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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 

We analyze the lifetime evolution during permanent deactivation of the boron-oxygen-related defect center (BO defect) in boron-
doped, oxygen-rich Czochralski-grown silicon (Cz-Si). In particular, we examine the impact of the samples’ states prior to the 
permanent deactivation process. Samples that were initially fully degraded show a two-stage deactivation process consisting of a 
fast and a slow deactivation component, which can be fitted by two exponential functions with their respective rate constants. For 
both components, we find a pronounced increase of the rate constants with illumination intensity. In addition, we observe that the 
rate constant describing the slow deactivation component of samples deactivated after complete degradation is identical to the 
rate constant determined on samples, which were deactivated immediately after annealing in darkness. In the latter case, a purely 
mono-exponential deactivation behavior was observed. Our study clearly demonstrates that the asymptotic deactivation behavior 
does not depend on the initial state of the lifetime sample. We prove that the same is valid for initially degraded and dark-
annealed PERC solar cells. Hence, it is not necessary to first degrade the sample to realize a fast BO deactivation.  
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1. Introduction 

Light-induced degradation (LID) affects the solar cell’s power output by limiting the bulk carrier lifetime [1]. 
LID occurs in presence of boron and oxygen in crystalline silicon, both species being typically present in boron-
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doped Czochralski-grown silicon (Cz-Si) [2,3]. For now more than 10 years, a procedure is known that permanently 
reverses the lifetime degradation due to  recombination-active BO defect centers [4]. In this procedure, the lifetime 
degradation is permanently reversed by illumination at elevated temperature, a process referred to as ‘permanent 
deactivation’ of the BO defect or ‘regeneration’ of the lifetime or solar cell efficiency [4]. The impact of the 
temperature during permanent deactivation on the deactivation rate constant Rde follows an Arrhenius law [5,6]. 
Furthermore, Rde depends directly on the excess carrier density n manipulated by the chosen illumination intensity 
as recently shown [5,7–9]. Additionally, it has been conjectured that the deactivation kinetics of BO center depends 
on the samples’s pre-history [10–12]. However, this has not been examined in detail so far. 

In this contribution, we analyze the influence of the initial state of the Cz-Si samples on the lifetime evolution 
during the deactivation process. We observe a strictly mono-exponential decay of the effective defect concentration 
Nt* in case of initially dark-annealed samples, in agreement with reports in the  literature [13]. In contrast, initially 
fully degraded samples show a two-stage deactivation process with a fast component in the very beginning and a 
slower component of comparable magnitude as from dark-annealed samples. Furthermore, we confirm the 
discovered two-stage deactivation on the solar cell level. This finding leads to the conclusion that the initial 
degradation reveals a second deactivation mechanism. However, this fast component does not lead to a faster 
deactivation of the defect center in general.  

2. Experimental details 

We use commercially available boron-doped Czochralski-grown silicon (Cz-Si) wafers with resistivities of 
1.0 cm (i.e. p0=1.5 × 1016 cm-3) and 2.2 cm (i.e. p0=6.5 × 1015 cm-3), respectively. The wafers are processed into 
lifetime samples at full size of 156×156 mm2. After saw-damage removal in KOH and a standard RCA-cleaning 
[14] sequence, a phosphorus diffusion is performed resulting in an n+-region with a nominal sheet resistance of 
~100 /sq. Subsequently, the PSG is removed using HF and the n+-region is removed from several samples using 
KOH. The sample thickness is ~150 µm in case of the 1.0 cm samples and ~136 μm for the 2.2 cm samples. All 
samples pass through an additional RCA cleaning before receiving a 10-nm thick Al2O3 layer deposited via plasma-
assisted atomic layer deposition (plasma ALD) [15]. Subsequently, we deposit a 70-nm-thick SiNx capping layer on 
top (refractive index n = 2.05 at  = 632 nm) via plasma-enhanced chemical vapor deposition (PECVD). Now all 
samples undergo a rapid thermal annealing (RTA) step in a commercial belt-line furnace (DO-FF-8.600–300, 
centrotherm) at a set peak temperature of 850°C, in order to accelerate the following permanent deactivation process 
and to introduce hydrogen from the dielectric layers into the silicon bulk [13,16]. After the RTA/firing treatment the 
wafers are laser-diced into samples of 5 × 5 cm2.  

