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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 

Eliminating a doping process could be an effective way to reduce the production cost of c-Si cells. However, in absence of highly 
doped Si, the formation of a high quality contact is not straightforward. The lack of field-effect passivation from a lowly doped 
region can lead to a high recombination current density at the contacts (J0,metal) and moreover, contact resistivity (ρC) typically 
increases when doping level is decreasing. In this work we focus on reducing the contact resistivity of an electron-selective 
contact for doping-free cells. Although the effect of low work function metals (LWMs) in combination with an i-a-Si:H layer has 
already been reported, the synergy effect of a LWM and a MIS (Metal-Insulator-Semiconductor) contact structure on top of the i-
a-Si:H has not been reported yet. Here, we demonstrate a new ATOM (i-a-Si:H / TiOX / low workfunction metal) contact 
structure as an electron-selective contact using an i-a-Si:H layer, a TiOX interfacial layer and Ca (Φ = 2.9eV) without requiring 
an additional n+ doping process. The addition of TiOX in between the i-a-Si:H layer and the Ca decreases the ρC by about 2 orders 
of magnitude. Despite of increased J0,metal due to e-beam processing of TiOX, the Ca based ATOM contact increases the potential 
max efficiency up to 25 %. To the best of our knowledge, this is the first demonstration of an electron-selective contact 
comprising a low work function metal, an interfacial TiOX and an i-a-Si:H passivation layer. This type of contact could be a 
promising route for the optimization of doping-free cells 
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1. Introduction 

The importance of cost reduction and performance increase has only grown since average PV module prices 
(€/WP) have dropped sharply over the last decade [1]. Process simplification can be an option to lower the 
production cost. As each doping process (ex. tube thermal diffusion, ion-implantation) is accompanied by pre- and 
post-cleaning steps, the elimination of a doping process could be a very effective way to reduce cell production cost. 
In absence of a doping process, the contacts themselves need to be carrier-selective to be able to guide the light-
generated electrons and holes to the opposite contacts. However, making a good contact on a lowly doped surface is 
very challenging due to the weak field-effect passivation and the high contact resistivity. Possible candidates to 
decrease the contact resistivity on a lowly doped n-type layer are low workfunction metals (LWMs) and carrier-
selective MIS (Metal-Insulator-Semiconductor) contacts. On one hand, LWMs tend to form a low Schottky barrier 
for the electrons, although metal fermi level (EF,metal) pinning might hinder the reduction of this Schottky barrier (see 
Fig. 1. (a)) [2]. In MIS contacts on the other hand, the insulator can effectively reduce the EF,metal pinning, allowing 
lower Schottky barriers and effectively reducing contact resistivity for lowly doped surfaces, in comparison to MS 
(Metal-Semiconductor) contacts [3,4]. 

Fig. 1. (a) Metal fermi level pinning position in n-Si. (b) Typical energy band structure of a-Si:H and TiOX relative to c-Si 

Bullock et al. presented a doping-free silicon solar cell, which comprised a LWM equivalent structure (LiF/Al, Φ 
= 2.9 eV) on an intrinsic a-Si:H (i-a-Si:H) passivation layer to take an advantage of the LWM for the electron-
selective contact [5]. And Allen et al. demonstrated ohmic Calcium (Φ = 2.9 eV) contact on a bare n-type silicon 
wafer without additional n+ doping [6]. However, a synergy effect of a LWM and a MIS structure on a-Si:H 
passivation layer has not been reported yet, despite the fact that i-a-Si:H causes similar EF,metal pinning effects to c-Si 
[7]. In particular, TiOX stands out as a promising interfacial layer for an MIS electron-selective contact due to the 
small conduction band offset relative to Si (see Fig. 1. (b)), which results in a low tunneling resistance [8,9].  

In this study, we demonstrate a novel Ca based ATOM (i-a-Si:H / TiOX / low workfunction metal) contact 
structure, which is a Ca and a TiOX interfacial layer on top of an i-a-Si:H passivated n-type silicon Cz wafer without 
n+ doping. Effects of metal work function and TiOX interfacial layer are studied. 

