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We propose a simple and non-destructive method to access the properties of the defects within the subcells of multijunction solar cells (MJSC) based on the extension of two well-known techniques, namely Admittance Spectroscopy (AS) and Deep-Level Transient Spectroscopy (DLTS). Due to the electrical coupling between the subcells of an MJSC, the AS and DLTS signatures of the defects present in the subcells are difficult to identify and to properly analyse, and other independent phenomena could be misinterpreted as such. From numerical simulations and theoretical developments, it is shown how the use of dedicated experimental conditions, in particular specific light biases, on MJSCs can reveal the signatures of the defects present in each subcell and allow one to analyse them without misinterpretation.

Introduction

Multijunction solar cells (MJSCs) offer the possibility to overcome the Shockley-Queisser limit for a single junction solar cell and can reach efficiencies above 30% [START_REF] Shockley | Detailed Balance Limit of Efficiency of p-n Junction Solar Cells[END_REF]. Among the best MJSCs, performance records are achieved when several III-V materials subcells are combined: 39.2% for a six junction-solar cell, 38.8 % for a five-junction solar cell, 37.9 % for a triplejunction solar cell and 32.8 % for a tandem solar cell (TSC) under 1-sun illumination [START_REF] Geisz | Building a Six-Junction Inverted Metamorphic Concentrator Solar Cell[END_REF][START_REF] Chiu | 8% space and 38.8% terrestrial 5J direct bonded cells[END_REF][START_REF] Sasaki | Development of InGaP/GaAs/InGaAs inverted triple junction concentrator solar cells[END_REF][START_REF] Green | Solar cell efficiency tables (version 54)[END_REF].

Regarding the triple junctions and the tandem solar cells, technologies combining III-V and Si materials also offer interesting efficiencies: 35.9 % et 32.8 % for cells associating three subcells (GaInP/GaAs/Si) and two subcells (GaAs/Si), respectively [START_REF] Essig | Raising the one-sun conversion efficiency of III-V/Si solar cells to 32.8% for two junctions and 35.9% for three junctions[END_REF]. In most cases, in a MJSC the subcells are monolithically stacked and electrically coupled. This coupling results in difficulties to characterize the MJSC at the subcell level which is important to optimize the fabrication processes or understand the mechanism causing the degradation of the solar cells [START_REF] Meusel | Characterization of monolithic III-V multi-junction solar cells-challenges and application[END_REF].

Admittance Spectroscopy (AS) and Deep-Level Transient Spectroscopy (DLTS) are two well-known characterisation techniques that provide information on the defects causing intermediate states in the bandgap energy of the materials [START_REF] Lang | Deep-level transient spectroscopy: A new method to characterize traps in semiconductors[END_REF][START_REF] Losee | Admittance spectroscopy of deep impurity levels: ZnTe Schottky barriers[END_REF][START_REF] Losee | Admittance spectroscopy of impurity levels in Schottky barriers[END_REF]. Admittance spectroscopy refers to the measurement as a function of frequency and temperature of the current in a device submitted to a small alternative bias change, from which one can derive the equivalent parallel junction capacitance, 𝐶𝐶, and parallel conductance 𝐺𝐺. DLTS uses the transient response of the device following a voltage pulse and exploits the temperature dependence of the transient of the current or of the junction capacitance. They have been widely used for solar cells applications . However, in MJSCs, the junctions and admittances of each subcell are electrically (and optically) coupled, so that the response of the MJSC to a change in electrical bias (either modulated or transient) has to be properly analysed in order to separate the contribution of each subcell. Interestingly, while MJSCs have become one of the main target in photovoltaics, only very few studies can be found in the literature that aim at developing methods to separate the admittance (and thus the capacitance) of each subcell from the measurement performed on the MJSC [START_REF] Ruiz | Capacitance measurements for subcell characterization in multijunction solar cells[END_REF][START_REF] Rutzinger | Measurement of subcell depletion layer capacitances in multijunction solar cells[END_REF][START_REF] Zhang | Direct observation of defects in triple-junction solar cell by optical deep-level transient spectroscopy[END_REF][START_REF] Leon | Understanding and monitoring the capacitance-voltage technique for the characterization of tandem solar cells[END_REF].

In a previous study, a method was proposed to separate the capacitance contributions of each subcell within a TSC for the analysis of the capacitance-voltage technique, in order to access the doping densities in the bases and the diffusion potential of each subcell independently [START_REF] Leon | Understanding and monitoring the capacitance-voltage technique for the characterization of tandem solar cells[END_REF].

In this article, on account of numerical modelling we demonstrate that this method can be extended to the AS and DLTS characterisation techniques. As an example, we take a III-V/Si TSC in which defects are introduced. First, the AS and DLTS results of the isolated subcells are described and modelled. Then, we discuss the AS and DLTS results modelled from the entire TSC in the dark in order to understand how the electrical coupling complicates the analysis of the results. Next, the proposed method for separating the contributions of each subcell is presented in more detail. Finally, information about the defects present in each subcell of the modelled TSC is extracted by combining the proposed method with the AS and the DLTS characterisation techniques.

Background

In this part, we give some theoretical reminders of the main capacitive effects in semiconductor devices as well as some details on the principles of DLTS and AS techniques before presenting the modeled structure.

Contributions to the admittance in a PN junction

When applying a small AC voltage bias signal at a given angular frequency, 𝜔𝜔, one can measure the AC current and deduce the complex admittance, 𝑌𝑌 = 𝐺𝐺 + 𝑗𝑗𝐶𝐶𝜔𝜔, the real part being the conductance 𝐺𝐺 and the imaginary part the susceptance 𝑗𝑗𝐶𝐶𝜔𝜔, 𝑗𝑗 being the complex number such that 𝑗𝑗 2 = -1 and 𝐶𝐶 the parallel capacitance. There are several contributions to the admittance of a PN junction.

