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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 

Carrier selective junctions formed by polycrystalline silicon (poly-Si) on ultra-thin silicon oxide films are currently in the 
spotlight of silicon photovoltaics. We develop a simple method using selective etching and conventional optical microscopy to 
determine the pinhole density in interfacial oxide films of poly-Si on oxide (POLO)-junctions with excellent electrical properties. 
We characterize the selective etching of poly-Si versus ultra-thin silicon oxide. We use test structures with deliberately patterned 
openings and 3 nm thin oxide films to check the feasibility of magnification by undercutting the interfacial oxide. With the 
successful proof of our concept we introduce a new method to access the density of nanometer-size pinholes in POLO-junctions 
with excellent passivation properties. 
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1. Introduction 

Carrier selective junctions formed by polycrystalline silicon-rich layers on ultra-thin silicon oxide films are 
currently in the spotlight of silicon photovoltaics research. Remarkable junction passivation and low specific contact 
resistances [1,2] have enabled conversion efficiencies of 25.3% with the TOPCon-approach for one carrier polarity 
[3] and 25.0% applying poly-Si on oxide (POLO)-junctions for both carrier polarities [4].  

A plethora of models has been developed to explain the basic principle behind the carrier selectivity of POLO-
junctions since their first application to silicon bipolar junction transistors decades ago [5,6]. The break-up of the 
interfacial oxide film under annealing has been identified as a crucial process step to achieve high quality junctions 
[7,8]. On the one hand the formation of holes in the oxide film has been regarded as detrimental to the electrical 
junction properties [9]. On the other hand localized carrier transport through pinholes in the interfacial oxide has 
been discussed as a key mechanism beside direct tunneling [10,11]. So, the determination of size and density of 
pinholes in POLO-junctions with good electrical properties would be an important step towards a more accurate 
description of the current transport mechanism and predictive modelling of the junction formation process. 
Practically, optimization strategies might be deduced from the knowledge of the microstructural properties and their 
dependency on process parameters. 

Unfortunately, finding nanometer-size pinholes at densities below 109 cm-2, as expected for a POLO-junction 
with good electrical properties [10], is very challenging. In a recent transmission electron microscopy (TEM) study it 
was possible to identify about 5 nm small regions of direct contact between the crystalline silicon and the poly-Si 
layer in POLO-junctions with excellent passivation properties [12]. TEM only allows an approximate estimation of 
the density of these regions [12]. Clearly, a less uncertain method to measure the pinhole density is required. One 
approach could be conductive atomic force microscopy [13]. One limitation of this method is the lateral conductivity 
of the poly-Si films, which has to be small in order to enable the required resolution. Another approach, which 
circumvents the latter constraint, is presented here. We combine selective etching and simple optical microscopy 
(OM). First, the poly-Si has to be removed without harming the ultra-thin silicon oxide film underneath to make the 
pinholes accessible by OM. This requires a highly selective etching process. We use tetramethylammonium 
hydroxide (TMAH) which is frequently used in microelectronics and micromechanics as an anisotropic etchant for 
silicon and known for high selectivity to silicon oxide. Secondly, nanometer-size pinholes have to be magnified to 
the micrometer range for OM detection. We exploit the fact that openings in the oxide film result in undercutting for 
overetching conditions. This can yield etch pits large enough to be visible in OM. The feasibility of this second step 
is demonstrated in a proof of principle experiment using lithographically patterned openings in a less than 3 nm thin 
silicon oxide film. 

2. Experimental 

Two sets of samples were prepared for optimizing the selectivity between silicon and silicon oxide for etching 
with TMAH solution. On a first set of silicon wafers, a dry thermal oxide with a thickness above 50 nm was grown 
at 1000 °C. These wafers were used to determine the etch rates of TMAH for SiO2. A second set of wafers was 
prepared to measure the TMAH etch rate for poly-Si films. Therefore, etch stop layers were applied (SiNx or SiO2), 
whose only purpose is to prevent etching into the silicon wafer after complete removal of the poly-Si layers. The 
latter were prepared by low pressure chemical vapor deposition (LPCVD) with thicknesses of 100 - 220 nm. Besides 
intrinsic poly-Si, phosphorous and boron doped poly-Si layers were produced in situ (n, p+) or using ion 
implantation (p). The dopant concentrations are above 6·1019 atoms/cm3 for the in situ doped n poly-Si layers, 

3·1019 atoms/cm3 for the ion implanted p poly-Si layers and above the solid solubility limit for the in situ boron 
doped p+ polysilicon layers. 