2. Experiment 

Chemically polished n-type Cz wafers ((100), 2.6 Ω·cm, 186 μm) were used. After wafer cleaning, intrinsic a-
Si:H layers of various thicknesses were deposited on both sides of the substrates by plasma enhanced chemical 
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production cost. As each doping process (ex. tube thermal diffusion, ion-implantation) is accompanied by pre- and 
post-cleaning steps, the elimination of a doping process could be a very effective way to reduce cell production cost. 
In absence of a doping process, the contacts themselves need to be carrier-selective to be able to guide the light-
generated electrons and holes to the opposite contacts. However, making a good contact on a lowly doped surface is 
very challenging due to the weak field-effect passivation and the high contact resistivity. Possible candidates to 
decrease the contact resistivity on a lowly doped n-type layer are low workfunction metals (LWMs) and carrier-
selective MIS (Metal-Insulator-Semiconductor) contacts. On one hand, LWMs tend to form a low Schottky barrier 
for the electrons, although metal fermi level (EF,metal) pinning might hinder the reduction of this Schottky barrier (see 
Fig. 1. (a)) [2]. In MIS contacts on the other hand, the insulator can effectively reduce the EF,metal pinning, allowing 
lower Schottky barriers and effectively reducing contact resistivity for lowly doped surfaces, in comparison to MS 
(Metal-Semiconductor) contacts [3,4]. 

Fig. 1. (a) Metal fermi level pinning position in n-Si. (b) Typical energy band structure of a-Si:H and TiOX relative to c-Si 

Bullock et al. presented a doping-free silicon solar cell, which comprised a LWM equivalent structure (LiF/Al, Φ 
= 2.9 eV) on an intrinsic a-Si:H (i-a-Si:H) passivation layer to take an advantage of the LWM for the electron-
selective contact [5]. And Allen et al. demonstrated ohmic Calcium (Φ = 2.9 eV) contact on a bare n-type silicon 
wafer without additional n+ doping [6]. However, a synergy effect of a LWM and a MIS structure on a-Si:H 
passivation layer has not been reported yet, despite the fact that i-a-Si:H causes similar EF,metal pinning effects to c-Si 
[7]. In particular, TiOX stands out as a promising interfacial layer for an MIS electron-selective contact due to the 
small conduction band offset relative to Si (see Fig. 1. (b)), which results in a low tunneling resistance [8,9].  

In this study, we demonstrate a novel Ca based ATOM (i-a-Si:H / TiOX / low workfunction metal) contact 
structure, which is a Ca and a TiOX interfacial layer on top of an i-a-Si:H passivated n-type silicon Cz wafer without 
n+ doping. Effects of metal work function and TiOX interfacial layer are studied. 

2. Experiment 

Chemically polished n-type Cz wafers ((100), 2.6 Ω·cm, 186 μm) were used. After wafer cleaning, intrinsic a-
Si:H layers of various thicknesses were deposited on both sides of the substrates by plasma enhanced chemical 
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vapor deposition (PECVD). Wafers were diced to squares of  54 x 54 mm2 (for recombination current density in the 
metallized area, J0,metal) and 30 x 30 mm2 (for contact resistivity, ρC). On top of the i-a-Si:H, a TiOX layer was grown 
by e-beam evaporation. A Ca/Al stack formed by thermal evaporation completed the electron-selective contact. Two 
different test structures were fabricated to measure J0,metal and ρC (see Fig. 2).  

For the measurement of J0,metal, blanket thin layers of 4 nm Ca and 6 nm Al were deposited only at the rear-side 
and  minority carrier lifetime was measured by the quasi-steady-state-photo-conductance method (QSSPC). Since 
fitting J0 at a high level injection (excess carrier density > 1e16 cm-3) [10] was not good, J0,metal was calculated by 
equations (1)-(2). J0,front is regarded as a same J0 measured before Ca/Al evaporation. J0,bulk was of about 10 
fA/cm2(the difference between Cz wafer and FZ wafer). JSC of 36 mA/cm2 (typical JSC of our SHJ solar cells) and 
kT/q of 25.9 mV were used for the J0,total calculation.  
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Fig. 2. (a) Sample structure for J0,metal measurement (b) Contact resistivity measurement sample structure. 

