection losses and also trap weakly
absorbed light very poorly.

Previous studies have, to some extent, addressed the reflection losses by tuning layer
thicknesses and thereby exploiting interference effects [4,5]. This optimization can be done
using relatively simple optical models, based on the transfer-matrix method. However,
relatively few optical simulation studies have focused on light trapping, e.g. by introducing
light scattering surface textures. The main reason for this is that this requires much more
advanced optical models that combine both wave optics and ray optics. One of the few
models that can do this is the CROWM model developed at Ljubljana University [6]. Also the
GENPRO4 model developed at Delft University of Technology can perform these calculations
[7]. Besides combing wave optics and ray optics in a more flexible way, GENPRO4 has a
unique feature that allows to decompose reflection losses into the contributions from each
interface. It also has a fast current-matching algorithm for simulation of multi-junction solar
cells. This makes GENPRO4 especially suitable for fast and accurate simulation of light
trapping in the perovskite/c-Si tandem devices considered here.

Recently, Zhang et al. used GENPRO4 [8] and Filipic et al. used CROWM [9] to study the
effect of light trapping in four-terminal perovskite/c-Si tandem devices. Filipic et al. [9] also
simulated monolithic devices, but light trapping was implemented by placing the perovskite
top cell on texture, which is difficult to realize in practice. In this paper we focus on a
monolithic tandem architecture that can be realized in practice, i.e. with a flat perovskite top
cell. Our goal is to maximize the photocurrent density of this architecture using the GENPRO4
optical model. Starting from a completely flat monolithic perovskite/c-Si tandem device, we
systematically improve light trapping and reduce reflection losses by introducing a rear side
texture, a front side texture smoothened by so-called burial layer and an anti-reflective
coating. The photocurrent density of the final optimized flat top cell architecture is presented
and compared to alternative perovskite/c-Si tandem architectures.

2. Simulation input and validation

Accurate simulation of perovskite/c-Si tandem devices requires accurate input regarding the
optical properties (refractive index, extinction coefficient) of all layers and the morphology of
all interfaces. The next sections give the input used for the c-Si bottom cell (section 2.1), the
perovskite top cell (section 2.2) and the tandem devices (section 2.3).

2.1 c-Si solar cell

The c-Si bottom cell considered here is the silicon heterojunction solar cell by Kaneka
Corporation with an efficiency of 25.1% [1,10]. This cell consists of a 160 pum thick n-type c-
Si wafer, with two thin hydrogenated amorphous silicon (a-Si:H) layers on both sides. The
front has an a-Si:H i/p stack and the rear has an a-Si:H i/n stack. In addition the cell has a
transparent conductive oxide (TCO) front contact and reflective TCO/metal rear contact. The
cell’s measured external quantum efficiency (EQE) is shown in Fig. 1 (red circles) [1].

The refractive index and extinction coefficient of all materials needed for optical
simulation of this c-Si cell were measured in-house using spectroscopic ellipsometry. The
morphology of the pyramid texture used in the simulation was measured using atomic force
microscopy. The simulated absorptance in the c-Si wafer is shown in Fig. 1 (black line).
Under the assumption that every absorbed photon generates one electron-hole pair and
recombination is negligibly small, this absorptance is equivalent to the EQE. Note that here
we included the small contribution from the absorptance in the front a-Si:H i-layer [11,12].
The corresponding short-circuit current density Jy., calculated by integrating the EQE over the
AML.5 spectrum, is given in the legend of Fig. 1. The measured and simulated EQE show
excellent agreement. This indicates that our optical model GENPRO4 can be used to predict
the EQE and J,. of this type of device. Although it would be interesting to calculate solar cell
efficiencies, the additional electrical input parameters needed to simulate the current-voltage
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characteristics (V. and FF) add much complexity and uncertainty. In this paper we therefore
limit ourselves to maximizing the solar cells’ Jg, which can be done using purely optical
simulations.
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Fig. 1. The measured EQE (red circles) [1] and simulated absorptance in c-Si (black line) of
the Kaneka c-Si heterojunction solar cell.