First, the presence of a depletion zone at the junction between the N and P regions causes a so-called depletion-layer capacitance, 𝐶𝐶 𝑤𝑤 [START_REF] Sze | Physics of Semiconductor Devices[END_REF]:

𝐶𝐶 𝑤𝑤 = 𝜀𝜀 𝑤𝑤 , (1) 
𝑤𝑤 being to the width of the depletion layer and 𝜀𝜀 the dielectric permittivity of the material. In the absence of deep-level defects, the width of the depletion layer only depends on the built-in potential and on the doping densities in both N and P regions. However, in the presence of deeplevel defects in the bandgap of the material, 𝑤𝑤 will also depend on the defect concentrations. In addition, the capture and emission of carriers by the defects can also contribute to the capacitance of the PN junction. When applying a small AC voltage bias signal to measure the admittance of a junction, two charge disturbances occur and contribute to the measured admittance: one due to the modulation of the depletion width and another due to the variation of the occupation of the defects. This latter disturbance depends on the response time of the defect related to emission and capture of free carriers, 𝜏𝜏 𝑇𝑇 , and on the pulsation, 𝜔𝜔, of the small AC bias signal. It has been shown that the junction conductance, 𝐺𝐺 𝐽𝐽 , and the junction capacitance, 𝐶𝐶 𝐽𝐽 , in the presence of defects can then be written [START_REF] Oldham | Admittance of p-n Junctions Containing Traps[END_REF][START_REF] Ghezzi | Space-Charge Analysis for the Admittance of Semiconductor Junctions with Deep Impurity Levels[END_REF][START_REF] Pautrat | Admittance spectroscopy: A powerful characterization technique for semiconductor crystals-Application to ZnTe[END_REF]:

𝐺𝐺 𝐽𝐽 𝜔𝜔 = Δ𝐶𝐶 𝜔𝜔𝜏𝜏 𝑇𝑇 1+𝜔𝜔 2 𝜏𝜏 𝑇𝑇 2 , (2) 
and

𝐶𝐶 𝐽𝐽 = 𝜀𝜀 𝑤𝑤 + Δ𝐶𝐶 1+𝜔𝜔 2 𝜏𝜏 𝑇𝑇 2 .
(

) 3 
with Δ𝐶𝐶 the contribution of the defects due to the variation of their occupation under quasistatic conditions (𝜔𝜔𝜏𝜏 𝑇𝑇 ≪ 1).

Second, the diffusion of free charge carriers across the junction causes a so-called diffusion admittance of which the real part is the diffusion conductance, 𝐺𝐺 𝐷𝐷 , and the imaginary part is the diffusion susceptance, 𝑗𝑗𝜔𝜔𝐶𝐶 𝐷𝐷 , 𝐶𝐶 𝐷𝐷 being the diffusion capacitance. Sze calculated 𝐺𝐺 𝐷𝐷 and 𝐶𝐶 𝐷𝐷 for a PN junction with semi-infinite materials, and he showed that both are related to the dark current density, 𝐽𝐽 𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑 [START_REF] Sze | Physics of Semiconductor Devices[END_REF]. This can be extended in the case of solar cells based on an asymmetric junction where the doping concentration of the emitter is much larger than that of the base, introducing an effective lifetime of minority carriers in the base, 𝜏𝜏 𝑒𝑒𝑒𝑒𝑒𝑒 , with the approximate expressions:

𝐺𝐺 𝐷𝐷 = 𝑑𝑑𝐽𝐽 𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑 𝑑𝑑𝑑𝑑 � 1 + 𝜔𝜔𝜏𝜏 𝑒𝑒𝑒𝑒𝑒𝑒 , (4) 
and

𝐶𝐶 𝐷𝐷 = 𝑑𝑑𝐽𝐽 𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑 𝑑𝑑𝑑𝑑 × 𝜏𝜏 𝑒𝑒𝑒𝑒𝑒𝑒 � 1+𝜔𝜔𝜏𝜏 𝑒𝑒𝑒𝑒𝑒𝑒 , (5) 
with V the applied DC voltage. Note that when 𝜔𝜔𝜏𝜏 𝑒𝑒𝑒𝑒𝑒𝑒 ≪ 1, one can rewrite Eq. ( 4) and Eq. ( 5)

as the low-frequency diffusion conductance (𝐺𝐺 𝐷𝐷,𝐿𝐿𝐿𝐿 ) and the low-frequency diffusion capacitance (𝐶𝐶 𝐷𝐷,𝐿𝐿𝐿𝐿 ):

𝐺𝐺 𝐷𝐷,𝐿𝐿𝐿𝐿 = 𝑑𝑑𝐽𝐽 𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑 𝑑𝑑𝑑𝑑 , (6) 
and

𝐶𝐶 𝐷𝐷,𝐿𝐿𝐿𝐿 = 𝑑𝑑𝐽𝐽 𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑 𝑑𝑑𝑑𝑑 × 𝜏𝜏 𝑒𝑒𝑒𝑒𝑒𝑒 . (7) 
Usually, the diffusion capacitance is considered in forward bias where it becomes important due to the exponential increase with DC bias, However, it exists whatever the bias and, depending on material parameters, it cannot always be neglected even at zero or reverse bias.

The overall capacitance of the PN junction can be written:

𝐶𝐶 = 𝐶𝐶 𝐽𝐽 + 𝐶𝐶 𝐷𝐷 . (8) 
Finally, the presence of a strong inversion layer at the interface of a PN junction can create a so-called inversion-layer capacitance. Under certain conditions, this phenomenon can impact the junction admittance especially for heterojunctions, and care has to be taken when analyzing the admittance measurements of such devices [START_REF] Kleider | Revisiting the theory and usage of junction capacitance: Application to high efficiency amorphous/crystalline silicon heterojunction solar cells[END_REF]. However, this phenomenon has little impact on the electrical coupling between the subcells of the MJSC. Therefore, to simplify this study which aims at developing a method to overcome this coupling, the inversion-layer capacitance will not be considered in the following.

