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Abstract
The perovskite / silicon-heterojunction (SHJ) tandem solar cell can theoretically overcome the efficiencies of the single junction
solar cells with experimental results not far behind. Here, we use optical simulations to analyze the potential of such currently
feasible monolithic perovskite / SHJ tandem devices. We consider three different device designs in the optical simulations: planar
device, device built on back-side textured Si wafer, and device with textured UV Nanoimprint Lithography light management foil.
For each of these three designs, the current matching point is simulated to evaluate device efficiencies. While the device with backside textured Si wafer causes light trapping and therefore enhanced photocurrent generation for longer wavelengths, the antireflection foils prove to be overall more efficient as the foil significantly reduces the reflection in almost full wavelength range.
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1. Introduction
The perovskite / silicon-heterojunction (SHJ) tandem solar cell is an interesting candidate to exceed the ShockleyQueisser limit [1]–[3] for single junction solar cells due to the high conversion efficiency of both solar cells [4], [5]
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and their complementary band-gaps. By tuning the band-gap of the perovskite [6] we can even reach the optimum
ratio of 1.73 eV to 1.12 eV [7], [8]. The optical simulations have indeed shown the potential in both monolithic and
4-terminal configuration [7], [9] followed by the experimental attempts that also show promising results [10]–[12].
Compared to 4- terminal devices which have two separate solar cells stacked one above the other, monolithic devices
have 2 subcells connected in series and processed sequentially. Series connection results in a higher voltage of the full
device since the voltages of the two subcells are summed. However, to reach the optimum efficiency, the current of
the subcells has to match.
Currently, most of the experimental monolithic tandem devices have planar configuration and are therefore partially
limited by photocurrent generation. Further gains in photocurrents can be achieved by introducing structures for light
scattering and anti-reflection (AR) [11]. However, commonly used random pyramid texturization of silicon wafers is
not yet suitable for the deposition of thin perovskite layers when implementing deposition techniques such as spin
coating that gives the highest efficiencies to date. An alternative way to reduce optical losses on planar wafers is
utilizing UV Nanoimprint Lithography (UV NIL). UV NIL is a replication process where texture from the master can
be transferred on the substrate using mechanical deformation of the UV sensitive polymers [13]–[16]. Therefore, with
UV NIL an additional transparent textured layer on top of the planar tandem (or single junction) cell can be created
that enables light scattering or/and AR.
In our contribution, we focus on the optical optimization of planar monolithic perovskite / SHJ tandem solar cell
by means of optical simulations for the currently feasible fabrication processes. First, random pyramids of the silicon
wafer on the back side only are considered. Second, light management with randomly distributed pyramids deposited
on the top of the planar tandem cell (ITO) by UV NIL process is investigated. For the selected device architectures,
we optimize the thickness of the perovskite layer to achieve current matching in monolithic perovskite / SHJ tandem
solar cell. This current is then used, together with experimentally achievable performance parameters, to estimate the
efficiencies of the investigated device designs. The results show that using the textured surfaces we can improve the
performance compared to the planar device.
2. Optical model description
For the purpose of this study we base our optical simulations on the monolithic planar perovskite/ SHJ tandem solar
cell shown in Fig. 1a and presented in [12]. In the proposed configuration, the top cell is a perovskite solar cell with
the band-gap of 1.54 eV as found in the literature [17] and in agreement with the quantum efficiency measurement.
Despite being 0.19 eV away from the optimum band-gap, this should still result in high efficiencies and the effect of
different textures can be translated to the case with a slightly higher perovskite band-gap. Since the SHJ solar cell is
already well optimized, we keep its structure as a constant and only focus on the perovskite absorbing layer to achieve
the highest possible current matching point.
The optical simulator CROWM [18], which is based on a combined ray and wave optics model, was used to conduct
optical simulations. The n and k files needed to conduct the simulations were obtained using the
reflectance/transmittance (RT) method, found in the internal library or from the literature for spiro-OMeTAD and
perovskite [9], [17]. The outputs of the simulator are total reflection, transmission, and absorption in each layer, which
integrated equals to the short-circuit current density JSC or equivalent current density loss in the individual layer. The
simulations were carried out in the wavelength range from 350 to 1200 nm.
We considered three main cases in our simulations as shown in Fig. 1. Fig. 1a shows the planar device as was
proposed and fabricated by Albrecht et al. [12]. Derived from this structure, there are two main currently feasible
possibilities of implementing textured surfaces to cause light management. Option 1 is to start with a one-side textured
silicon wafer and deposit the layers on the textured surface towards the bottom conformally, while depositing the
layers to the top as in the planar device (Fig. 1b). Option 2 is currently much more attractive and is shown in Fig. 1c.
Here, we keep the planar structure and add either a textured anti-reflection foil or, as will be discussed in this paper, a
textured UV NIL layer on top of the device. UV NIL process allows us to use a texture of our choice (as long as a
master with the same texture can be provided). For our analysis of the UV NIL light management layer (see Fig. 2a
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Fig. 1: Schematic illustration of the investigated perovskite / SHJ tandem devices (a) planar, (b) back-sided textured Si wafer and (c) planar
design with textured UV NIL layer.

