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Abstract

District heating networks are commonly addressed in the literature as one of the most effective solutions for decreasing the 
greenhouse gas emissions from the building sector. These systems require high investments which are returned through the heat
sales. Due to the changed climate conditions and building renovation policies, heat demand in the future could decrease, 
prolonging the investment return period. 
The main scope of this paper is to assess the feasibility of using the heat demand – outdoor temperature function for heat demand 
forecast. The district of Alvalade, located in Lisbon (Portugal), was used as a case study. The district is consisted of 665 
buildings that vary in both construction period and typology. Three weather scenarios (low, medium, high) and three district 
renovation scenarios were developed (shallow, intermediate, deep). To estimate the error, obtained heat demand values were 
compared with results from a dynamic heat demand model, previously developed and validated by the authors.
The results showed that when only weather change is considered, the margin of error could be acceptable for some applications
(the error in annual demand was lower than 20% for all weather scenarios considered). However, after introducing renovation 
scenarios, the error value increased up to 59.5% (depending on the weather and renovation scenarios combination considered). 
The value of slope coefficient increased on average within the range of 3.8% up to 8% per decade, that corresponds to the 
decrease in the number of heating hours of 22-139h during the heating season (depending on the combination of weather and 
renovation scenarios considered). On the other hand, function intercept increased for 7.8-12.7% per decade (depending on the 
coupled scenarios). The values suggested could be used to modify the function parameters for the scenarios considered, and 
improve the accuracy of heat demand estimations.
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Abstract 

In this paper we analyze and model perovskite/c-Si tandem cells with front and rear polySi passivated contacts on the bottom 
cell. A high-efficiency tandem approach will benefit from the high Voc potential of a c-Si bottom cell with front and rear polySi 
passivated contacts while the combination with a high band gap, semi-transparent, perovskite top cell will largely diminish the 
UV-Vis parasitic absorption in a polySi front side layer on the c-Si cell. On the other hand since the Jsc is strongly reduced in a 
tandem bottom cell, free carrier absorption, to which both front and rear polySi layers contribute, will become a relatively more 
important loss mechanism. We investigate the trade-off between the optical gains and resistive losses from reducing the polySi 
thickness for cell configurations without transparent conductive oxide (TCO) and also consider the potential of the combination 
with TCOs. From our optical simulations we conclude that optical losses in the polySi layers of 100 nm and below are limited 
when applied on the bottom cell. Taking into account resistive losses in the polySi layers of varying thickness the optimal 
thickness is found to be 50 nm. In combination with the high Voc values resulting from the application of polySi passivating 
contacts this offers a promising route to establish a bottom cell with high efficiency. The combination of very thin polySi with 
highly transparent TCOs is likely to further improve bottom cell performance.  
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1. Introduction 

Polysilicon (polySi) passivated contacts [1,2] hold great potential for the large scale implementation of the 
concept of highly carrier selective contacts in industrial crystalline silicon (c-Si) solar cells. In comparison to 
amorphous silicon based carrier selective contacts their compatibility with high-temperature screen-printed 
metallization is attractive. Recently, we have demonstrated 21.3% efficiency with the bifacial Passivated Emitter 
and Rear Polysilicon cell design, which combines a diffused front side emitter with an n++ doped polySi rear 
contact, with fire-through (FT) metallization grids [3,4]. In such a cell structure performance is limited by front 
surface recombination. However, while the implementation of front side polySi contacts would reduce front surface 
recombination, it would also introduce significant UV-Vis parasitic absorption. It has been shown that in order to 
limit the Jsc losses to 1 mA/cm2 under AM 1.5 illumination a front side polySi thickness should not exceed 20 nm 
[5]. For these low polySi layer thicknesses and their accompanying high sheet resistances (Rsheet) it is required to 
combine the polySi layer with a transparent conductive oxide (TCO) for lateral carrier transport, which by itself will 
induce parasitic absorption losses as well. 

In a tandem configuration with a high band gap, semi-transparent, perovskite top cell the UV-Vis parasitic 
absorption in a polySi front side layer on a c-Si cell will be largely diminished. Moreover, a high efficiency tandem 
approach will also benefit from the high Voc potential of a c-Si bottom cell with front and rear polySi passivated 
contacts. In comparison to heterojunction devices which are often employed as bottom cell in a high efficiency 
hybrid tandem strategy the front-and-rear-polySi cells are compatible with industrial high temperature diffusion and 
screen-printed metallization steps. On the other hand, free carrier absorption (FCA) of near-infrared photons needs 
attention in polySi layers in general, and in particular in such c-Si bottom cells with dual polySi contact layers: the 
Jsc is strongly reduced in a tandem bottom cell, so that the FCA, to which both front and rear polySi layers 
contribute, becomes a relatively more important loss mechanism than in a single junction (SJ) c-Si cell. 

