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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 

Oxygen-related Thermal Donors in n-type Czochralski silicon (Cz-Si) wafers have been investigated using hyperspectral 
photoluminescence imaging and OxyMap. Thermal Donors give rise to two photoluminescence emissions, one narrow peak at 
0.767 eV, and one broad band with centre peak at 0.72 eV that is also measurable at room temperature. The spectral imaging was 
first carried out on the sample cooled to 90 K, then repeated at room temperature (300 K). The possibility to delimitate at room 
temperature defects-rich zones with hyperspectral photoluminescence imaging is evidenced. 
 
© 2017 The Authors. Published by Elsevier Ltd. 
Peer review by the scientific conference committee of SiliconPV 2017 under responsibility of PSE AG. 

Keywords: hyperspectral imaging; photoluminescence; thermal donor; oxygen; Czochralski silicon  

1. Introduction 

Oxygen is a major impurity in Czochralski (Cz) Si. It comes from the dissolution of the quartz crucible during 
crystallization and is incorporated in large amount in the ingot. Interstitial oxygen (Oi) has not been shown to be 
recombination active so far, but it gives birth to multiple defects. This is for example the case of oxide precipitates 
formed at high temperature and responsible for efficiency losses of more than 4 % absolute [1]. This is also the case 
of Thermal Donors (TD) which are electrically active clusters of Si and Oi formed at temperatures in the range 350–
550°C. TD are known to be recombination-active and to introduce multiple energy levels into the gap [2].  
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The existence of intermediate energy levels in the gap may enable recombination pathways for photo exited 
charge carriers. This pathways can be radiative or non-radiative. In general freeze out of phonons in indirect bandgap 
semiconductor like Silicon will cause more and more processes to be of radiative nature, due to energy conservation 
as the sample temperature is lowered towards cryogenic temperature.  

Several lines in the photoluminescence (PL) spectra have been observed and linked to oxygen-related defects 
such as TD. Especially the P and H lines have been reported by many [3-6] to be connected to TD. The photon 
energy of the zero-phonon line of P is 0.767 eV and for H 0.926 eV. The P line is observed in samples with oxygen 
concentration above 3–5x1017 cm-3 [7] regardless if it is n- or p-type doped silicon [3]. Tajima [8] reports a broad PL 
emission band with center energy 0.7 eV accompanying the P line. While the 0.7 eV band is observable at room 
temperature, the P line is visible only below 150 K. The H line has been associated with a TD defect complex 
involving both oxygen and carbon [6]. 

Hyperspectral PL imaging has been used in previous studies to characterize multicrystalline silicon wafers and 
solar cells [9-13], but the technique have never before been used on Cz-Si wafers. 

In this study, the aim was to determine the potential of hyperspectral PL imaging to detect heterogeneous 
distribution of defects/impurities in Cz wafers. Areas full of Oi related defects will be particularly studied not only at 
low temperatures but also at room temperature. 

2. Materials and method 

The sample characterized in this study is a wafer from an n-type, phosphorus doped, Czochralski ingot. The 156 
mm x 156 mm wafer is from the top part (seed-end) of an industrial ingot, solidified fraction < 5%. This part 
contains the highest [Oi] and is submitted to a rather slow cooling. It should thus contain high densities Oi-related 
defects. The as-cut resistivity is stated to vary from 1.5 Ωcm at the wafer center to 5 Ω.cm at the edge related to a 
high variation of [TD] across the wafer diagonal. The wafer was chemically textured (KOH) in order to remove the 
saw damaged layer. We are therefore confident that the PL imaging presented in these study are representative of the 
bulk of the wafer 

 The [Oi] was determined by OxyMap on a sister wafer. This characterization tool aims at measuring [Oi], [P] and 
as-grown [TD] across the wafers. It is based on resistivity measurements on as-received wafers, after controlled 
generation of TD and after suppression of TD. Details about the technique can be found in [14]. 

In this study a hyperspectral photoluminescence imaging setup, shown in Fig. 1, have been used. The near-
infrared (NIR) push-broom hyperspectral camera, with a mercury cadmium telluride detector (MCT), has a spectral 
resolution of 6nm in the range 930–2500 nm (0.49–1.13 eV). As excitation source, an 808 nm line laser was used 
with an irradiated power density of 2 W/cm2 (Lasiris Magnum II). A 1000 nm low-pass filter prevented laser beam 
reflections from entering the optic apparatus. The camera records a 2D image with one spatial, (x), and one spectral 

Fig. 1. Hyperspectral imaging setup. a) translation stage, b) hyperspectral camera, c) line laser, d) low pass filter and e) cryogenic cooler. The 
camera records a 2D image with one spatial and one spectral dimension. The second spatial dimension is obtained by assembling images taken 
while the camera scans the sample using the translation stage. 
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dimension, (λ). By assembling images taken while the camera scans the sample, one gets a second spatial dimension, 
(y). This provides a PL spectrum in each spatial pixel(x,y) of the sample. In the setup for this study, the spatial 
resolution is 250 µm. Images are taken of the samples at room temperature, 300 K, and of the samples cooled with 
liquid nitrogen to 90 K. A similar setup has been used in previous studies [9-13]. The scanning speed for PL 
mapping was approximately 0.6 cms-1 for the spatial resolution used in this study.   