Admittance Spectroscopy (AS)

The AS characterisation technique consists in measuring the admittance of the junction while varying the frequency of the small AC bias excitation and the sample temperature. As shown in the previous section, defects can contribute to the junction admittance and one can thus exploit the temperature and/or the frequency dependence of either the conductance, 𝐺𝐺(𝑓𝑓, 𝑇𝑇), or the capacitance, 𝐶𝐶(𝑓𝑓, 𝑇𝑇), to deduce the position of defect energy levels in the bandgap of the base material. In practice however, the contribution of defects to the conductance is often masked by the diffusion conductance and by a parasitic parallel conductance (related to shunts) not taken into account in our analysis and which does not affect the capacitance. Therefore, we will focus in the following on the capacitance only. From Eq. ( 3) one can deduce that the 𝐶𝐶(𝑓𝑓)

curve will follow an inflexion point at a frequency, 𝑓𝑓 𝑖𝑖 :

𝑓𝑓 𝑖𝑖 = 1 2𝜋𝜋𝜏𝜏 𝑇𝑇 . ( 9 
)
If we consider for example an electron trap (basically a trap located above midgap), it has been shown that the change of occupancy of such defect is significant when its energy crosses or is close to the electron quasi-Fermi level. At this point, the time response of the defect can be written [START_REF] Lang | Deep-level transient spectroscopy: A new method to characterize traps in semiconductors[END_REF][START_REF] Losee | Admittance spectroscopy of deep impurity levels: ZnTe Schottky barriers[END_REF][START_REF] Losee | Admittance spectroscopy of impurity levels in Schottky barriers[END_REF][START_REF] Ghezzi | Space-Charge Analysis for the Admittance of Semiconductor Junctions with Deep Impurity Levels[END_REF]:

𝜏𝜏 𝑇𝑇 = 1 2𝑒𝑒 𝑛𝑛 , ( 10 
)
with 𝑒𝑒 𝑛𝑛 the emission frequency of the defect to the conduction band, which depends on the difference between the energy position of the defect, 𝐸𝐸 𝑇𝑇 , and the energy of the receiving band, 𝐸𝐸 𝐶𝐶 , defined as the activation energy, 𝐸𝐸 𝑑𝑑 (𝐸𝐸 𝑇𝑇 ) = 𝐸𝐸 𝐶𝐶 -𝐸𝐸 𝑇𝑇 [START_REF] Lang | Deep-level transient spectroscopy: A new method to characterize traps in semiconductors[END_REF][START_REF] Losee | Admittance spectroscopy of deep impurity levels: ZnTe Schottky barriers[END_REF][START_REF] Losee | Admittance spectroscopy of impurity levels in Schottky barriers[END_REF][START_REF] Oldham | Admittance of p-n Junctions Containing Traps[END_REF][START_REF] Ghezzi | Space-Charge Analysis for the Admittance of Semiconductor Junctions with Deep Impurity Levels[END_REF][START_REF] Pautrat | Admittance spectroscopy: A powerful characterization technique for semiconductor crystals-Application to ZnTe[END_REF][START_REF] Shockley | Statistics of the Recombinations of Holes and Electrons[END_REF][START_REF] Peaker | Tutorial: Junction spectroscopy techniques and deep-level defects in semiconductors[END_REF]:

𝑒𝑒 𝑛𝑛 (𝐸𝐸 𝑇𝑇 ) = 𝜎𝜎 𝑛𝑛 𝑣𝑣 𝑡𝑡ℎ,𝑛𝑛 𝑁𝑁 𝐶𝐶 𝑒𝑒 -𝐸𝐸 𝑑𝑑 (𝐸𝐸 𝑇𝑇 ) 𝑑𝑑 𝐵𝐵 𝑇𝑇 , ( 11 
)
with 𝜎𝜎 𝑛𝑛 the capture cross section of electrons, 𝑣𝑣 𝑡𝑡ℎ,𝑛𝑛 the thermal velocity of electrons, 𝑁𝑁 𝐶𝐶 R the effective density of states in the conduction band. For a hole trap, there are similar relations with hole parameters instead of electron ones, and 𝐸𝐸 𝑑𝑑 (𝐸𝐸 𝑇𝑇 ) = 𝐸𝐸 𝑇𝑇 -𝐸𝐸 𝑑𝑑 and 𝐸𝐸 𝑉𝑉 the top of the valence band. By increasing the temperature of the sample, the emission rate of the electrons is modified, and the inflexion point of the 𝐶𝐶(𝑓𝑓) curve occurs at a higher frequency. By representing the frequencies of the inflexion points for several temperatures in an Arrhenius plot, one can deduce the activation energy of the defect.

Deep-Level Transient Spectroscopy (DLTS)

There is a large number of modified techniques to perform Deep-Level Transient Spectroscopy [START_REF] Peaker | Tutorial: Junction spectroscopy techniques and deep-level defects in semiconductors[END_REF]. The classical DLTS characterisation technique proposed by D.V. Lang and considered in this study consists in observing the transient evolution of the capacitance of a junction for several temperatures, after having applied a positive voltage pulse (called filling pulse) to deduce the energy level of the defect in the bandgap of the material, the defect concentration and its capture cross section [START_REF] Lang | Deep-level transient spectroscopy: A new method to characterize traps in semiconductors[END_REF].

Generally, the sample is initially set under zero or reverse bias. The pulse amplitude is chosen so that the junction is momentarily put under more positive bias to inject carriers into the depletion zone. Thus, the probability of occupation changes: the electron traps in the depletion zone are filled with electrons while the hole traps are filled with holes. After the pulse, when the junction is again set under the initial bias, the captured charges are emitted and thus the capacitance exhibits a transient and reaches its steady state value after a certain time related to 𝜏𝜏 𝑇𝑇 . The variation of the capacitance after the pulse can be written [START_REF] Lang | Deep-level transient spectroscopy: A new method to characterize traps in semiconductors[END_REF][START_REF] Peaker | Tutorial: Junction spectroscopy techniques and deep-level defects in semiconductors[END_REF]:

∆𝐶𝐶 = ∆𝐶𝐶 0 × 𝑒𝑒 -𝑡𝑡 𝜏𝜏 𝑇𝑇 ⁄ , (12) 
with ∆𝐶𝐶 0 the variation of the capacitance just after the pulse.

In the so-called and widely used boxcar technique, one measures the capacitance at two distinct times in the transient, 𝑡𝑡 1 and 𝑡𝑡 2 , at various temperatures. A DLTS spectrum, 𝑆𝑆(𝑇𝑇) is then defined as 𝑆𝑆(𝑇𝑇) = 𝐶𝐶(𝑡𝑡 1 , 𝑇𝑇) -𝐶𝐶(𝑡𝑡 2 , 𝑇𝑇). By varying the temperature of the sample, 𝜏𝜏 𝑇𝑇 is modified. One can show that 𝑆𝑆(𝑇𝑇) is maximum at the temperature 𝑇𝑇 𝑖𝑖 where the emission frequency of the trap level coincides with 𝑟𝑟 [START_REF] Lang | Deep-level transient spectroscopy: A new method to characterize traps in semiconductors[END_REF]:

𝑟𝑟 = ln(𝑡𝑡 1 /𝑡𝑡 2 ) 𝑡𝑡 1 -𝑡𝑡 2 = 𝑒𝑒 𝑛𝑛 (𝑇𝑇 = 𝑇𝑇 𝑖𝑖 ) , ( 13 
)
where 𝑟𝑟 is often called the window rate defined by 𝑡𝑡 1 and 𝑡𝑡 2 . By repeating the measurements for different window rates and tracking the maximum of 𝑆𝑆(𝑇𝑇) one can use an Arrhenius plot to deduce the activation energy of the defect in a similar way as in admittance spectroscopy.