In this paper we analyze and model perovskite/c-Si tandem cells with front and rear polySi passivated contacts on 
the bottom cell. Focus is on the analysis of optical losses in the polySi layers: the UV-Vis absorption and the FCA. 
We investigate the trade-off between the optical gains and resistive losses from reducing the polySi thickness, for 
cells where the polySi layers are applied on their own (without additional layers for lateral conductance), and 
indicate the effect of combing the polySi layers with a TCO layer. The optical losses of front-and-rear-polySi cells 
as bottom cells are compared to that of an n-PERT cell fabricated with industrial processes. We use optical ray-
tracing simulations combined with detailed optical and electrical measurements of the cells and individual layers.  

2. Materials and methods 

The semi-transparent perovskite solar cell (PSC) used as top cell in this study includes a triple-cation perovskite 
absorber material with a band gap of 1.55 eV. This organic-inorganic trihalide perovskite material, with general 
formulation APbX3 (X is a halide), consists of a mixture of methylammonium (CH3NH3, MA), formamidinium 
(HC(NH2)2, FA) and Cs A-site cations which offers enhanced thermal stability and band gap tuning possibilities 
over the MA tri-iodide absorber [6]. The p-i-n top cell structure with the triple-cation perovskite 
(Cs0.05(MA0.17FA0.83)0.95Pb(I0.9Br0.1)3) is shown in Fig. 1a. It includes a 770 nm thick absorber layer and a highly 
transparent NiOx hole transport layer. More details will be included in a forthcoming publication. 

 

 

Fig. 1. (a) Structure of a semi-transparent perovskite top cell; (b) bifacial c-Si solar cell with front and rear polySi passivated contacts with front 
and rear SiNx coating and FT metallization. 
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Front-and-rear-polySi solar cells were fabricated on n-type Cz wafers with symmetric in-situ doped p-poly 
depositions by a Tempress low pressure chemical vapour deposition (LPCVD) system, followed by 
overcompensation into n-poly by implanting phosphorus on one side, and activation anneal. Plasma enhanced 
chemical vapour deposited (PECVD) SiNx:H coating was deposited on both sides, which importantly provides 
hydrogenation of the polySi contact layer. Firing-through contact grids were directly screen printed on the cells 
capped with SiNx:H, using standard n-type Si contacting Ag paste on n-polySi and p-type Si contacting Ag/Al paste 
on p-polySi, followed by firing. For more details the reader is referred to [7]. Cell performance was characterized by 
I-V measurement (Wacom class AAA steady state solar simulator). Low-injection level I-V measurements 
(mimicking bottom cell illumination conditions) were realized using grey filters.  

Ray-tracing simulations of the complete tandem stack were performed using the GenPro4 optical simulation 
software developed at Delft University of Technology [8]. Zhang et al. have used this model in the past to simulate 
4-terminal (4-T) hybrid tandem structures with a methylammonium tri-iodide perovskite top cell and a MWT (n-
PERT) bottom cell [9]. For the present study the top cell was replaced by the semi-transparent PSC in Fig. 1a. As 
bottom cell we implemented the front-and-rear-polySi contacts solar cell, as depicted in Fig. 1b, in the model. To 
model the 4-T tandem configuration the bottom cell was encapsulated in EVA and combined with a reflective 
backsheet.  

Optical data of all materials in the PSC layer stack were obtained from spectroscopic ellipsometry (SE). For SE 
all individual layers were prepared on Corning glass. SE as well as Reflection-Transmission (R/T) spectroscopy 
were performed on an approximately 100 nm thick n-type polySi sample with phosphorus doping concentration of 3 
× 1020 cm-3 on a mechanically polished Cz wafer with 100 nm thermal oxide. The optical properties of the (rear) p-
type polySi material were not studied in detail yet. Since the p-polySi is positioned at the rear of the cell only the 
wavelength range > 1000 nm is of importance. We have assumed that in this spectral range it can be well described 
using c-Si optical data [10] with c-Si parameterization of the FCA [11] (see next section for more details). 

3. Results 

The JV-characteristics of the semi-transparent triple-cation Perovskite top cell are included in Table 1. The 
measurements showed low hysteresis, and a stabilized efficiency of 14.7% was realized in a five minute maximum 
power point tracking experiment. Preconditioning by a 10 minute UV exposure from the glass side was applied. The 
current top cell design allows further (optical) optimization which will be detailed in a forthcoming publication. 

Table 1. Overview of JV characteristics of the solar cells discussed in the main text. *) entries were obtained from bottom cell injection level grey 
filter measurements, **) entry was obtained from optical modelling. F & R stands for front-and-rear. 