A tool to separate PL of different origins, even though they have overlapping spatial distribution and/or PL 
spectrum, is multivariate curve resolution analysis (MCR) [15]. The mathematical method uses multivariate statistics 
for deconvolving complex, convoluted signals composed of several discrete, simultaneously occurring signals and 
can be represented mathematically by Eq. (1):  

 
  
 
MCR decomposes the measured data, matrix D, into a number of representative scores in matrix ST, with the 

corresponding loading vectors in matrix C. An alternating least squares (ALS) algorithm is used to minimize the 
error matrix, E. The different radiative components are manifested with images of the spatial distribution in ST and 
their corresponding spectrum in C. In this study, the MCR algorithm in PLS_Toolbox version R8.2.1 (Eigenvector 
Research, Inc., USA) running on MATLAB R2016b (The MathWorks, Inc., USA) was used. 

3. Results and discussion 

OxyMap measurements of the sample give the Oi distribution along the wafer diagonal shown in Fig. 2. The Oi 

content was found to be around 1.1x1018 cm-3, higher in the centre of the wafer and decreasing towards the wafer 
edge. The distribution of TD across the wafer diagonal is very similar (not shown here), with higher [TD] at wafer 
centre, since it is greatly dependent on [Oi]. 

Fig. 2. Concentration of interstitial oxygen distribution along the wafer diagonal. 
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The hyperspectral PL spectrum, integrated over the entire surface of the Cz-Si n-type wafer, cooled to 90 K, is 
shown in Fig. 3a). The low intensity in the band-to-band PL, at 1.10 eV, could either be due to rapid recombination 
of photoexcited charge carriers due to high surface recombination in the unpassivated sample or due to enhanced 
recombination caused by a high oxygen content. A weak signal from the H line is found at 0.926 eV. If looking at 
the defect related PL as a single entity, it gives rise to a broad band with peak centred at 0.72 eV. This broad band 
also has local sharp peaks. The one with highest energy is the P line at 0.767 eV. Other local peaks are at 0.746 eV, 
0.724 eV, 0.704 eV and shoulders at 0.789 eV, 0.684 eV and 0.666 eV. The spatial distribution of the defect related 
PL is given in Fig. 3b). The pattern is ring-like and strongest in the centre. This correlates well with the 
concentration of Oi (Fig. 2) and TD. 

 

Fig. 3. (a) Photoluminescence spectrum from a textured cz-Si n-type wafer at T = 90 K. P and H lines marked. (b) Image from the integral of 
defect related photoluminescence, range 0.66–0.77 eV 

Fig. 4. MCR analysis only manage to separate the band-to-band PL from the TD related PL. 



 Torbjørn Mehl et al. / Energy Procedia 124 (2017) 107–112 111
 Torbjørn Mehl / Energy Procedia 00 (2017) 000–000    

To investigate the spatial distribution of the various local peaks, MCR was used. MCR analysis did not divide the 
TD related PL into different signals, neither spatial nor spectral. Only the band-to-band signal was separated (Fig. 4). 
This indicates that all peak energy levels are present simultaneously from the defects in this wafer.  

Since the P line is related to TD, it can be assumed that the rest of the broad band with center at 0.72 eV also is 
related to TD. The different energy levels can be due to phonon replicas and/or TD with different oxygen–silicon 
complexes. 

The results from the measurement at 300 K are shown in Fig. 5. The band-to-band PL has shifted from a sharp 
peak at 1.10 eV in the cooled (90 K) wafer to a broader peak with center at 1.08 eV for the sample at 300 K. This 
corresponds to the narrowing of bandgap with higher temperature [16]. There is also a broad PL signal with center 
peak at 0.72 eV, without any significant local peaks. Neither is the P line seen, as expected since the temperature is 
higher than 150 K. Nor is the H line detected.  

The spatial distribution of the 0.72 eV signal is shown in Fig. 5 b). Even though the PL signal is weaker and has 
lower signal to noise ratio, the spatial distribution corresponds with the measurement obtained at 90 K, and therefore 
has the same origin. It is not possible to detect, from this dataset, if the peak center is shifted towards lower energies 
due to higher temperature. 

4. Conclusion 

As expected from the literature, the P line at 0.767 eV was observed in the areas full of TD at low temperature. 
This line was accompanied by the broad band with centre peak at 0.72 eV that can also be detected at room 
temperature. Hyperspectral PL imaging seems thus a promising tool to detect heterogeneous distribution of defects 
also in Czochralski Si. 

 Very few trap-assisted recombinations are radiative at room temperature. The most studied is the D1 (at 0.807 
eV) defect line [17], and the broad defect emission band at 0.72 eV has previously been detected at room 
temperature [8]. The emission strength of this 0.72 eV band is comparable to the band-to-band PL signal. This 
indicates that these mechanisms can be used for a variety of applications, such as up conversion of photons, light 
emitting diodes and classifications of wafers. 

The origin of the local peaks within the 0.72 eV signal at 90 K should be a topic for further studies. 

Fig. 5. Hyperspectral PL imaging at room temperature. a) Photoluminescence spectrum from a textured Cz-Si n-type wafer at T = 300K. b) 
Image from the integral of defect related photoluminescence, range 0.66–0.77eV. 
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