The etch rates of TMAH for poly-Si and SiO2 were determined for different temperatures (70 °C, 80 °C and 
90 °C) and concentrations (5%, 10%, 15% and 25%). All wafers were separated into several pieces and the 
thicknesses of silicon oxide and poly-Si were determined by spectroscopic ellipsometry. After etching in TMAH, 
the thicknesses were measured again, to determine the etching rate within certain time intervals.  

To prove that the selectivity is sufficiently high for undercutting and thus magnifying openings in the oxide, a 
10 nm thick thermal oxide on Si wafers was lithographically patterned to produce holes with edge lengths of 1 µm 
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and 4 µm. After photoresist removal, an HF cleaning step reduced the oxide thickness to about 3 nm prior to the 
LPCVD of 150 nm poly-Si followed by ion implantation of elemental boron (10 keV, 5·1014 atoms/cm2). After 
etching in TMAH with optimized parameters, these samples were characterized with OM and scanning electron 
microscopy (SEM). 

3. Results and discussion 

Several groups have studied the etch rates of single-crystalline Si using TMAH [14-17]. The highest etch rates 
for Si(100) surfaces are expected for 5-8% TMAH etching solution at 90 °C while they decrease with increasing 
TMAH concentration [14,16,17]. The etch rate is expected to be higher for polycrystalline than for single-crystalline 
Si [18]. However, doping concentration has also a huge impact, drastically reducing the Si etch rate for boron 
concentrations above 1019 atoms/cm3 [18]. To ensure that the TMAH etching procedure is suitable for pinhole 
detection in POLO-junctions, a very high selectivity between poly-Si and SiO2 is needed. Therefore we start our 
investigations with in situ boron doped poly-Si films with doping concentrations above the solid solubility limit, 
which should lead to the lowest poly-Si etching rates. Fig. 1(a) shows the corresponding etch rates for TMAH 
concentrations of 5%, 10% and 15%. The TMAH concentration of 25% is not shown, as there is no noteworthy 
removal of poly-Si. The etch rate increases with temperature in accordance to literature [14]. However, we observe 
an increasing etch rate with increasing TMAH concentration, leading to the highest etch rate of 1.9 nm/s for 15% 
TMAH at 90 °C. Another effect exists when etching samples with extremely high boron concentrations. For some 
samples the poly-Si thickness is not reduced within the first minutes while others show no poly-Si removal at all. 
This indicates the presence of a TMAH resistant layer at the surface. During the annealing step at 950 °C in nitrogen 
ambient a boron rich layer could have formed, as reported in literature for different furnace processes [19-21]. 
However, after removing the top 10 nm of the layer using an argon sputtering process, etching with TMAH becomes 
possible immediately. 

For comparison, the etch rate for the ion-implanted samples (boron concentration of 3·1019 atoms/cm3 assuming 
homogeneous distribution of the implanted ion dose) is also shown in Fig. 1(a). However, as the etch rate is much 
higher, the whole poly-Si layer is removed completely within seconds. Therefore the etch rate of 10 nm/s is only a 
lower limit, while much higher etch rates are expected (as indicated by the arrow). 

 

 

Fig. 1. (a) TMAH etch rates for p+ / p type boron doped layers; (b) TMAH etch rates for intrinsic and n type phosphorous doped layers. 

Fig. 1(b) shows the corresponding TMAH etch rates for intrinsic and n type poly-Si. As seen for the in situ boron 
doped samples, the etch rates using 15% TMAH concentration are higher than for 10%. The highest rates achieved 
are 43 nm/s for intrinsic and 22 nm/s for n poly-Si. The arrows again indicate that for some samples the true etch 
rates will be even higher, as the poly-Si layer is removed completely within seconds. These lower limits of the etch 
rates correspond well to the highest TMAH etch rates of single-crystalline Si reported by several groups [14,16,17] 
but for different concentrations of 5-8% at 90 °C. This difference in concentration for highest etch rates could be an 
effect introduced by the polycrystalline structure of our samples. 
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Our findings for the etch rate of SiO2 are shown in Fig. 2(a). The etch rate also increases with increasing 
temperature. In contrast to the poly-Si layers discussed before, the etch rate drops with increasing TMAH 
concentration and reaches a minimum at 15 %. Why the etch rates slightly increases for TMAH concentration of 
25% is not clear right now. However, the etch rates determined for concentrations up to 15% correlate well with the 
results of Tabata et al. [14].  