Presentation of the modelled structure

In this study, we take as an example a III-V/Si TSC. We modelled the subcells independently using a TCAD software (Atlas from Silvaco©). This simulator solves the physical equations governing the electrostatics (Poisson, electro-neutrality) and the transport of electrons and holes (drift-diffusion) self-consistently on a 2D mesh [START_REF]Atlas User's Manual[END_REF]. The Top single cell is an AlGaAs NP junction and the Bottom single cell is a c-Si NP junction as represented in Figs. 1(a) and (d),

respectively. Some information about the electrical input parameters of the various materials can be found in the supplementary material. We then implement one single deep-defect state in each cell, the properties of the defects are summarized in Table 1. To form the TSC, the two subcells are electrically connected to each other. In practice, the intermediate layer allowing the transport of charges between the Top and Bottom subcells of a 2T Tandem cell often consists in a tunnel junction. Due to the high doping densities in the layers of the tunnel junction, its capacitance can be neglected when considering the capacitance behavior of a 2T tandem device.

In order to greatly simplify the calculations, the tunnel junction is therefore replaced in our models by a perfectly conductive intermediate layer, perfectly transparent and presenting no potential barrier in contact with the Top and Bottom cells. In a previous study, the validity of this simulated structure was experimentally verified by comparing the simulations with admittance measurements performed on a device whose intermediate layer consists in a classical tunnel junction [START_REF] Leon | Understanding and monitoring the capacitance-voltage technique for the characterization of tandem solar cells[END_REF]. 

Results and discussions

Modelling in the dark

In this part, we will start by presenting all the results of the AS and DLTS techniques modelled on the subcells alone and on the TSC in the dark, highlighting the difficulty of extracting defect parameters of the subcells from measurements performed in the dark on the TSC. (from -1 V to 0 V then back to -1 V DC) is applied on the subcells alone. The window rates taken to obtain the DLTS spectra are summarized in Table 2. By extracting the activation energies from the AS and DLTS results of each subcell modelled alone, we successfully find the activation energies of the defects implemented in our simulations. 

AS and DLTS results of the modelled cells

Capacitance coupling and filling pulse distribution

Since the two subcells are connected in series, if we call 𝐶𝐶 1 R the capacitance of the Top subcell and 𝐶𝐶 2 R the capacitance of the Bottom subcell, then the capacitance of the TSC, 𝐶𝐶 𝑇𝑇𝑇𝑇𝐶𝐶 , should be equal to:

𝐶𝐶 𝑇𝑇𝑇𝑇𝐶𝐶 = � 1 𝐶𝐶 1 + 1 𝐶𝐶 2 � -1 . ( 14 
)
In our case, where there is a large difference in doping between the bases of the subcells, one can deduce that the capacitance behavior of the TSC will be close to the behavior of the subcell whose base is the lowest doped. This justifies that the 𝐶𝐶(𝑓𝑓, 𝑇𝑇) curves in region A in Fig. 1(h) (TSC results) show a similar behavior as in Fig. 1(e) (Bottom cell results). However, because of the capacitance coupling, the two results do not match, and it is not possible to extract with precision the activation energy of the Bottom cell defects from TSC results. More details can be found in the supplementary material section A.

For the DLTS characterisation technique, in addition to the capacitance coupling, one also must consider the distribution of the filling pulse. The two capacitances of the subcells being connected in series, the distribution of the voltage when applying a filling pulse, ∆𝑉𝑉 𝑇𝑇𝑇𝑇𝐶𝐶 , is:

� ∆𝑉𝑉 1 = ∆𝑉𝑉 𝑇𝑇𝑇𝑇𝐶𝐶 × 𝐶𝐶 2 𝐶𝐶 1 +𝐶𝐶 2 ∆𝑉𝑉 2 = ∆𝑉𝑉 𝑇𝑇𝑇𝑇𝐶𝐶 × 𝐶𝐶 1 𝐶𝐶 1 +𝐶𝐶 2 , ( 15 
)
with ∆𝑉𝑉 𝑇𝑇𝑇𝑇𝐶𝐶 the amplitude of the voltage pulse applied on the TSC, ∆𝑉𝑉 1 the voltage change in the Top subcell due to the applied pulse, and ∆𝑉𝑉 2 the corresponding voltage change in the Bottom subcell. If one makes the assumption that 𝐶𝐶 1 and 𝐶𝐶 2 are constant and simply by considering the capacitance ranges (𝐶𝐶 1 ~ 10 -7 F. cm -2 and 𝐶𝐶 2 ~ 10 -8 F. cm -2 ), one can deduce that almost 90 % of ∆𝑉𝑉 𝑇𝑇𝑇𝑇𝐶𝐶 is actually applied on the Bottom subcell which is confirmed by our modelling (see Fig. S3 from supplementary material section A).

In our case, one can deduce that almost only the defect in the Bottom subcell is probed when performing DLTS on this TSC in the dark. This explains why the activation energy extracted from the A region in Fig. 1(i) is equal to the activation energy of the defect in the Bottom subcell. But this only stands for our particular case. In general, the filling pulse will mostly apply on the subcell with the lowest capacitance, so in the dark, mostly this subcell can eventually be probed by DLTS. But if the two capacitances are in the same range, results will be more difficult to analyse. Moreover, in the following we show that diffusion also plays a role and leads to artefacts regarding defects identification. In fact, the increase of the temperature increases the saturation current density in the subcells.