For the measurement of ρC, 30 nm Ca and 170 nm Al were deposited through a shadow mask, which has 
differently sized dots (200 μm – 600 μm). The values of ρC were extracted using the two-contact-two-terminal 
method [11]. Total resistance is changed depending on the contact size. (Fig. 3(a)). 
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Fig. 3. ρC characterization. (An example of a-Si:H / TiOX / Ca / Al) (a) IV results in various sized dots. (b) An example of  slope fitting for 
contact resistivity evaluation. 

RTotal is the total resistance from the IV slope and RSpreading is a spreading resistance which can be calculated using 
a front contact size, wafer resistivity (ρWafer) and wafer thickness (tWafer). RC,Front is the contact resistance of a small 
metal dot at the front side. RC,Rear is the contact resistance at the rear side and RProbe-wire is the overall resistance 
caused by probe and wire of the measurement system. As shown in Fig. 3 (b), ρC was determined by a slope in 
difference between RTotal and Rspreading as a function of 1 / contact area (see Eq. (3)). Consequently, the measured ρC 
comprises the ρC contribution of all contact layers (i-a-Si:H/TiOX/Ca/Al). Nano scale layer structures and the 
chemical profile were observed through transmission electron microscopy (TEM) and energy dispersive 
spectroscopy (EDS) measurements in TEM measurement tool. A Keithely 4200 system was used for IV 
characterization. 
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3. Results 

3.1. Ca contacts on i-a-Si:H 

 

Fig. 4. (a) ρC dependence on a-Si:H layer thickness and metals. (b) J0,metal as a function of intrinsic a-Si:H thickness 

As shown in Fig. 4. (a), for a metal contact directly on the substrate, an improvement in the ρc of about 5 orders 
of magnitude is realized by changing the metal from Al to Ca. This is a direct result of LWM on the lowly doped 
surface of the n-type substrate (ND 1.8 x 1015 cm-3). To overcome the high J0,metal of several thousand fA/cm2 in Ca 
contact on c-Si, excellent passivation materials are required and the material band structure also needs to be 
considered. Taken together, i-a-Si:H is the best candidate for a good passivation and an asymmetric energy band 
structure. When thickness of i-a-Si:H is increased, J0,metal is effectively decreased and good chemical passivation was 
achieved from 6 nm onwards as shown in Fig. 4.(b). However, thickening i-a-Si:H increases ρC (Fig. 4. (a)) and a 
Schottky diode behavior appears for a thickness of more than 4 nm. So, although the contact passivation is greatly 
improved by increasing i-a-Si:H layer thickness, the low conductivity of i-a-Si:H results in an unacceptable increase 
of ρC for thick layers.  
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nominal TiOX thickness of 2 nm from quartz crystal monitor tooling factor in e-beam evaporation tool resulted in 
the thickness of 1.8 nm (from TEM measurement) and i-a-Si:H was conformally covered by TiOX (see Fig. 6. (a)). 

 As shown in Fig. 5. (a), the interfacial thin TiOX changes. Up to the thickness of 2 nm, the dominant EF,Metal 
depinning effect of TiOX shifts the contact behavior from Schottky contact to ohmic contact. On the other hands, a 
high tunneling resistance of TiOX becomes dominant from 3 nm onwards, and it leads to a high ρC and Schottky 
contact behavior. This trend is very similar to the previous studies [8,12]. When an optimum TiOX interfacial layer 
was applied to a Ca based ATOM contact, ρC decreased about 2 orders of magnitude with increased J0,metal as shown 
in Fig. 5 (b). Without any n+ layer, a ρC of 59 mΩ·cm2 and J0,metal of 143 fA/cm2 were achieved. 