 

 

Fig. 2. (a) TMAH etch rates for SiO2; (b) Selectivity for in situ p+ type doped layers. 

As our goal is to investigate samples with poly-Si layers of up to 150 nm on top of thin oxides of about 1.5 nm a 
selectivity of about 1000:1 for TMAH etching of poly-Si versus SiO2 would be sufficient for undercutting the oxide 
such that every pinhole should lead to an etch pit with strongly enlarged dimensions. As the in situ boron doped 
samples have the lowest etch rates, the values shown in Fig. 2(b) are the lower limits of the selectivity. The latter 
increases with increasing temperature as well as with concentration. The selectivity for a TMAH concentration of 
25% is not shown, as there was no noteworthy removal of poly-Si. The selectivity increases if the dopant 
concentration of boron is reduced. For phosphorous doped and intrinsic poly-Si it is much higher (> 10000:1). 
However, even for boron concentrations above the solid solubility limit the selectivity seems to be sufficiently high 
for undercutting an ultra-thin oxide without massively reducing the oxide thickness. 

To test the stability of ultra-thin oxide films and to prove the concept of pinhole magnification by undercutting 
lithographically patterned samples are prepared as described above. Fig. 3(a) shows an excerpt of the mask used to 
produce openings with 1 µm and 4 µm edge length and two types of larger alignment marks (negative mark: only 
the cross will be etched; positive mark: everything besides the cross will be etched). Successful patterning of the 
silicon oxide film was confirmed by OM (not shown here) prior to poly-Si LPCVD and ion implantation. Fig. 3(b) 
shows an OM image of the patterned area after removal of the native oxide with HF solution and subsequent etching 
with 15% TMAH solution at 80 °C. The poly-Si has been completely removed and all structures of the mask are 
found. No additional contrasts are observed indicating immunity of the 3 nm thin silicon oxide film versus the 
etching process. The shape of the alignment marks differs from the original mask pattern. This is due to the etch rate 
anisotropy for different crystallographic directions in TMAH etching of the monocrystalline silicon beneath the 
silicon oxide film. While the cross shape of the upper negative marks is still visible, it is completely removed in the 
lower positive mark. This is confirmed in the cross-sectional SEM image of a positive alignment mark shown in 
Fig. 3(c). The etch pit’s sidewalls correspond to (111) planes. Measuring the vertical and lateral dimensions yields a 
selectivity of 10 – 30 between the [001] and [111] directions. The edge length of the etch pit is more than one 
micrometer larger than the original patterned size measured in the silicon oxide film before the TMAH etching step 
(not shown here). This proves the concept of magnification of oxide openings by undercutting. An etch pit 
enlargement of more than a micrometer as achieved here, will be sufficient for easy OM detection when applied to 
nanometer-size pinholes. 
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Fig. 3. (a) Excerpt of mask; (b) OM image of surface after etching with TMAH; (c) SEM image of etch pit of positive alignment mask. 

4. Conclusions 

Thanks to the high selectivity of TMAH, we can introduce overetching of poly-Si layers on ultra-thin silicon 
oxide films as a suitable method to magnify openings in the oxide for imaging by OM. Applying our process on 
poly-Si layers on ultra-thin silicon oxide films with openings deliberately produced by photolithography we found 
no additional contrasts in OM compared to the lithography mask used. This indicates that no additional holes were 
generated during the etching process. So, the determination of the pinhole density in POLO-junctions with excellent 
electrical properties becomes feasible. The method presented here can contribute another piece to the puzzle of the 
current transport mechanism in POLO junctions and eventually enable predictive modelling of the junction 
formation process. It was successfully applied to verify the existence of pinholes in the interfacial oxide in POLO 
junctions with excellent passivation quality [22]. 
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