2.2 Perovskite solar cell

The fabrication of the perovskite solar cell starts with a glass/ITO substrate. Onto this, the
electron transporting material (ETM), perovskite, hole transporting material (HTM) and ITO
back contact are deposited. For simplicity, we will not consider the thin buffer layer (e.g. of
MoO,) that is usually present between HTM and ITO because it does not have a large optical
effect. The ETM is compact TiO,, deposited by vacuum deposition at a temperature less than
200°C, which in case of a tandem device is compatible with the underlying c-Si
heterojunction solar cell. The perovskite layer is deposited by the solvent engineering method
[13]. The HTM is poly(tri-arylamine) (PTAA), which is deposited by spin coating. In order to
determine the optical properties of the ETM, perovskite and HTM layers, individual layers on
a flat glass or c-Si substrates were prepared. From this, the optical properties were derived
using spectroscopic ellipsometry and reflection transmission measurements. The resulting
refractive index n and extinction coefficient k£ are shown in Fig. 2(a) and 2(b). This shows that
the ETM (TiO,, green line) has a refractive index around 2.3 and is highly transparent. This is
in good agreement with the optical properties typically found for TiO, films deposited by
vacuum deposition. The HTM (PTAA, blue line) has a lower refractive index around 1.7 and
for wavelengths less than 400 nm its extinction coefficient is relatively high (> 0.1), which is
in line with expectations. Perovskite (red solid line) has a refractive index that varies between
1.5 and 2.8. Its extinction coefficient reveals that it is highly absorbing up to a wavelength of
800 nm and much less absorbing for larger wavelengths. The n and k of perovskite from
Loper et al. [14] are given for comparison (red dashed lines). Our refractive index follows a
similar trend but for most of the spectrum is somewhat lower than the data from Loper et al.
Our extinction coefficient on the other hand is somewhat higher than reported in literature. In
addition we observe some sub-gap absorption that becomes stronger with increasing
wavelength. We attribute this to free-carrier absorption. Photons absorbed by free carriers do
no generate electron hole pairs and do not contribute to solar cell current. This sub-gap
absorption therefore is a parasitic absorption loss.
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Fig. 2. Measured optical constants of HTM (blue), perovskite (red) and ETM (green). Optical
constants of perovskite from literature [14] are given as red dashed lines. a) refractive index ,
b) extinction coefficient .

2.3 Perovskite/c-Si tandem device

The structure of the monolithic perovskite/c-Si tandem device is shown in Fig. 3(a). The
perovskite cell is deposited back-to-front on top of the c-Si bottom cell. To match the polarity
of the top and bottom cells the ETM is deposited first, followed by perovskite, HTM and
finally the ITO front contact. Because top and bottom cell are electrically connected in series,
the current of the tandem device is limited by the cell with the lowest current. Increasing the
perovskite thickness increase the top cell current at the expense of the bottom cell current.
The device current therefore reaches its maximum value when the top cell current exactly
matches the bottom cell current. In all our simulations the thickness of the perovskite layer is
varied such that the currents of top and bottom cell are perfectly matched in each
configuration. The thickness of all other layers is fixed and their values are shown in Fig.
3(a).
top cell onflat_|_top cell on texture

. . |
rear side burial layer AR coatlr;g
|

R R, R,
i |
ITO (40 nm) \f/ /‘ texture mterlayler |
|
‘ ”
|
|
| AAAY
|

}glm ::g :2;_ pt\rf}vsk/ﬁ perovskite perovskite l
Fig. 3. Perovskite/c-Si tandem devices A to F. The layer thicknesses and the reflection losses
R\, R, and R; are indicated in Fig. (A).

perovskite perovskite

a-Si:H(p) (5 nm
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3. Simulation results

In this section simulation results of the perovskite/c-Si tandem devices A to F, shown in Fig.
3, will be presented. Starting from the flat device A, the reflection losses R, R, and R; from
the front, middle and rear of the tandem device, respectively (see Fig. 3(a)) will be addressed.
Device B has a rear side texture to reduce R;. Devices C and D use an additional interlayer or
front side texture with burial layer to reduce R,. Device E has an additional MgF, anti-
reflective coating to reduce R;. Finally, device F is similar to device B, but with front side
texture. Note that devices A to E have a flat perovskite solar cell and can be fabricated easily
with available technology. Device F suffers from the above mentioned fabrication issues and
is difficult to fabricate.
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3.1 Tandem with flat wafer (A)