Diffusion phenomena

This means, based on Eqs. ( 4) and ( 5), that the diffusion capacitance and the diffusion conductance also increase with the temperature. In the case of subcell with high effective lifetime material such as our c-Si Bottom subcell, diffusion capacitance and diffusion conductance cannot be neglected at high temperature. This is verified indeed in the Bottom c-Si subcell as shown in Fig. 3 where the real part of the admittance surpasses its imaginary part above 375 K. The total capacitance of the Top subcell, 𝐶𝐶 1 is equal to 𝐶𝐶 𝑤𝑤,1 ; the total capacitance of the Bottom subcell, 𝐶𝐶 2 is equal to 𝐶𝐶 𝑤𝑤,2 + 𝐶𝐶 𝐷𝐷,2 ; the total conductance of the Bottom subcell, 𝐺𝐺 2 is equal to 𝐺𝐺 𝐷𝐷,2 . Therefore, the equivalent capacitance of the TSC is now:

𝐶𝐶 𝑇𝑇𝑇𝑇𝐶𝐶 = 𝐶𝐶 1 × 𝐶𝐶 2 𝐶𝐶 1 +𝐶𝐶 2 × 𝜔𝜔 2 +� 𝐺𝐺 2 𝐶𝐶 2 � 2 × 𝐶𝐶 2 𝐶𝐶 1 +𝐶𝐶 2 𝜔𝜔 2 +� 𝐺𝐺 2 𝐶𝐶 2 � 2 ×� 𝐶𝐶 2 𝐶𝐶 1 +𝐶𝐶 2 � 2 . ( 16 
)
Based on this equation, one can deduce that the evolution of 𝐶𝐶 𝑇𝑇𝑇𝑇𝐶𝐶 with frequency will follow a first inflexion at a point where

𝜔𝜔 = 𝜔𝜔 𝑇𝑇ℎ = 𝐺𝐺 2 √3(𝐶𝐶 1 +𝐶𝐶 2 )
. For lower frequencies, 𝐶𝐶 𝑇𝑇𝑇𝑇𝐶𝐶 tends toward 𝐶𝐶 1 (the bottom subcell is shunted) and for higher frequencies, 𝐶𝐶 𝑇𝑇𝑇𝑇𝐶𝐶 tends toward

(1/𝐶𝐶 1 + 1/𝐶𝐶 2 ) -1
as it can be seen in Fig. 5(a). A second decrease occurs when the diffusion capacitance in the Bottom subcell decreases with increasing frequency (see Eq. ( 5)) and the position of this inflexion is noted 𝜔𝜔 𝐻𝐻𝐿𝐿 .

Considering the diffusion phenomena in the Bottom subcell, the distribution of the voltage in the structure is modified:

⎩ ⎪ ⎨ ⎪ ⎧ ∆𝑉𝑉 1 = ∆𝑉𝑉 𝑇𝑇𝑇𝑇𝐶𝐶 × 1 𝑗𝑗𝑗𝑗𝐶𝐶 1 1 𝑗𝑗𝑗𝑗𝐶𝐶 2 +𝐺𝐺 2 + 1 𝑗𝑗𝑗𝑗𝐶𝐶 1 ∆𝑉𝑉 2 = ∆𝑉𝑉 𝑇𝑇𝑇𝑇𝐶𝐶 × 1 𝑗𝑗𝑗𝑗𝐶𝐶 2 +𝐺𝐺 2 1 𝑗𝑗𝑗𝑗𝐶𝐶 2 +𝐺𝐺 2 + 1 𝑗𝑗𝑗𝑗𝐶𝐶 1 . ( 17 
)
By assuming constant values of 𝐶𝐶 1 , 𝐶𝐶 2 and 𝐺𝐺 2 we can obtain the expression of the voltage distribution in the subcells versus time after the filling pulse by writing Eq. ( 17) in the Laplace domain, then by applying inverse Laplace transform:

� ∆𝑉𝑉 1 = ∆𝑉𝑉 𝑇𝑇𝑇𝑇𝐶𝐶 × �1 - 𝐶𝐶 1 𝐶𝐶 1 +𝐶𝐶 2 𝑒𝑒 -𝑡𝑡 𝐺𝐺 2 𝐶𝐶 1 +𝐶𝐶 2 � ∆𝑉𝑉 2 = ∆𝑉𝑉 𝑇𝑇𝑇𝑇𝐶𝐶 × 𝐶𝐶 1 𝐶𝐶 1 +𝐶𝐶 2 𝑒𝑒 -𝑡𝑡 𝐺𝐺 2 𝐶𝐶 1 +𝐶𝐶 2 . ( 18 
)
This equation well describes the voltage distribution in our modelling (Fig. 5 (c)). Just before the end of the pulse, 𝑉𝑉 1 and 𝑉𝑉 2 are equal to zero. At 𝑡𝑡 = 0, when ∆𝑉𝑉 𝑇𝑇𝑇𝑇𝐶𝐶 = -1 V, simply by considering the capacitance ranges and Eq. ( 18), one can deduce that almost 90 % of ∆𝑉𝑉 𝑇𝑇𝑇𝑇𝐶𝐶 is actually applied on the Bottom subcell. But as 𝑡𝑡 increases, 𝑉𝑉 2 tends to reach back its initial value (∆𝑉𝑉 2 → 0) while all the pulse amplitude is applied on 𝑉𝑉 1 (∆𝑉𝑉 1 → ∆𝑉𝑉 𝑇𝑇𝑇𝑇𝐶𝐶 ). However, in our modelling, we can see that the evolution of the voltage distribution is indeed exponential when the filling pulse is applied but not after it ended. This could be explained by resistive effects or because we assumed 𝐶𝐶 1 , 𝐶𝐶 2 and 𝐺𝐺 2 as constant while they are actually voltage dependent and thus evolve with time as can be seen on Fig. 5(b) [START_REF] Leon | Adaptation des techniques de caractérisation basées sur des mesures de capacité et d'admittance aux cellules solaires multijonctions : expériences et modélisations[END_REF]. This also induces a variation of 𝐶𝐶 𝑇𝑇𝑇𝑇𝐶𝐶 after the pulse (Fig. 5(b)) which could be misinterpreted as the consequence of a defect. From Eq. ( 18), we can notice that the characteristic time of the evolution of the voltage is

𝐶𝐶 1 +𝐶𝐶 2 𝐺𝐺 2
, and will be noted 𝑡𝑡 𝑇𝑇ℎ to refer to 𝜔𝜔 𝑇𝑇ℎ .

