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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 

This paper investigates process-induced variations of the open-circuit voltage (Voc) using voltage-dependent quantum efficiency 
measurements. By means of device modelling we show that this method is able to explain the Voc difference of two solar cells, 
even if they show identical electrical behaviour under short-circuit condition. This paper furthermore explains how the origin of 
Voc variations can be classified into emitter, base and rear of the solar cell. The simulation results have been experimentally 
verified with industrial-type passivated emitter and rear cells (PERC) cells made from p-type Czochralski wafers. The proposed 
analysis method is an attractive way for monitoring Voc variations of solar cells in industrial mass production since there is no 
need for specially prepared test structures. 
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1. Introduction 

The open-circuit voltage (Voc) is particularly sensitive to recombination losses. Variations in the recombination 
rate and thus in the concentration of the electrons and holes directly affect Voc. Hence, an insufficient process 
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stability or quality may result in significant Voc variations. In order to reduce such process-induced variations of Voc 
and of the corresponding cell efficiency, it is crucial to locate that part of the device that is responsible for the 
deviation from the targeted Voc value. We analyze the solar cell under different operation conditions, since the 
respective locations exhibit different injection-dependencies of the recombination rate. 

In this article, we perform voltage-dependent differential quantum efficiency measurement [1-5] to explain the 
process-induced variations of Voc. As an application, we apply our approach to industrial-type PERC cells with p-
type CZ wafers. By a combination of device modelling and experiments, we demonstrate that our method allows 
locating the origin of Voc variations.  

2. Principle of the method 

The key points of our method are the following: first, the absorption depth is related to the wavelength of light. 
For a silicon solar cell featuring a front emitter, light of wavelength 300 nm is absorbed completely in the emitter 
while light of wavelength 1100 nm is absorbed almost homogeneously in the entire cell as shown in Fig. 1. Hence, 
the quantum efficiency at 300 nm is dominated by recombination in the emitter. This characteristic will be used to 
distinguish the emitter from the other parts of the solar cell. Second, by analyzing the differential external quantum 
efficiency (EQE) under forward voltage bias we are also able to distinguish the base from the rear, because it enables 
to monitor the injection-dependence of the recombination losses. However, this approach requires the saturation of 
the recombination losses in the base by increasing voltage as shown in next section.  

 

 

Fig. 1. Simulated optical generation for monochromatic light with wavelengths of 300 nm and 1100 nm as a function of depth from the front. 

3. Modelling 

We firstly simulate an industrial p-type mono-crystalline PERC cell as the reference, since the PERC design is 
especially sensitive to process-induced variation of device parameters such as bulk lifetime or surface passivation 
quality [6]. Starting from this reference cell, we model three different test cells by modifying a specific part (emitter, 
rear contacts and base) while the other parts of the simulated device remain identical. Compared to the reference 
cell, the Voc values of these cells are lower (∆Voc = 5.4 ~ 7.8 mV) but their Jsc values are close to Jsc of the reference 
(∆Jsc < 0.2 mA/cm²). We thus consider three different origins for the Voc reduction: 1) the emitter, 2) the rear 
contacts and 3) the base. We then simulate EQE curves of these three PERC cells with a forward bias voltage 
ranging from 0 to 700 mV. We model monochromatic illumination with wavelengths of 300 and 1100 nm. The 
intensity of the light source is equal to 1µWcm-2. There is no bias light, since we do not aim to determine the 
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stability or quality may result in significant Voc variations. In order to reduce such process-induced variations of Voc 
and of the corresponding cell efficiency, it is crucial to locate that part of the device that is responsible for the 
deviation from the targeted Voc value. We analyze the solar cell under different operation conditions, since the 
respective locations exhibit different injection-dependencies of the recombination rate. 

In this article, we perform voltage-dependent differential quantum efficiency measurement [1-5] to explain the 
process-induced variations of Voc. As an application, we apply our approach to industrial-type PERC cells with p-
type CZ wafers. By a combination of device modelling and experiments, we demonstrate that our method allows 
locating the origin of Voc variations.  

2. Principle of the method 

The key points of our method are the following: first, the absorption depth is related to the wavelength of light. 
For a silicon solar cell featuring a front emitter, light of wavelength 300 nm is absorbed completely in the emitter 
while light of wavelength 1100 nm is absorbed almost homogeneously in the entire cell as shown in Fig. 1. Hence, 
the quantum efficiency at 300 nm is dominated by recombination in the emitter. This characteristic will be used to 
distinguish the emitter from the other parts of the solar cell. Second, by analyzing the differential external quantum 
efficiency (EQE) under forward voltage bias we are also able to distinguish the base from the rear, because it enables 
to monitor the injection-dependence of the recombination losses. However, this approach requires the saturation of 
the recombination losses in the base by increasing voltage as shown in next section.  

 

 

Fig. 1. Simulated optical generation for monochromatic light with wavelengths of 300 nm and 1100 nm as a function of depth from the front. 

3. Modelling 

We firstly simulate an industrial p-type mono-crystalline PERC cell as the reference, since the PERC design is 
especially sensitive to process-induced variation of device parameters such as bulk lifetime or surface passivation 
quality [6]. Starting from this reference cell, we model three different test cells by modifying a specific part (emitter, 
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absolute EQE. For our simulation study, we use state-of-the-art SENTAURUS device modelling [7] by applying 
most recent device models and silicon parameters [8-10]. 