First the perovskite/c-Si tandem cell with a flat c-Si cell (device A, shown in Fig. 3(a)) is
simulated. The resulting absorptance versus wavelength is shown in Fig. 4. The light orange
area indicates the useful absorptance in the absorber layers. The green and red lines show the
individual absorptances from perovskite and c-Si layers, which we assume to be equivalent to
the EQE of the top and bottom cell, respectively. By integrating these curves over the AM1.5
spectrum the implied photocurrent density is calculated. A perovskite thickness of 140 nm is
required to obtain perfectly matched top and bottom cell current densities of 17.28 mA/cm’.
The other colored areas indicate the parasitic absorptance in other layers such as ITO (blue
area at wavelength A <400 nm), HTM (yellow area at A < 400 nm) or free carrier absorption
in perovskite (green area at A > 1100 nm). The absorption in other layers such as ETM, a-Si:H
or back contact is small and not visible in the figure. The white area indicates the total
reflectance. A unique feature of the GENPRO4 simulation tool is that it can decompose this
total reflectance into the individual contributions R;, R, and Rj, indicated in Fig. 3(a). R,
represents the reflectance from all interfaces above the perovskite layer, R, represents the
reflectance from all interfaces between perovskite and c-Si layer and R; represents the
reflectance from all interfaces below the c-Si layer. A standard simulation gives reflectance
Ry + R, + R;. A simulation of the same device but with an infinitely thick c-Si layer gives
reflectance R + R, and a simulation with an infinitely thick perovskite layer gives reflectance
R,. The white area in Fig. 4 is divided into three parts, representing R;, R, and Rj,
respectively. This reveals that R, is especially dominant for the shorter wavelengths. R,
occurs only where the perovskite layer is transparent (A > 700 nm) and is fairly constant
around 7%. R; occurs only where both perovskite and ¢-Si are transparent (A > 950 nm), but
reaches a high value, up to 80%.

1 ! ! —

0.8+
=
8 0.6/
§ perovskite R,
S04l 17.28
2 mA/cm?
[
0.2F

400 660 800 1000 1200
wavelength [nm]

Fig. 4. Simulated absorptance and reflectance of current matched perovskite/c-Si tandem
device A.

As an aside, this simulation is repeated using the n and k of perovskite from Loper et al.
[14]. In that case, because of the lower extinction coefficient (see Fig. 2(b)), a significantly
thicker (302 nm) perovskite layer is needed to achieve current matching. However, because
the larger perovskite thickness largely compensates the lower extinction coefficient, the EQE
and matched current density value obtained (17.55 mA/cm?®) are similar (graph not shown).
This illustrates that the current matching thickness of the perovskite layer is highly dependent
on its extinction coefficient. However, the matched current density is much less affected by
variations in the optical properties of perovskite.
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3.2 Rear side texture (B)

First, we address reflectance R; that occurs only for the weakly absorbed light (A > 1000 nm)
that is able to pass through the c-Si layer. Note that using a less reflective back reflector
would reduce R;, but not have the desired effect of increasing the device current. Instead, the
back reflector should remain highly reflective but scatter the reflected light obliquely. In this
way the path length of the weakly absorbed light in c-Si is increased significantly because it
traverses the c-Si wafer obliquely and because light confinement is improved due to total
internal reflection. This can be achieved using a rear-side texture while keeping the front side
flat. This is device B shown in Fig. 3(b). This device was simulated and the resulting
absorptances in c-Si and perovskite are shown in Fig. 5. Relative to device A, device B shows
a large increase in absorptance of c-Si in the wavelength range 1000 to 1200 nm. In this range
¢-Si is weakly absorbing and the absorptance is enhanced as a result of the increased path
length of this light inside the ¢-Si. The increased absorptance in ¢-Si results in an increase in
bottom cell current. As mentioned above, all devices shown here have perfect current
matching between top and bottom cell. The currents were matched by increasing the
perovskite thickness from 140 nm (device A) to 164 nm (device B). This explains the increase
in perovskite absorptance and small reduction in c-Si absorptance for A < 800 nm. The
obtained matched current density is 18.16 mA/cm?, which is an increase of 5.1% relative to
device A.
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Fig. 5. Simulated absorptances in perovskite and c-Si for current matched tandem device
configurations A to F shown in Fig. 3.