 
We analyze the process of permanent BO deactivation starting from two different initial states: (i) the dark-

annealed state, and (ii) the fully degraded state. We extract the following characteristic lifetimes: 
 0 after annealing in the dark for 10 min at 200°C. This type of BO deactivation is non-permanent and lifetime 

drops again under illumination. The annealed state does not correspond to a stable defect configuration [1]. 
Please note, due to the sensitivity of this lifetime state on illumination, this lifetime is afflicted with the highest 
uncertainty.  

 d after degradation due to complete LID. For degradation we illuminate the samples for 38 h at a light intensity 
of 10 mW/cm2 at room temperature [17], which results in the maximum concentration of recombination-active 
BO centers. 

 0p after complete permanent deactivation. This lifetime is the maximum value measured during the deactivation 
process. 
 
We systematically vary the light intensity of the halogen lamp used for the deactivation process between 0.5 and 

3 suns, usually in steps of 0.5 suns. The measurement uncertainty of the light intensity is within 2 %. During 
deactivation the samples are placed on a hot plate. To realize steady-state conditions that fit all light intensities, we 
choose a deactivation temperature of (169.5±3.5)°C for all samples. The lifetime (t) is monitored during the 
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deactivation process by measuring the lifetime using a Sinton Lifetime Tester WCT-120 (Sinton Instruments) in 
photoconductance decay (PCD) mode [18] at about 31°C. We extract  at a fixed injection level of n/p0=0.1 with 
n being the excess carrier density and p0 being the equilibrium hole concentration. The BO deactivation correlates 
with a change in the effective defect concentration Nt* which we determine from the measured lifetime using the 
equation Nt* = 1/(t)-1/0. 

3. Impact of the initial state on the deactivation of lifetime samples 

When starting the deactivation procedure from the dark-annealed state, at least two mechanisms interfere with 
each other: on the one hand, degradation occurs due to LID since BO centers are activated. On the other hand, due to 
illumination at elevated temperature recombination-active BO centers are already deactivated. Vice versa, if the 
initial state is fully degraded, the illumination at elevated temperature reveals the pure permanent deactivation 
process. Figure 1(a) shows Nt* versus the deactivation time t of two samples deactivated at 1 sun and 170°C. 
Hereby, the circles show the lifetime evolution of an initially dark-annealed sample and the diamonds of an initially 
fully degraded sample. The initial lifetime of the annealed sample is with eff > 1 ms as high as after permanent 
deactivation. Although Nt* of the fully degraded sample is higher at the beginning (not shown in Fig. 1(a)), it 
decreases initially faster than the dark-annealed sample. However, after 100s of deactivation treatment, Nt* of both 
samples is identical. We conclude that there exist at least two components during deactivation from the fully 
degraded state: a fast and a slow component. Since defect evolution cannot be described by a mono-exponential 
decay function, we fit Nt*(t) by a double-exponential decay function of the form  
A × exp(-Rde,fast × t) + B × exp(-Rde,slow × t) + C with the deactivation rate constants Rde,fast for the fast stage and 
Rde,slow for the slow stage. 

 

 
Fig. 1. (a) Effective defect concentration Nt* versus the deactivation time t at an illumination intensity I = 1 sun. Circles symbolize Nt* of the 
initially dark-annealed sample, diamonds of the initially fully degraded sample. The black lines represent the fits of each curve by a mono-
exponential decay (circles) or a double-exponential decay (diamonds) function, respectively. (b) Deactivation rate constants of the slow 
deactivation stage Rde,slow (triangles down) and of the fast deactivation stage Rde,fast (triangles up) as a function of the illumination intensity I from 
initially degraded samples fired at 850°C (set peak temperature) after emitter-removal. Open symbols show the data of the 2.2-cm Si, filled 
symbols of the 1.0-cm Si samples. 