4. Simulation results 

The simulated EQE curves strongly depend on the forward bias voltage as shown in Fig. 2. For bias voltage 
below 550 mV the EQE at 300 and 1100 nm are constant. They show common decrease at voltages above 550 mV. 
This is due to the decrease of the differential resistance of the solar cell at increasing bias voltage. As a consequence 
more photo-generated current is diverted through the solar cell [11]. By comparing the EQE of the three test cells 
(dashed lines) with the EQE of the reference cell (solid lines), we observe for case 1 that the difference between 
EQE is slightly greater for the light of wavelength 300 nm (blue lines) than the light of wavelength 1100 nm (red 
lines). In contrast, in case 2 and 3, the difference between EQE is greater for the light of wavelength 1100 nm than 
the light of wavelength 300 nm. Additionally, we observe in case 3 that the EQE of the test cell becomes nearly 
identical with the EQE of the reference cell at voltages greater than 680 mV. 

 

 

Fig. 2. Simulated EQE of the reference cell and the cells with lower Voc due to increased recombination losses  
(a) in the emitter, (b) at rear contacts and (c) in the base. 

As can be seen from Fig. 2 the change in EQE between the reference cell and the test cell is different for the three 
cases. Thus, in order to point out the decisive differences, we calculate the ratio between the EQE of the reference 
and the EQE of the test cells as shown in Fig. 3. The ratio is defined as follows: 

                                                    (1) 

Based on the comparison of the results from the different case studies we derive following criterions to determine 
the device part which is responsible for the Voc deviation: (i) for ratio(300 nm) > ratio(1100 nm), the deviation of Voc 
is caused by increased  recombination losses in the emitter (case 1), since the EQE at 300 nm responds more 
sensitively to the recombination in the emitter; (ii) for ratio(300 nm) < ratio(1100 nm), the Voc deviation is caused by 
increased  recombination losses in the base or at rear (case 2 and 3), because the EQE at 1100 nm is dominated by 
recombination in the base and at rear; (iii) if the ratio of both wavelengths decrease towards 1 at voltages near 700 
mV, the deviation of Voc is caused by increased recombination losses in the base. This effect can be explained by the 
recombination saturation in the base region due to asymmetric capture cross-sections of defects such as iron-boron 
[12] or boron-oxygen complex [13] as shown in Fig. 4.  
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Fig. 3. Ratio between the simulated EQE of the reference cell and the simulated EQE of the cells with lower Voc  
due to increased recombination losses (a) in the emitter, (b) at rear contacts and (c) in the base. 

It is to note that the ratio curve will be a mixture of these three cases if multiple device parts are responsible for 
the Voc variation. In such case, it is still possible to locate the corresponding device parts. However, it may be 
difficult to identify which device part is mainly responsible for the Voc variation. 

 

 

Fig. 4. Simulated recombination current densities for the reference PERC cell as a function of the operating voltage under 1-sun illumination of 
the various device regions. We integrate the recombination losses over emitter, base and rear region of the cell separately, multiply them by the 
elementary charge to obtain units of mA/cm2. 

5. Experimental validation 

We apply our new method to industrial PERC cells in order to reproduce case 1 (emitter) and case 3 (base) in the 
previous simulation study. Therefore, we carefully choose two pairs of PERC cells where the deviation of Voc is due 
to increased recombination losses in the emitter (pair 1) or in the base (pair 2). For the pair 1 this is ensured since its 
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EQE under short-circuit condition shows differences only for short wavelength region. For the pair 2 we ascertain 
that the Voc deviation is due to different amount of interstitial iron content in the substrate by performing 
photoluminescence analysis.  

Using an extended LOANA system from pv-tools, we measure the voltage-dependent differential quantum 
efficiency without bias light at 25 °C with lock-in technique. The chopper frequency is set to 375 Hz. The 
monochromatic light is applied to an area of slightly less than 2×2 cm². Thus, we cut 2×2 cm² samples from our 
solar cell in order to avoid the interaction between illuminated and non-illuminated part of the solar cell. 
Subsequently, we calculate the ratio between the measured EQE of the cells with different Voc values as shown in 
Fig. 5. 

 

 

Fig. 5. Ratio between the measured EQE of the cells with different Voc values due to different recombination losses  
in (a) the emitter and (b) the base. 

By comparing Fig. 5(a) and 5(b) with Fig. 3(a) and 3(c) respectively, we successfully validate our new method, 
by demonstrating qualitative agreement between the shapes of the simulated and experimental curves. The curves in 
Fig. 5(a) correspond to Fig. 3(a) which emitter case whereas Fig 5(b) is similar to Fig. 3(c) that is the base case 
where the drop of the ratio towards 700mV is visible. 

6. Conclusion 

We develop a non-invasive characterization method for monitoring process-induced Voc variations in mass 
production of solar cells. In order to locate the origin of Voc variations we use two wavelengths of the 
monochromatic light source (300 nm & 1100 nm), where the absorption depth falls below the emitter depth or 
exceeds the substrate thickness. In contrast to the common quantum efficiency analysis under short-circuit condition 
we apply bias voltage up to 700 mV in order to monitor the injection-dependent recombination losses. The 
comparison of the voltage-dependent quantum efficiency data allows classifying the origin of Voc variations into 
following three parts of the solar cell: emitter, base and rear.  
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