When increasing the temperature of the sample, the diffusion phenomena are more important and thus change the values of 𝜔𝜔 𝑇𝑇ℎ and 𝑡𝑡 𝑇𝑇ℎ . 𝜔𝜔 𝑇𝑇ℎ increases while 𝑡𝑡 𝑇𝑇ℎ decreases with increasing temperature which lead to the inflexions and peaks that can be seen in the B region of Fig. 1(h) and (i). In fact, we can assume that the dependence of 𝜔𝜔 𝑇𝑇ℎ and 𝑡𝑡 𝑇𝑇ℎ on temperature follows the dependence of 𝐺𝐺 2 which is proportional to the dark current density of the silicon subcell. In first approximation this is proportional to 𝑛𝑛 𝑖𝑖 2 , 𝑛𝑛 𝑖𝑖 being the intrinsic carrier concentration given by:

𝑛𝑛 𝑖𝑖 = �𝑁𝑁 𝐶𝐶 𝑁𝑁 𝑑𝑑 × 𝑒𝑒 -𝐸𝐸 𝑔𝑔 2𝑑𝑑 𝐵𝐵 𝑇𝑇 � , ( 19 
)
with 𝐸𝐸 𝑔𝑔 the gap of the material, 𝑁𝑁 𝑑𝑑 and 𝑁𝑁 𝐶𝐶 the effective density of states in the valence and conduction bands, respectively.

This can explain the activation energy of ≈1 eV extracted from the Arrhenius plot of the inflexions and peaks in the B region of Fig. 1(h) and (i) that reflect the bandgap energy of the silicon material. technique, additional consideration should be given to the distribution of the filling pulse applied on the structure. If, as it is the case in this study, the filling pulse is mostly applied on one of the two subcells, then only this one is probed. Second, the impact of the diffusion phenomena can be mixed with the signature of a defect or can lead to an AS and DLTS signature that can be improperly attributed to the existence of a defect that does not exist. The impact of those phenomena and of the capacitance-and voltage coupling strongly depend on the studied structure. Each technology might behave differently. Therefore, in the dark, it seems very difficult to properly analyse AS or DLTS results without a strong support from complementary modelling.

In the following, we propose a simple and non-destructive method allowing (i) to decouple the capacitances, (ii) to know and control how the voltage is shared between the subcells, (iii) to know which subcell is probed and (iv) to ensure that the diffusion phenomena cannot be confused with the defect signatures anymore.

Proposed light bias method

Overcoming the electrical coupling: use of light biases

The proposed method uses a light bias whose wavelength is such that it can be absorbed only by one of the subcells in the TSC. This results in fixing the polarization of the absorbing subcell near its open-circuit voltage if the applied voltage on the TSC is reverse or slightly direct (below the open-circuit voltage value of the absorbing subcell). In that way we can control in which subcell the diffusion phenomena are important since those mostly occur in the direct polarized subcell, i.e. the absorbing subcell. More details can be found in Ref. [START_REF] Leon | Understanding and monitoring the capacitance-voltage technique for the characterization of tandem solar cells[END_REF][START_REF] Leon | Adaptation des techniques de caractérisation basées sur des mesures de capacité et d'admittance aux cellules solaires multijonctions : expériences et modélisations[END_REF]. We use K as the index of the subcell in the dark and L as the index of the other subcell that absorbs the light.

Then, Eqs. ( 16) and ( 18) become: 

𝐶𝐶 𝑇𝑇𝑇𝑇𝐶𝐶 = 𝐶𝐶 𝐾𝐾 × 𝐶𝐶 𝐿𝐿 𝐶𝐶 𝐾𝐾 +𝐶𝐶 𝐿𝐿 × 𝜔𝜔 2 +� 𝐺𝐺 𝐿𝐿 𝐶𝐶 𝐿𝐿 � 2 × 𝐶𝐶 𝐿𝐿 𝐶𝐶 𝐾𝐾 +𝐶𝐶 𝐿𝐿 𝜔𝜔 2 +� 𝐺𝐺 𝐿𝐿 𝐶𝐶 𝐿𝐿 � 2 ×� 𝐶𝐶 𝐿𝐿 𝐶𝐶 𝐾𝐾 +𝐶𝐶 𝐿𝐿 � 2 , (20) and 
First, from Eq. ( 20), we can deduce that for 𝜔𝜔 < 𝜔𝜔 𝑇𝑇ℎ , 𝐶𝐶 𝑇𝑇𝑇𝑇𝐶𝐶 tends toward 𝐶𝐶 𝐾𝐾 . Unlike the case of the TSC in the dark, here we can choose which subcell is shunted at low frequency and only obtain the capacitance of the subcell in the dark by adapting the wavelength of the light bias.

For example, with a 405 nm light bias fully absorbed in the Top subcell (this case is referred to as TSC405), for pulsation below 𝜔𝜔 𝑇𝑇ℎ one can probe only the Bottom subcell (see Fig. 6(a)) while with a 980 nm light bias fully absorbed in the Bottom subcell (this case is referred to as TSC980), one can probe only the Top subcell (see Fig. 6(b)). Second, since the absorbing subcell is polarized in direct while the other subcell is polarized in reverse, we know that 𝐶𝐶 𝐿𝐿 ≫ 𝐶𝐶 𝐾𝐾 . Based on Eq. ( 21), we can assume that when a voltage step is applied on the TSC, only a little fraction of it will occur in the absorbing subcell. For example, in the TSC405 case, the filling pulse applied on the TSC mostly occurs in the Bottom subcell (see Fig. This method allows to choose which subcell is probed. However, there are still inflexions in the 𝐶𝐶(𝑓𝑓) curves and transient evolutions of the voltage distribution. In the previous section, we have shown that in the dark, the position of the inflexions and the characteristic times of the transient evolution are temperature dependent and disturb the observation of the defect signatures. Thus, in the following, we are going to demonstrate that when the TSC is under specific illumination, 𝜔𝜔 𝑇𝑇ℎ and 𝑡𝑡 𝑇𝑇ℎ can be easily distinguished from the defect signatures.