Fig. 5. (a) Interfacial TiOX layer thickness effect on current flow. (b) Contact performance comparison of ρC and J0,metal with/without interfacial 
TiOX layer. 

As shown in Fig. 6. (a), very thin bright layer, SiOX, can be found between a-Si:H and TiOX. The SiOX layer may 
be grown by O2 in air, O2 gas flow during the TiOX evaporation and bonding change due to stronger Si-O bonding 
energy than Ti-O [13]. According to the literature [14,15], surface oxidation of a-Si:H increases defect density. 
However, no significant difference of effective minority carrier lifetime was between control and O2 exposed sample 
in a e-beam evaporation chamber (not illustrated in this work). And attenuated total reflection fourier transform 
infrared spectroscopy (ATR-FTIR) was measured to observe the absorption peak ratio differences [16,17] of Si-H, 
Si-H2, Si-H3 between a-Si:H / c-Si and TiOX / a-Si:H / c-Si samples. Also no significant difference could be found in 
this case (not illustrated in this work). Also, Fig. 6 (b) clearly shows that a crystallization of i-a-Si:H and TiOX did 
not occur after thermal Ca / Al evaporation. Not only a-Si:H but also an amorphous phase of TiOX is important to 
passivate the silicon surface [18]. Based on these data, it is reasonable to infer that J0,metal degradation stems mainly 
from e-beam induced radiation damage in i-a-Si:H like shown in other cases [19,20]. 
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Fig. 6. (a) TEM image of TiOX / a-Si:H / c-Si sample. (b) TEM image of Ca based ATOM contact structure. (c) Line chemical profile of ATOM 
contact from Ca to Si substrate (data from EDS measurement in TEM measurement tool). 

As shown in Fig. 6. (b), (c), TiOX is mixed with Ca, O, Si. These other components in TiOX may change the 
properties of TiOX. By measuring IV at 77 K, thermionic emission of electrons can be minimized and it helps to 
investigate an energy barrier status. In Fig. 7. (a), an ohmic contact of Ca on c-Si at room temperature is also 
changed to a Schottky contact at 77 K despite a Ca workfunction of 2.9 eV. This could be another clear evidence of 
the EF,metal pinning effect on a c-Si surface. An i-a-Si:H insertion between c-Si and Ca reduces the reverse current 
density because of a higher EC position than the one of c-Si (see Fig. 1. (b)) and low conductivity of the a-Si:H. In 
the IV result of the ATOM contact at 77 K, a higher reverse current density from - 0.63 V backwards is shown than 
without TiOX contact (nSi / a-Si:H / Ca / Al). Moreover, there are two levels of saturation current density since 
electrons cross two energy barriers, which are at the interfaces of EF,Ca / EC,TiOx and EC,TiOx / EC,a-Si:H. Therefore, we 
could infer that TiOX functions as a EF,metal depinning effect and also as an energy buffer between a-Si:H and Ca.  
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Fig. 7. (a) IV characteristics of different contact structure at low temperature (77 K). (b) Calculated potential upper limit solar cell efficiency 
featuring a full area contact based on ρC and J0,metal [21]. 

To check the potential of the developed contact, the potential efficiency limit of each contact is compared in Fig. 
7 (b) [21]. The marked J0,metal and ρC  were calculated assuming that the cell had a full area contact, and no other 
recombination (surface nor bulk), no shunting and no optical losses are considered in an efficiency of the contour 
plot. Although Ca on c-Si and a-Si:H / Ca are tackled by unwelcomed high J0,metal or high ρC, Ca based ATOM 
shows a huge potential by attaining a high limit efficiency of 25% thanks to a balance in J0,metal and ρC.  

4. Conclusion 

In summary, this work demonstrates the potential of a Ca based ATOM contact and how the principle of EF,metal 
depinning can be applied for silicon solar cells. The insertion of the TiOX drastically reduces the ρC by two orders of 
magnitude. On the other hand, the contact passivation is at the moment still suffering from the TiOX deposition. 
Eventually, the ATOM contact is a very promising way to achieve a low ρC and a low J0,metal for doping free solar 
cells. 
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