Cell Jsc (mA/cm2) Voc (V) FF η (%) 

Perovskite top cell 19.7 1.019 0.73 14.6 (14.7 stabilized) 

SJ F & R polySi cell 32.0 0.673 0.723 16.0 

F & R poly Si bottom cell 12.9** 0.648* 0.743* 6.2 

4-T Tandem with poly    20.9 

 
For the n-type polySi material the n, k data derived from SE and R/T spectroscopy can accurately describe the 

experimental R/T spectrum (data not shown). In comparison to c-Si the polySi material displays significantly higher 
absorption in the UV-Vis spectral range, as was described before [12]. The NIR absorption closely follows the FCA 
parameterization of c-Si by Baker-Finch et al. [11]. Similar observations were made before by Reiter et al. [5]. 
Since the p-type polySi material is positioned at the rear of the cell considered in this study (see Fig. 1b), only the 
wavelength range > 1000 nm is of importance. We have assumed that in this spectral range, as for the n-type 
material, it can be well described using the c-Si optical parameters [10] with the aforementioned FCA 
parameterization. In the future we intend to undertake further optical studies on polySi which will also include p-
type material.  

The absorption in the c-Si absorber as obtained from the ray-tracing simulations of the front-and-rear-polySi SJ 
cell of Fig. 1b was compared to the experimentally derived EQE of this same cell with FT contacts. In this analysis 
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the absorption in the polySi material is considered to be fully parasitic. The cell had front and rear polySi contacts of 
200 nm thickness. The front n-type contact had a RSheet of 70 Ω/sq and an activated P concentration (from ECV) of 3 
× 1020 cm-3, the rear p-type polySi contact had an activated B concentration of 3 × 1019 cm-3. The measured and 
simulated EQEs are largely in accordance as can be observed from Fig. 2a. The JV-characteristics of the cell as SJ 
device are included in Table 1. The Voc of the 200 nm polySi cell was 673 mV, on half-fabricates before 
metallization an implied Voc of 701 mV was obtained. The doping concentration of the p-polySi in this cell is lower 
than that of an industrial diffused emitter. Recently, we have realized implied Voc values up to 713 mV on half 
fabricates with a higher B concentration of  1 × 1020, and by employing a polished rear side surface of the wafer, 
implied Voc values of about 730 mV will be feasible [13].  

 

 

Fig. 2. (a) Comparison of the measured EQE spectrum of the F & R polySi cell of Fig. 1b and the absorptance of the c-Si bulk wafer obtained 
from the optical simulation of the cell; (b) Simulated top and bottom cells’ EQEs. 

In order to estimate the performance of the front-and-rear-polySi cell as bottom cell, we used the ray-tracing 
model to simulate the performance of the full tandem stack with the triple-cation perovskite top cell. The full stack 
includes the perovskite top cell as shown in Fig. 1a and the bottom cell encapsulated with EVA. Fig. 2b shows the 
simulated absorption in the top and bottom cell absorber layers. From this analysis a Jsc of 12.9 mA/cm2 was 
derived for the bottom cell (including shading losses). To get to an estimate of the 4-T performance Voc and FF 
parameters were derived from JV measurements using a set of grey filters. From this analysis the bottom cell 
efficiency was found to be 6.2% and the 4-T efficiency 20.9%. The data is included in Table 1. 

The effect of the thickness of the front and rear polySi layers on the maximum Jsc implemented as bottom cell in 
the described tandem stack was studied using the optical model. As the B-concentration of the experimental device 
(3 × 1019 cm-3 ) results in very high Rsheet values, we assumed a more heavily doped polySi (1 × 1020 cm-3) layer in 
our simulations. The experimentally obtained RSheet for this doping concentration was 265 Ω/sq. ΔJsc for the cells 
with front and rear polySi thickness d was derived from a comparison of the absorption in the c-Si absorber layer for 
this structure and for a c-Si wafer with just 80 nm SiNx on front and rear. In this analysis the effect of front metal 
grid shading is not taken into account (active area only). Fig. 3a includes the results of two analyses: 1) front and 
rear polySi thickness were changed equally; 2) only the front polySi thickness was changed while the rear polySi 
thickness was kept at 200 nm. The parasitic absorption in the polySi layers is dominated by FCA. For the 200 nm 
front-and-rear-polySi cell a total parasitic absorption of is 1.5 mA/cm2 found, of which 0.4 mA/cm2 corresponds to 
absorption below 1000 nm (in the front polySi layer). In absence of the polySi layers an active area Jsc of 15.5 
mA/cm2 was derived. For comparison, we have included the FCA Jsc loss for an n-PERT cell (horizontal dashed 
line), also obtained from ray-tracing simulations. 