3.3 Interlayer (C)

Next we address the reflectance R, from the interfaces between perovskite and c-Si. Here an
anti-reflective interlayer between top and bottom cell is used to couple more light into the c-
Si bottom cell, resulting in device C (see Fig. 3(c)). However, to observe the anti-reflective
effect, the material used for this interlayer should, at least in the relevant wavelength range
800 to 1100 nm, have a refractive index » in between that of the ETM (n =2.3) and a-Si:H (n
=3.5). Usually the optical thickness of an anti-reflective coating is tuned to a quarter of the
relevant wavelength to exploit interference effects and minimize reflection. In this case
interference occurs in the whole optical stack ETM/interlayer/a-Si(p)/a-Si:H(n) and finding
the optimum coating thickness requires optical simulations. To find the optimum combination
of coating refractive index and thickness we vary both these parameters. Note that the
perovskite thickness is adjusted to keep top and bottom cell currents matched for each
combination. The resulting matched current density as function of coating index and
thickness is shown in Fig. 6. This reveals that a maximum current density of 18.60 mA/cm’
can be obtained for a coating with #» = 2.8 and a thickness of 90 nm. Relative to device B this
is a further increase in current density of 2.4%. Note that the optimum refractive index of 2.8
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is close to the geometric mean of the indices of ETM and a-Si:H, as expected. Also note that
for a 90 nm interlayer thickness, the first order reflection minimum is in the relevant
wavelength range 800 to 1100 nm. The appearance of a local maximum for a thicker (250
nm) coating (see Fig. 6) can be explained by the second order reflection minimum moving
into this wavelength range. A transparent conductive oxide (TCO) has been used as electrical
recombination layer between top and bottom cell [15]. However, the refractive index of most
TCO materials is around 2.0, which is much lower than the optically ideal value of 2.8. Also
tunnel recombination junctions of highly doped a-Si:H layers have been used [16]. This
material has a refractive index around 3.5, which is much higher than the ideal value.
However, by alloying a-Si:H with oxygen, its refractive index can be tuned to any value
between 3.5 and 2.0, depending on the oxygen content [17]. SiO,:H is therefore an interesting
candidate to be used as interlayer in perovskite/c-Si tandem devices.

implied current density (matched) [mA/cmz]
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Fig. 6. Simulated matched current density in tandem device C (see Fig. 3(c)) as a function of
interlayer thickness and refractive index.

The simulated absorptance in perovskite and c-Si for device C with optimum interlayer is
shown in Fig. 5. This reveals that in the wavelength range 800 to 1100 nm the absorptance in
¢-Si is increased by about 6%. To maintain current matching in top and bottom cell, the
perovskite thickness had to be increased further, from 164 nm to 183 nm. This is again
accompanied by an increase in the absorptance of perovskite and a small reduction in the
absorptance in c-Si for A < 800 nm.

For reasons that will become clear in the next section, a device with a very thick (=10 um)
interlayer was simulated as well. Because the optical thickness of this layer exceeds the
coherence length of the incident sunlight, interference is no longer observed [18]. Because of
the absence of interference and because we assume that the interlayer is non-absorbing, the
simulation result no longer depends on the exact thickness of the interlayer, but only on its
refractive index. The gray line in Fig. 7 shows the matched device current density as a
function of interlayer refractive index in this limit of large interlayer thickness. This shows
that the highest device current density is obtained with an interlayer index of 2.8. This is in
agreement with the results shown in Fig. 6. The maximum obtainable current density is
however slightly lower (18.47 mA/cm®) because the thick interlayer does not exploit
interference effects.