Distinguishing the defects signatures from diffusion phenomena

Unlike the case were the TSC is in the dark, when one of the two subcells fully absorbs the light, the modelling shows negligible dependency of 𝜔𝜔 𝑇𝑇ℎ and 𝑡𝑡 𝑇𝑇ℎ with temperature (see supplementary material section B). In fact, when the DC voltage applied on the TSC is reverse or zero and when one of the two subcells absorbs the light, the current flowing through the TSC is close to zero. This implies that within the absorbing subcell, the photogenerated current, 𝐽𝐽 𝑝𝑝ℎ , is compensated by the dark current density (𝐽𝐽 𝑝𝑝ℎ = 𝐽𝐽 𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑 ). Eqs. ( 4) and ( 5) become:

𝐺𝐺 𝐷𝐷 = 𝑞𝑞𝐽𝐽 𝑝𝑝ℎ 𝑑𝑑 𝐵𝐵 𝑇𝑇 � 1 + 𝜔𝜔𝜏𝜏 𝑒𝑒𝑒𝑒𝑒𝑒 , (22) 
and

𝐶𝐶 𝐷𝐷 = 𝑞𝑞𝐽𝐽 𝑝𝑝ℎ 𝑑𝑑 𝐵𝐵 𝑇𝑇 × 𝜏𝜏 𝑒𝑒𝑒𝑒𝑒𝑒 � 1+𝜔𝜔𝜏𝜏 𝑒𝑒𝑒𝑒𝑒𝑒 , (23) 
The photogenerated current being, at first order, independent of the temperature, it means that under such illumination condition, the temperature dependence of the diffusion capacitance and conductance can be neglected as well as the temperature dependence of 𝜔𝜔 𝑇𝑇ℎ and 𝑡𝑡 𝑇𝑇ℎ . (see Fig. S4 and Fig. S5 from supplementary material section B).

On another hand, this also means that we can tune their values by changing the intensity of the light biases to modify the value of the photogenerated current in the absorbing subcell. By choosing a photon flux important enough, one can shift 𝜔𝜔 𝑇𝑇ℎ toward high frequency such as one can observe the AS results of the subcell in the dark over the entire considered frequency range.

Also, one can decrease 𝑡𝑡 𝑇𝑇ℎ so that it is outside the time windows considered when performing DLTS analyses and one can thus observe the defect signature of the subcell in the dark. More details can be found in the supplementary material. In both AS and DLTS, we notice that, we obtain exactly the same figures whether the modelling was carried out on the Bottom cell alone or on the TSC405. The same activation energy can be extracted in both cases and corresponds to the activation energy of the defect implemented in our modelling. The inflexion points and the unusual DLTS peaks observable in the B region of the modelling results in the dark are not observable when the TSC is under the 405 nm light bias as previously discussed in Section 3.2.2 so that only the signature of the defect in the subcell in the dark can be seen.

The same analysis can be done with Fig. 9 where we compare the 𝐶𝐶(𝑓𝑓, 𝑇𝑇) curves and DLTS spectra of the TSC980 under an illumination of 1 W.cm -2 (Figs. The high frequency drops of the curves in Fig. 9(b) are due to the decrease of the bottom subcell capacitance with increasing frequency. In fact, at such high frequency (compared to the inverse of the effective minority carrier lifetime of the absorbing subcell) the method encounters some limitations. Indeed, the diffusion capacitance and conductance of the absorbing subcell, 𝐶𝐶 𝐷𝐷,𝐿𝐿 and 𝐺𝐺 𝐷𝐷,𝐿𝐿 (Eqs. ( 4) and ( 5)) become frequency dependent, and so also does 𝜔𝜔 𝑠𝑠ℎ . The capacitances are not decoupled anymore (for frequency higher than 10 4 Hz) but with a photon flux high enough, the capacitance of the absorbing subcell is so important that it can still be negligible in 𝐶𝐶 𝑇𝑇𝑇𝑇𝐶𝐶 until the drop of 𝐶𝐶 𝐷𝐷,𝐿𝐿 with increasing frequency becomes too important (for frequencies higher than 10 5 Hz). When increasing the temperature, this point happens at a slightly lower frequency because of the temperature dependence of 𝐶𝐶 𝐷𝐷,𝐿𝐿 .

Conclusion

We have described a method to access the defects properties in each subcell within a TSC by combining AS and DLTS characterisation techniques with the use of specific light biases.

Without such light biases, if the TSC is in the dark, the defect signatures of each subcell can be coupled and depending on the materials and defect properties, the AS and DLTS signals of one of the subcells can prevail. In addition, it has been shown that the increase of the diffusion phenomena with temperature in one of the subcells can have an impact on the AS and DLTS signals. Very importantly, it can lead to artefacts in AS and DLTS that can be misinterpreted as the signature of a defect.

Using analytical and numerical modelling approaches, we have shown that the use of specific light biases such that the subcell of interest is in the dark while the other fully absorbs the light, allows to "choose" in which subcell the diffusion phenomena mostly occur: the absorbing subcell. This causes the shunt of the capacitance of the absorbing subcell at low frequency and ensures that a filling pulse will be mostly applied in the subcell in the dark. Therefore, the use of light biases allows to choose, both in AS and DLTS characterisation techniques, which subcell is probed. The use of light biases also changes the dependency of the diffusion phenomena with temperature which can be more easily distinguished from the defect signatures. Also, by adjusting the power densities of the light biases the impact of the diffusion phenomena on the AS and DLTS signals can be shifted out of the considered frequency range and time windows such that the obtained signals can be equal to those of the subcells alone.

This simple and non-destructive method could easily be extended to MJSCs consisting of more than two subcells by ensuring that each subcell in the MJSC is light-biased, except the one that is to be probed.

Figs. 1

 1 Figs.1(b) and (e) show the 𝐶𝐶(𝑓𝑓, 𝑇𝑇) curves of the modelled Top and Bottom single cells, respectively, at 0 V DC when a small AC signal of 20 mV is applied. Figs.1(c) and (f) represent their respective DLTS spectra deduced from the modelled 𝐶𝐶(𝑡𝑡, 𝑇𝑇) curves after a filling pulse

  Fig. 1(h) while the DLTS spectra are shown in Fig. 1(i). The AS and DLTS results of the modelled TSC in the dark show two behaviours that could be related to the presence of defects: Fig. 1(h) shows two different regions of inflexions of the 𝐶𝐶(𝑓𝑓, 𝑇𝑇) curves while we can observe two different regions of peaks in the DLTS spectra (Fig. 1(g)). From the first region, labelled "A", we find an activation energy that is either close (0.32 eV in the AS results) or equal (0.4 eV in the DLTS results) to the signature of the defect in the bottom cell. From the second region

Fig. 1 .

