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Abstract

Reproducing the AM1.5G reference spectrum using solar simulators in the laboratory is essential for accurate and transparent reporting of the I–V performance of perovskite-based tandem solar cells, a fast-growing technology approaching commercialization. The International Electrotechnical Commission (IEC) has specified the spectral calibration requirements for tandem devices in IEC 60904-1-1: Photovoltaic devices – Part 1-1: Measurement of current-voltage characteristics of multi-junction photovoltaic devices. However, practical implementation of these standards using multi-LED solar simulators can be challenging. This study shares a method to calibrate multi-LED solar simulators for tandem devices, with code implementation. This method was developed to satisfy the IEC-defined mismatch factor (M) and matching factor (Z) thresholds, which quantify how accurately the solar simulator reproduces the reference spectrum for tandem device measurement. The method is validated on three perovskite–silicon tandem solar cells, all of which achieved |1–M|<5% and |1–Z|<3% for both sub-cells, fulfilling the IEC’s criteria. By sharing this method and code-implementation, this study aims to increase the accessibility of standard-compliant solar simulator calibration.
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1 Introduction
Due to the rapid development of perovskite-based tandem solar cells, tandem devices are projected to capture a significant part of the solar cell market in the next decade [1,2]. With this momentum comes an increasing demand for accurate and accessible characterization to support transparent reporting of tandem devices in both academia and industry. Among all characterization metrics, the current–voltage (I–V) measurement under Standard Testing Conditions (STC) remains the most critical, as it determines the efficiency and maximum power output of the device.
The I–V measurements of tandem solar cells are highly sensitive to the spectral characteristics of the incident illumination. In a laboratory setting, the discrepancy between the reference spectrum and the simulated spectrum generated by a solar simulator can substantially distort I–V measurements, affecting both short-circuit current and fill factor. To avoid these distortions, the solar cell’s behavior under the simulated spectrum must mirror its behavior under the reference spectrum [3].
This condition was formalized in the standard IEC 60904-1-1: Measurement of current-voltage characteristics of multi-junction photovoltaic devices. The IEC defines two metrics, mismatch factor M and matching factor Z.
[image: Mathematical equation](1)
[image: Mathematical equation](2)
where Eref is the reference spectrum (typically Air Mass 1.5 Global, or AM1.5G for short), SRRC, SRDUT are the spectral responses of the reference solar cell(s) and the Device-Under-Test respectively, Esim is the spectrum of the solar simulator, [image: Mathematical equation] is the reference solar cell’s current under the reference spectrum, and [image: Mathematical equation] is the measured reference solar cell current under the solar simulator.
IEC 60904-1-1 stipulates that a calibrated spectrum for measurement of a tandem solar cell must meet the following criteria:

	Mtop, Mbot, must satisfy Mtop, Mbot = 1.00±0.05 to be considered spectrally approximated.


	Ztop, Zbot, must achieve Ztop, Zbot = 1.00±0.03, and target 1±0.01.



Two additional conditions concerning the current-limiting junction and current balance are also desirable, but their examination falls outside the scope of this work [4].
While the standard defines the target criteria without prescribing a specific methodology, the literature contains several methods to achieve them. Specifically for multi-LED (Light Emitting Diode) solar simulators – which offers considerable ease of spectral tuning – several studies have shared the calibration procedures for multi-junction solar cells [5,6]. These studies are important resources for those aiming to achieve a high level of calibration accuracy. Nevertheless, the methods presented may be difficult to reproduce for those who need a readily available calibration. This study shares a calibration method with open-source code that target the requirements of IEC 60904-1-1.
This study is structured as follows: Section 2.1 describes the materials used. Section 2.2 details the prerequisite capabilities of the solar simulator required for the calibration and outlines methods to enable them if not readily available. The calibration methodology is presented in Section 2.3, followed by the results in Section 3. A discussion of the method’s strengths and limitations is provided in Section 4. The corresponding code implementation is available at: https://github.com/Stella-Hdw/Multi-LED-Solar-Simulator-Calibration-for-Tandem-I-V.
2 Materials and method
2.1 Materials
A WAVELABS Sinus-220 solar simulator, comprising 21 LEDs, was used in this study. The spectral irradiance of each LED at maximum power is shown in Figure 1. The reference solar cells (RC) used for the calibration were World PV Scale Standard (WPVS) reference solar cells: a KG3-filtered silicon solar cell for the top reference sub-cell and a BL7-filtered silicon solar cell for the bottom reference sub-cell. Their external quantum efficiency (EQE) is shown in Figure 2 in grey. Their spectral response and short-circuit current under the reference spectrum were certified by the vendor [7].
Spectral irradiance was measured using a Raysphere 1700 spectrometer (Ocean Optics). The instrument’s visible and near-infrared detectors are calibrated annually by the manufacturer, with the spectral irradiance standard used for calibration being traceable to SI units via National Institute of Standards and Technology (NIST)-certified reference lamps.
All measurements were conducted with the reference solar cells mounted on a temperature-controlled stage maintained at 25 °C. The reference solar cells’ temperature were assumed to remain stable at 25 °C during the brief flash measurements. The devices under test were 1 cm2 perovskite-silicon tandem solar cells. Their EQE was characterized using an Enlitech QE-R system, with the spectral response of the Si and Ge detectors calibrated by the manufacturer and traceable to NIST standards.
	[image: Thumbnail: Fig. 1 Refer to the following caption and surrounding text.]	Fig. 1 Spectral irradiance of the LEDs at maximum power of the solar simulator used.



	[image: Thumbnail: Fig. 2 Refer to the following caption and surrounding text.]	Fig. 2 EQE of reference solar cells (grey), and tandem solar cells (A in orange, B in purple, C in green).