for SEM of UV NIL replica), we chose randomly distributed pyramids from a Si wafer that are known for their
excellent anti-reflection properties. In this case, UV NIL layer replaced the LiF anti-reflective coating used in the other
two cases. The refractive index of the LiF is 1.39 and therefore almost ideal for the air/ITO interface, while the
refractive index of the UV NIL lacquer is 1.54.
As the analysis of the devices with the textured surfaces requires much computational time, we decided to keep the
thicknesses as shown in Fig. 1a and only alter the perovskite absorber thickness in order to reach the current matching
point. Compared to the report by Filipic et al. [9] we performed the simulations for the back-side texture and the
textured UV NIL light management foil, and compared to Albrecht et al. [7] we considered textured interfaces in our
structure, albeit not for the optimum perovskite band-gap.
3. Results
The results of the optical simulations for the three cases depicted in Fig. 1 are presented in Table 1. Both the
back-side textured Si wafer and the UV NIL layer have randomly distributed pyramids as a texture. Using the textures,
we can indeed reduce the reflection, namely for 2.5 mA cm-2 with the back-side textured Si wafer and almost 4 mA
cm-2 with the proposed UV NIL layer. The so-gained light is then absorbed in the absorbing layers with the extracted
current increased from 16.23 mA cm-2 for the planar device to 16.94 mA cm-2 and 17.51 mA cm-2 for the back-side
textured Si wafer and the UV NIL layer device, respectively. Since the SHJ bottom cell is kept as a constant and the
amount of light absorbed within is increased, the perovskite absorber must be thicker to absorb more light for the
current matching point to be reached (see Table 1). Interestingly, for the same thickness of the perovskite layer we get
much more current with the UV NIL layer as compared to the back-side textured Si wafer. We attribute this to less
reflection losses, which are lower for the wavelengths below 1050 nm for the device with the UV NIL layer. We can
also estimate the efficiency we could reach by assuming the experimentally achievable parameters [12] open circuit
voltage (VOC) to be 1.80 V (1.10 V for perovskite and 0.70 V for SHJ solar cell) and a fill factor (FF) of 0.80. For the
cases presented here the highest efficiency would be 25.21%. This means a 7.9% increase over the planar device
performance.
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Table 1: Short circuit current (JSC) and equivalent reflection loss in a current matching point for the three device designs from Fig. 1 and
estimated efficiency based of experimentally achievable parameters of the open circuit voltage (VOC) and fill factor (FF). Perovskite layer thickness
in the current matching point is also stated.
Rtot (mA cm-2)

PK thickness

JSC (mA cm-2)

Planar

9.53

250 nm

16.23

Back-textured

7.02

280 nm

16.94

UV NIL

5.67

280 nm

17.51

(a)

VOC (V)

1.80

FF

0.80

Eff (%)

Change

23.37

0

24.39

4.4%

25.21

7.9%
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Fig. 2: (a) SEM image of randomly distributed pyramids from the UV NIL replica of the textured Si wafer and (b) Reflection and absorption
spectra for all three device designs (flat device, back-side textured Si wafer and UV NIL light management foil).

Fig. 2b shows the reflection (1-R) and the absorption for the three studied cases. The reflection with the back-side
texture is mostly reduced for the long-wavelength region, where we also get the highest increase in the current in the
c-Si due to light trapping. However, it has little effect on the device performance in the visible light region as only
wavelengths above 1000 nm can reach the back side of the device. Therefore, one would expect that for the
wavelengths below 1000 nm the absorption / reflection spectra would be the same for the back-side textured Si wafer
and the planar device. This would be true if both devices had the same perovskite absorber thickness. However, to
reach the current matching point, we had to increase the thickness of the perovskite absorber layer, which resulted in
different interferences and therefore different absorption spectra. Compared to the back-side textured Si wafer, the UV
NIL layer is more effective as an anti-reflection layer as the reflection is decreased in the whole wavelength range.
Consequently, compared to the planar device, the absorption is also increased for all wavelengths. Still, for longer
wavelengths the texture on the back side is more effective than that on the front side. Thus, we would get best results
with the two textures combined.
4. Conclusions
We presented the optical simulations of perovskite / SHJ tandem solar cells with three different device designs. We
introduced a back-side textured Si wafer solar cell to induce light scattering and a textured UV NIL layer on the front
side in order to optimize light management. The back-side textured Si surface only increased the current density by
0.7 mA cm-2 compared to the planar device structure. This increase is caused by the prolonged optical path in the near
infrared (NIR) region and results in the 24.4-% efficiency of this device design if we assume VOC =1.80 V and FF =
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0.80. The textured UV NIL layer performs better; the current increase amounts to 1.3 mA cm-2 due to the reduced
reflection, resulting in a 25.2-% efficiency. Textured surfaces in both device designs increase the current in c-Si.
Therefore, to reach the current matching point we also have to increase the perovskite absorber layer thickness, in our
case for 30 nm.
The device architectures were only optimized for the perovskite absorber layer thickness at a fixed perovskite bandgap of 1.54 eV. Nevertheless, we show that the improvement using textures is significant. However, there is still room
for optimization. Further improvements can be achieved by using perovskite with the optimal bandgap, optimizing the
thicknesses of all layers and combining front- and back-side texture. This way, we anticipate the conversion efficiency
to exceed 30%.
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