Figure 1(b) displays Rde,fast and Rde,slow of both examined Cz-Si materials versus the illumination intensity I. For 
the 1.0-cm Si samples, the deactivation rate constants of the fast deactivation stage Rde,fast increases from 
(285±5)h-1 at 0.5 suns to a maximum determined value of Rde,fast=(737±48)h-1 at 3 suns. The deactivation rate of the 
slow stage of the 1.0-cm Si samples increases from Rde,slow=(44±1)h-1 at 0.5 suns to Rde,slow =(112±7) h-1 at 2.5 
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suns. Above 2.5 suns the slow deactivation seems to saturate at (108±5) h-1. For the 2.2-cm Si samples the trend of 
Rde,fast and Rde,slow versus the illumination intensity is less clear: for example is Rde,fast=(368±13) h-1 at 0.5 suns 
slightly above the corresponding value at 1 sun. The highest Rde,fast is achieved at 2.0 suns with (649±68) h-1, while 
at I=3.0 suns Rde,fast and Rde,slow drop significantly to values of (230±13) h-1 and (54±3) h-1, respectively. We assume 
that this drop in Rde is not related to the actual illumination-dependent BO deactivation and consider it an outlier. On 
the other hand, Rde,slow determined from the 2.2-cm Si samples is in the range of 0.5 to 2.5 suns of the same 
magnitude as Rde,slow of the 1.0-cm samples with Rde,slow=(45.±2) h-1 at 0.5 suns. The highest Rde,slow value is in 
contrast to the fast component determined at I=2.5 suns with a maximum value of Rde,slow=(100±5) h-1. The reason 
for the apparent saturation of the deactivation rate at high illumination intensities can be found in the proportionality 
of the deactivation rate constant and the excess carrier density Rde~n [8,9]. Due to the marginal increase of n at 
high illumination intensities, Rde seems to saturate as we previously observed at lifetime samples comparable to the 
ones used in the present study. 

Assuming that the slow deactivation is the same mechanism in dark-annealed as well as in degraded samples, we 
would expect equal values for the deactivation rate constants in case of initially dark-annealed and initially fully 
degraded samples. Figure 2 shows Rde,slow of the degraded 1.0-cm samples (grey triangles) and Rde of the initially 
annealed 1.0-cm samples (black circles) versus I. Although Rde,slow increases slightly less pronounced with the 
illumination intensity than Rde of the dark-annealed samples, we indeed observe quite similar values. This supports 
the assumption of the same physical mechanism responsible for the slow-stage deactivation, independent of the 
initial state of the sample. Up to now, we can only speculate about the exact physical mechanisms involved 
regarding the fast component, however, from the degradation process a fast and a slow degradation stage are already 
known [19], which might correlate to the behavior reported in this study for the permanent deactivation process. 

 

 
Fig. 2. Deactivation rate constants Rde of initially annealed samples (black circles) and Rde,slow of degraded samples (grey triangles) versus 
illumination intensity I. 

4. Impact of the initial state on the deactivation of solar cells 

The permanent deactivation of the recombination-active BO-defect center in boron-doped, oxygen-rich Cz-Si is 
of great interest to avoid LID in solar cells. We use the same deactivation treatment as applied before to lifetime 
samples now for silicon solar cells. For reasons of comparability, we include passivated emitter and rear (PERC) 
solar cells that are processed from the same 2.2-cm Cz-Si wafer material [20] as used for the deactivation study 
presented above. The evaluated PERC solar cells are half 6-in PERC cells [21] with a 4-busbar-design optimized for 
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module-integration; the process-flow is described elsewhere [20]. The solar cells receive a screen-printing 
metallization and after firing, they are laser diced into half-cells. 

We degrade the PERC solar cells by illumination at room temperature for 92 h at an illumination intensity of 
10 mW/cm2 [17]. Subsequently, we deactivate the BO complexes of both half-cells diced from the same initial cell: 
one half-cell from the degraded state, the other half-cell is non-permanently deactivated by annealing for 10 min at 
200°C in the dark prior to applying the deactivation procedure. The deactivation process of the solar cells is carried 
out just as of the lifetime samples: the samples are placed on a hot plate and the sample temperature is determined to 
(169.6±0.9)°C. We vary the illumination intensity between 0.5 and 2.5 suns. During the deactivation process, we 
measure the solar cell parameters using the LOANA solar cell analysis system (pv-tools). 