Clearly, as is the case for the SJ application of front-and-rear-polySi cells a reduction of the polySi layer 
thickness results in a significant reduction in parasitic absorption, which for 200 nm thick polySi layers amounts to 
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approximately 10% of the total Jsc of the cell in tandem application. For a front and rear polySi thickness of 75 nm 
the estimated current loss is close to the estimated FCA losses for the n-PERT cell. Thus, the simulations indicate 
that for a thickness of 75 nm and lower the optical losses in polySi can be reduced to the level of diffused cells. 
Therefore, with the advantage of the possible high Voc values of the front-and-rear-polySi cells, these cells can 
potentially outperform diffused cells as bottom cell in a hybrid tandem stack. However, since the carrier mobility in 
polySi is reduced relative to c-Si, the resistive losses in thin polySi layers will be more severe than in diffused 
junctions and this needs to be considered in the analysis of this tandem concept. Here, we note that in comparison to 
SJ operation the current densities are relatively low. In addition to the resistive losses there are also practical 
considerations that may pose a lower limit to the polySi thickness: FT metallization on very thin polySi layers may 
result in large contact recombination values. Nevertheless, recently we obtained for 100 nm thin polySi layers 
estimated j0, metal values of 100 – 200 fA/cm2 for fire-through metallization [4].  

 

 

Fig. 3. (a) Short circuit current density loss as function of the polySi thickness; (b) Power loss calculated as function of RSheet for three different 
finger pitches. 

In order to obtain a more detailed understanding of the effect thinner polySi contact regions will have on the cell 
performance, we have performed a power loss analysis. The following factors have been included in this analysis: 1) 
shading losses from metal fingers at front, 2) FCA by the doped polySi layers, 3) polySi resistive losses. The 
analysis was performed for several finger pitches and a fixed finger width of 50 µm and varying either both front 
and rear polySi thicknesses or just the front polySi thickness. In the analysis we used the JV-parameters of the cell 
detailed above with 200 nm polySi thickness and FT metallization (see also Table 1). In our experience, the Rsheet of 
the polySi often scales roughly inversely with the thickness, so this was assumed in the calculations. The resistive 
power loss was calculated according to [14]. The power losses due to shading and FCA were calculated using Vmp 
corrected for the resistive losses. The results of the power loss analysis for a varying front n-poly thickness and a 
constant rear p-polySi thickness of 200 nm are included in Fig. 3b. For decreasing layer thickness (increasing RSheet 
along the x-axis) there is at first a strong decrease in the power loss due to reduction in parasitic absorption losses, 
then the reduction saturates due to increasing resistive losses, and eventually the increasing resistive losses make the 
total power loss increase again. The Fig. also illustrates the effect of the finger pitch: for small pitch the resistive 
loss has less of an effect, while on the other hand relatively large optical losses for the lower RSheet values are 
present. 

This power loss analysis indicates that the optimal n-polySi RSheet is between 200 and 300 Ω/sq, corresponding to 
a polySi thicknesses of 50 nm. We should note that FT metallization of such thin polySi layers with low contact 
recombination has not been demonstrated as yet. For very thin polySi layers (10 - 20 nm) the resistive losses will 
dominate and deteriorate the performance, hence, for these thicknesses a combination with TCO layers should be 
used to result in sufficient lateral conductivity. While TCO materials like ITO also induce significant parasitic FCA, 
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application of highly transparent TCO’s like In2O3:H or ZnO:H in such a layer stack can reduce the overall losses. 
As can observed from Fig. 3a, when the parasitic losses in TCO can be fully neglected, such a layer stack could 
result in an increase of Jsc of at most 0.4 mA/cm2, which corresponds to approximately 2 W/m2, compared to 
application of a stand-alone polySi layer of 50 nm. Additionally, the resistive losses in the 50 nm thin polySi which 
are estimated to be around 2 W/m2 can be significantly reduced by application of a stack of very thin polySi with 
highly transparent, highly conductive, TCO.  

4. Conclusions 

We have shown that when applied as bottom cell with a high band gap perovskite top cell, UV-Vis parasitic 
absorption in a polySi passivated contact layer on the front of a c-Si cell is largely prevented. Nevertheless, for a cell 
with 200 nm thick front and rear polySi layers, performance is still limited by the mainly long wavelength optical 
losses (free carrier absorption). Reduction of the polySi thickness is a viable option to improve the performance. The 
optimal front polySi layer thickness is derived from a power loss analysis to be 50 nm, for the polySi layer 
characteristics (doping level, carrier mobility) of our polySi process. The combination of highly transparent TCOs 
like In2O3:H or ZnO:H with very thin polySi layers will further reduce optical and resistive losses. Currently, 
compatibility with fire-through metallization has been demonstrated down to 100 nm polySi thickness. Our optical 
simulations indicate that at this thickness the Jsc loss compared to a totally diffused cell is limited (about 0.25 
mA/cm2) in combination with the gains in Voc from the application of the polySi passivating contacts this offers a 
promising route to establish a high efficiency bottom cell. 
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