 1 Fig. 1. Modelling results of the Top, Bottom and TSC cells. The top row corresponds to the Top cell: (a) sketch; (b) 𝐶𝐶(𝑓𝑓, 𝑇𝑇) curves at 0 V DC, and (c) DLTS spectra. The middle row is dedicated to the Bottom cell: (d) sketch; (e) 𝐶𝐶(𝑓𝑓, 𝑇𝑇) curves at 0 V DC, and (f) DLTS spectra. The bottom row is dedicated to the TSC: (g) energy band diagram; (h) 𝐶𝐶(𝑓𝑓, 𝑇𝑇) curves at 0 V DC, and (i) DLTS spectra. The regions labelled by the "A" and "B" capital letter are discussed in the text.

  Capacitance coupling and voltage distribution explain well the behavior of the AS and DLTS results in the A region of Figs. 1(h) and (i). Now, to understand the behavior in the B region, we modelled the AS and DLTS curves of the TSC without defect (Figs.2(a) and (b)). Here, we can see that the defect signatures disappeared. However, the inflexion points in AS and the unusual DLTS peaks observable in the B regions remain but occur at higher temperatures. This means that the inflexions and peaks in the B regions of Figs. 1(h) and (i) are not related to the presence of defects in the structure.

Fig. 2 .

 2 Fig. 2. (a) AS and (b) DLTS results of the TSC modelled in the dark without defect.

Fig. 3 .

 3 Fig. 3. Temperature dependence of the low-frequency capacitance and the low-frequency conductance divided by the pulsation of the small AC signal (at 20 Hz) in the modelled c-Si Bottom subcell without defect.

Fig. 4 .

 4 Fig. 4. Simplified AC circuit of the TSC if we consider the contribution of diffusion phenomena in the bottom subcell. 𝐶𝐶 𝑤𝑤,1 is the depletion-layer capacitance of the Top subcell, 𝐶𝐶 𝑤𝑤,2 , 𝐶𝐶 𝐷𝐷,2 and 𝐺𝐺 𝐷𝐷,2 are the depletion-layer capacitance, diffusion capacitance and diffusion conductance of the Bottom subcell, respectively.

Fig. 5 .

 5 Fig. 5. (a) 𝐶𝐶(𝑓𝑓) curve modelled at 0 V DC and 440 K of the TSC, the Top and the Bottom subcells without defect, compared with the (1/𝐶𝐶 1 + 1/𝐶𝐶 2 ) -1 values; (b) 𝐶𝐶(𝑡𝑡) curve modelled at 390 K of the TSC, the Top and the Bottom subcells without defect, compared with the (1/𝐶𝐶 1 + 1/𝐶𝐶 2 ) -1 value after the filling pulse; (c) The evolution of the voltage distribution between the subcells of the TSC without defect.

  7(a)) while the Top subcell is polarized at its open-circuit voltage value. In the opposite, in the TSC980 case, the filling pulse applied on the TSC mostly occurs in the Top subcell (see Fig. 7(b)) while the Bottom subcell is polarized at its open-circuit voltage value.

Fig. 6 .

 6 Fig. 6. 𝐶𝐶(𝑓𝑓) curves modelled at 300 K from (a) the TSC, the Bottom subcell and (1/𝐶𝐶 1 + 1/𝐶𝐶 2 ) -1 in the TSC405 case without defects under 1 mW.cm -2 light bias and (b) the TSC, the Top subcell and (1/𝐶𝐶 1 + 1/𝐶𝐶 2 ) -1 in the TSC980 case without defects under 1 mW.cm -2 light bias.

Fig. 7 .

 7 Fig. 7. Distribution of the applied voltage between the subcells versus time (a) in the TSC405 case and (b) in the TSC980 case at 300 K under 1 W.cm -2 light bias.
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 23 AS and DLTS combined with light biases: extracting the defect properties of each subcellOn Fig.8(b) and (d), we represent the modelled 𝐶𝐶(𝑓𝑓, 𝑇𝑇) curves and DLTS spectra of the TSC405 under an illumination of 1 W.cm -2 (high enough such that 𝜔𝜔 𝑇𝑇ℎ is outside the considered frequency range and 𝑡𝑡 𝑇𝑇ℎ is outside the time windows used for DLTS analysis). In order to compare the AS and DLTS results of the TSC405 with those of the Bottom subcell alone (Figs.8(a) and (c)), we make sure that they are in the same polarization conditions. We have shown that in order to do so, one needs to add the open-circuit voltage of the Top subcell to the polarization of the TSC405[START_REF] Leon | Understanding and monitoring the capacitance-voltage technique for the characterization of tandem solar cells[END_REF].

Fig. 8 .

 8 Fig. 8. (a) AS results of the Bottom subcell modelled alone at 0 V DC; (b) AS results of the TSC405 under a light power density of 1 W.cm -2 and polarized at the open-circuit value of the absorbing Top subcell; (c) DLTS results of the Bottom subcell modelled alone; (d) DLTS results of the TSC405 under a light power density of 1 W.cm -2 .

  9(b) and (d)) with the AS and DLTS results of the Top subcell alone (Figs. 9(a) and (c)). Under the 980 nm light bias, we can clearly see only the contribution of the defect in the Top subcell which was not observable when the modelling was performed on the TSC in the dark.

Fig. 9 .

 9 Fig. 9. (a) AS results of the Top subcell modelled alone at 0 V DC; (b) AS results of the TSC980 under a light power density of 1 W.cm -2 and polarized at the open-circuit value of the Bottom subcell; (c) DLTS results of the Top subcell modelled alone; (d) DLTS results of the TSC980 under a light power density of 1 W.cm -2 .

Table 1 .

 1 Properties of the deep defects implemented in the modelling of the Top and Bottom subcells.

	Defect properties	Top cell	Bottom cell
		defect	defect
	𝐸𝐸 𝑑𝑑 = 𝐸𝐸 𝑇𝑇 -𝐸𝐸 𝑑𝑑 (eV)	0.5	0.4
	𝑁𝑁 𝑇𝑇 (cm -3 )	10 17	10 15
	𝜎𝜎 𝑛𝑛 (cm 2 )	10 -16	10 -16
	𝜎𝜎 𝑝𝑝 (cm 2 )	10 -16	10 -16

Table 2 .

 2 Window rates used to obtain the DLTS spectra from the 𝐶𝐶(𝑡𝑡, 𝑇𝑇) curves.

	r1 (s -1 )	2.6
	r2 (s -1 )	22.1
	r3 (s -1 )	117.1
	r4 (s -1 )	1761.2