Figures 3(a) and (b) show the evolution of the open-circuit voltage Voc and of the solar cell energy conversion 
efficiency  during deactivation over time. As observed on the lifetime samples, in case of the initially dark-
annealed half-cell (black symbols), two mechanisms compete with each other: since degradation due to LID 
dominates over the deactivation initialized by illumination at elevated temperature happening at the same time, at 
the very beginning of the deactivation process there is a drop of Voc followed by the slow deactivation, when the 
deactivation process starts do dominate. The maximum ‘drop’ in Voc is in this case less than 2 mV. The Voc of the 
initially degraded cell is 7 mV reduced at the beginning of the deactivation process, and increases in only 10 s of 
illumination at elevated temperature by about 3.5 mV, more than the total boost of the dark-annealed half-cell. After 
the fast-stage increase of Voc, the further deactivation proceeds at slow stage. The solar cell’s energy conversion 
efficiency  develops according to the evolution of Voc during the deactivation process. When the solar cell is 
initially dark-annealed, a small drop in  is observed by about 0.2 % absolute. It reaches its minimum after 45 s of 
illumination at elevated temperature, just when Voc reaches the minimum. That the solar cell efficiency does not 
reach the initial level again despite the successful regeneration of Voc seems to be induced by other, not BO-related 
effects. On the initially degraded half-cell we observe an evolution with a significant increase at the very beginning 
of the deactivation procedure and subsequent, slower deactivation, comparable to the trend of Voc during the 
deactivation. This half-cell reaches a slightly higher  than the dark-annealed one. Finally, an efficiency increase of 
0.65 % absolute is achieved due to the deactivation of the BO center compared to the fully degraded state. 

 

 
Fig. 3. Evolution of (a) open-circuit voltage Voc,(b) solar cell energy conversion efficiency  during deactivation over time and (c) normalized 
defect concentration NVoc. Black symbols show the development of a solar cell deactivated from the dark-annealed initial state, red symbols from 
the fully degraded initial state. The deactivation is carried out at 170°C and 0.5 suns. The lines in (c) describe the mono-exponential decay of 
NVoc(t). 
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From the time-dependent open-circuit voltage measurements one can determine changes of the normalized defect 
concentration NVoc(t). According to Bothe [19] the normalized defect concentration is defined as 

������� ≡ �
���������������� � �

�
������������������ �, 

with q being the elementary charge, n the local ideality factor (here assumed as 1 [22]), kB the Boltzmann constant 
and T the absolute temperature. As can be seen from Fig 3(c), the normalized defect density NVoc(t) follows in the 
later part a mono-exponential decay function. If the solar cell is initially dark-annealed, NVoc (t) can be described by 
a mono-exponential decay as soon as the deactivation dominates the degradation. In the case when the solar cell has 
been initially degraded, a mono-exponential decay function describes the evolution of NVoc(t) after the first 
measurement. As from the initially degraded lifetime samples, we find a fast-stage component at the very beginning 
of the deactivation process. However, as only the first data point reveals the fast component, the explicit 
determination of a fast and a slow deactivation rate is not possible from these measurements. We observe this 
characteristic development of NVoc(t) for all chosen illumination intensities. 

5. Conclusions 

We observed for the first time that the permanent BO deactivation process proceeds within two stages if the 
deactivation is performed on initially fully degraded Cz-Si lifetime samples. A fast deactivation stage is followed by 
a slower deactivation stage. The rates of both stages show a pronounced increase with illumination intensity. The 
slow deactivation component features the same deactivation rate constant on samples, which were initially fully 
degraded and on those which were annealed in darkness prior to the deactivation process. Our study shows hence 
that the asymptotic deactivation behavior does not depend on the initial state of the sample. 

Solar cells also reveal a two-stage deactivation in case they are initially fully degraded. Due to the conciseness of 
the observable fast component, hitherto a sole qualitative description is possible. Hence, contrary to previous studies 
[10–12] our work leads to the conclusion that it is not necessary to first degrade the samples to realize a fast BO 
deactivation. In fact, it is rather necessary to analyze the slow deactivation process than the fast deactivation, as the 
slow process limits the time necessary for completing the BO deactivation.  
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