3.4 Burial layer (D)

An alternative way to reduce reflectance R,, while keeping the top cell flat, is by using a
double side textured c-Si bottom cell with a so-called burial layer on top. This transparent
burial layer has a thickness of about 10 um, which is thick enough to completely cover the
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pyramid texture. Its front side is polished to provide a flat substrate for the perovskite top cell.
We assume that the burial layer is non-absorbing and, because its thickness exceeds the
coherence length, interference does not play a role. Just like the case of the thick interlayer
(section 3.3) the optical performance of this device D depends only on the refractive index of
the layer and not on its thickness.

The tandem device with burial layer was simulated for burial layer refractive index values
ranging from 1 to 4 and the result is shown in Fig. 7 (green line). In this case the optimum
refractive index is 2.0, which is much lower than the optimum index of 2.8 for the thick flat
interlayer (gray line). The optimum index is close to the index of ETM, instead of being close
to the geometric mean value of the indices of ETM and a-Si:H. This can be explained by the
fact that the burial layer’s bottom interface has an anti-reflective texture and has a very low
reflectance regardless of the refractive index of the burial layer. On the other hand, the burial
layer’s top interface is flat and its reflectance is minimized when the index of the burial layer
is close to that of the ETM. Most TCO materials have a refractive index close to the ideal
value of 2.0. A 10 um thick TCO burial layer would therefore be ideal, provided that the
parasitic absorption loss due to free-carrier absorption is sufficiently low. Free-carrier
absorption can be kept low by having a low charge carrier concentration. The resulting lower
conductivity is not a problem as no lateral conductivity is required in the burial layer.
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Fig. 7. Simulated matched current density as a function of interlayer/burial layer index. The
gray line represents device C in the limit of large interlayer thickness. The green line
represents device D.

Device D with burial layer of optimum refractive index reaches a device current density of
18.72 mA/ecm®. Because this is slightly higher than what can be obtained with the flat
interlayer (device C), it can be concluded that the burial layer performs slightly better than the
flat interlayer. The corresponding absorptance in perovskite and c-Si of device D are
indicated in Fig. 5. This shows that the gain relative to device C, although small, originates
from increased absorption in c-Si at A = 1000 to 1200 nm. This indicates that the additional
textured interface is beneficial for further increasing the path length of weakly absorbed light
inside the c-Si wafer. The perovskite thickness for current matching is 187 nm, which is very
similar to the value for device C.

3.5 Front AR coating (E)

The remaining reflectance R;, originating from the front interfaces, can be reduced by
applying a standard anti-reflective coating on top of the ITO, resulting in device E (see Fig.
3(e)). We use an MgF, coating that has a refractive index of about 1.38. The wavelength
dependent n and k& were measured in-house and used in the simulation. The perovskite/c-Si
tandem with MgF, coating was simulated for a range of MgF, thicknesses. For each MgF,
thickness the perovskite layer thickness was adjusted to achieve perfect current matching. The
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maximum device current density as high as 19.57 mA/cm’ was obtained for an MgF,
thickness of 115 nm (see Fig. 8). This in a further increase of 4.5% relative to device D.
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Fig. 8. Simulated matched current density in tandem device E as a function of MgF, coating
thickness.

The corresponding absorptance in perovskite and c-Si are shown in Fig. 5 (device E). As a
result of the reduction of R; there is a significant enhancement in perovskite absorptance in
the wavelength range 400 to 500 nm. Also the absorptance of c-Si is further enhanced in the
800 to 1100 nm wavelength range. The perovskite layer thickness required for current
matching is 182 nm. The same perovskite and c-Si absorptance are shown in Fig. 9, along
with the parasitic absorption losses in all other layers and the reflection losses. Comparing
this to the results from device A, shown in Fig. 4, it is evident that the total reflectance (white
area) is indeed much reduced. Especially R, has become negligibly small.

1 : : =

0.8+
Z
8 0.6t
5 perovskite
a
é 0.4 L 1 9.572
8 mA/cm

o
(S

400 660 800 1000 1200
wavelength [nm]

Fig. 9. Simulated absorptance and reflectance of current matched perovskite/c-Si tandem
device E.

3.6 Top cell on texture (F)

Finally the perovskite/c-Si tandem device is simulated with a double side textured bottom
cell. No burial layer is applied so the perovskite top cell is deposited directly on the pyramid
texture (device F shown in Fig. 3(f)). As explained in the introduction, it is difficult to
fabricate a working perovskite top cell on this texture. However, device F is simulated in
order to assess the potential device current density in case these fabrication issues can
somehow be resolved. The simulation result is shown in Fig. 10. This reveals that device F
has even lower reflection losses compared to device E. This results in an even higher matched
current density of 20.25 mA/cm’.
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Fig. 10. Simulated absorptance and reflectance of current matched perovskite/c-Si tandem
device F.

4. Discussion

The simulation results of devices A to F are summarized in Fig. 11. This figure shows the
total current density (red), which we define as the sum of the current densities of top and
bottom cell. Just like the useful absorption in perovskite and c-Si, the /osses can be expressed
in terms of a current density by integrating them over the AM1.5 spectrum. The dark gray
area indicates the total parasitic absorption losses and the light gray areas indicate the
reflection loses R}, R, and R;. Because of conservation of energy, the sum of all contributions
is the same for all devices (46.4 mA/cm?).
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Fig. 11. Useful absorptance (red), parasitic absorptance (dark gray) and reflectance
contributions R, R, and R; (light gray) expressed in mA/cm® for tandem devices A to F and
single junction device S.

Figure 11 shows that flat device A suffers from the largest reflection losses. In device B
(with rear texture) R; is much reduced. In devices C (with interlayer) and D (with burial layer)
R, is reduced to nearly zero. In device E (with MgF, coating) also R; is reduced. The
consequence of these systematic reflection reductions obviously is an increased absorptance.
This is partly an increase in useful absorption in perovskite and c-Si (red) and partly an
increase in parasitic absorption (dark gray).

Going from device A to E, we have shown the route towards high current densities in a
perovskite/c-Si tandem device with a flat, easy to fabricate, perovskite top cell. Device E
achieves a high current density of 2 x 19.57 mA/ecm” = 39.14 mA/cm’, which is an increase of
more than 13% relative to device A. Nonetheless, in device F, with the perovskite top cell
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deposited directly on a textured surface, reflection losses are even lower. This means that if
the deposition of a high quality perovskite top cell on a textured surface would become
feasible in the future, an even higher current density of 2 x 20.25 mA/cm® = 40.50 mA/cm®
could potentially be reached.

Finally, we compare these current densities to that of the silicon heterojunction solar cell
shown in Fig. 1. We label this single junction device ‘device S’ and show its current densities
in Fig. 11 (right most bar). The total current density of device S (40.9 mA/cm?) is even higher
than for any of the tandem devices. Figure 11 reveals that this is not due to lower reflection
losses, but due to lower parasitic absorption losses in device S. All perovskite/c-Si tandem
devices suffer from parasitic absorption losses in the perovskite top cell, especially in HTM
and to a lesser extent also free carrier absorption in perovskite. These losses do not play a role
in single junction device S. Note that parasitic absorption losses in HTM can to a large extent
be avoided by inverting the top cell structure, i.e. having the ETM in front and the HTM
behind the perovskite layer. The bottom cell structure then has to be inverted
correspondingly.

5. Conclusions

Our model GENPRO4 has proven a powerful tool for optical simulation of perovskite/c-Si
tandem solar cells. The goal of our work was to develop a new monolithic perovskite/c-Si
tandem device architecture with a flat perovskite top cell, but with a minimum of optical
losses. Our simulations showed that a tandem device based on a double side polished c-Si
wafer (device A) suffers from large reflection losses and consequently has a relatively low
matched device current density of 17.28 mA/cm”. Reflection losses were then reduced
systematically by applying a rear side texture, a front side texture with burial layer and an
MgF, anti-reflective coating. This results in a more than 13% higher matched device current
density of 19.57 mA/ecm? (device E), which is very high considering that the perovskite top
cell is flat. Comparing these results to a tandem device with perovskite top cell on texture
(device F) or single junction c-Si solar cell (device S) revealed that in principle there is room,
although limited, to increase the device current density even further by further reducing
reflection and parasitic absorption losses.
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