2.2 Solar Simulator
The solar simulator generates a composite spectral irradiance, Esim, from m individual LEDs. Each LED j  is controlled by a parameter αj ∊ [0,1], where αj = 0 corresponds to the LED being off and αj = 1 to its maximum output. The complete set of control parameters is denoted by {α} = {α1, α2,...,αm}. The calibration method presented herein requires the user of the solar simulator to possess the following three capabilities:

	Independent Control and Spectral Measurement: The user can set each control parameter αj independently and measure the resulting spectral irradiance with a spectrometer.


	Spectral Calculation: The total spectral irradiance Esim can be calculated for any given set {α}.


	Spectrum Fitting: The simulator can generate a spectrum Esim that approximates a target reference spectrum Eref, and the corresponding set {α} that produced this spectrum is known.



These are henceforth referred to as Capabilities 1, 2, and 3. As some solar simulators may not provide Capabilities 2 and 3 directly, the following subsections describe how to enable them using the fundamental Capability 1.
2.2.1 Capability 2: Calculating the spectrum from control parameters
The total spectral irradiance is defined as the sum of the spectral irradiances from all individual LEDs1:
[image: Mathematical equation](3)
An ideal, linear model would define the spectral irradiance of LED j as [image: Mathematical equation], where ej(λ) is the spectrum at maximum power (αj = 1). However, thermal effects, notably spectral red-shifting, cause significant deviation from this linear relationship [5,8,9]. To account for this non-linearity, each LED j is characterized empirically by measuring its spectrum at discrete control values [image: Mathematical equation]. Although the LED is globally nonlinear, we assume approximate local linearity between 10% intervals (see Appendix, Fig. A1). For a given αj, the spectrum Ej(λ,αj) is constructed via linear interpolation between the two nearest pre-characterized values [5,8].
2.2.2 Capability 3: Spectrum Fitting
We developed a basic spectrum-fitting algorithm by implementing Nelder-Mead optimization with α constrained to [0,1], to act as the ‘base’ spectrum. Nelder-Mead optimization is a commonly-used numerical, heuristic, and direct method for finding local minima of an objective function [10].
The base spectrum only optimizes for spectral shape (minimizing its difference with AM1.5G) and not the spectral response of the device under test. The base spectrum is henceforth used for comparison with ’calibrated’ spectra which take into account the tandem sub-cell responses according to IEC 60904-1-1.
2.3 Calibration
The visualization of some steps in the calibration method explained in this section can be found in Figure 4. The calibration process is initiated by generating a base spectrum, [image: Mathematical equation], through Capability 3, yielding the corresponding control parameters {αbase}.
The system of equations to solve, presented in Meusel’s method (see Appendix) is under-determined, as a tandem solar cell provides only two equations for the m > 2 control parameters of a multi-LED solar simulator (Meusel et al. [11]). To constrain the problem, the m LEDs are partitioned into two virtual light sources, EI and EII, by defining a split point k. The first k LEDs, sorted by increasing peak wavelength, form EI, while the remaining m – k LEDs form EII (Fig. 4A, solid lines). Application of Meusel’s method yields calibrated intensity factors AI and AII for the virtual lamps. The corresponding calibrated control parameters for a given split k are then computed as:
[image: Mathematical equation](4)
The virtual spectrum EMeusel,k is calculated (Fig. 4). This procedure is iterated over all possible split points k ∊ [1, m–1]. Each spectrum’s mismatch factor is also calculated. The optimal virtual spectrum, [image: Mathematical equation], is selected by minimizing the deviation of the average mismatch factor from unity (Fig. 4B). When multiple splits yield comparable performance of the mismatch factor, the spectral match classification per IEC 60904-9 can serve as a secondary selection criterion [12]. The concept of grouping the LEDs into the number of junctions is also discussed in [6]. However, in [6], instead of being empirically chosen by the mismatch factor, k is decided by the band-gaps of the sub-cells. The implication of this decision is discussed in Section 3.2.
The generation of [image: Mathematical equation] requires translation of the idealized coefficients [image: Mathematical equation] into physically realizable control parameters. These coefficients assume a linear relationship between input and spectral output, inherent in the linear system of equations formulated by Meusel’s method. This assumption is invalidated by LED non-linearity (Sect. 2.2.1). Two methods can be used to determine the true control parameters {αcalib}: (1) application of a polynomial correction to account for non-linear response (explained in the Appendix, used in this study) [5], or (2) direct spectrum fitting to target [image: Mathematical equation] using Capability 3. An example of the change from {αbase} to {αcalib} is shown in Figure 4C.
To ensure the physically realized spectrum [image: Mathematical equation] is the same as the simulated spectrum [image: Mathematical equation], [image: Mathematical equation] is measured using a spectrometer. The simulated and measured spectra and compared. The measured spectra enables recalculation of Mtop and Mbot with the true spectrum as opposed to the virtual [image: Mathematical equation]. If a repeatable similarity between simulated and measured spectra is established, one can practically assume that the two spectra are equivalent with a given uncertainty, and thus forgo the need to measure the spectrum again to recalculate Mtop and Mbot for Z, accelerating the calibration process. Nevertheless, measuring the calibrated spectrum gives the most confidence on the Mtop and Mbot values and is recommended.
Once Mtop and Mbot are known, subsequent measurement of reference solar cell short-circuit currents ([image: Mathematical equation] and [image: Mathematical equation]) under this calibrated spectrum allows computation of the final matching factors Ztop and Zbot. The calibration is considered satisfactory if both Z-factors satisfy the criterion |1–Z|≤0.03.
3 Results
3.1 Z and M after calibration
The calibration method was tested on three perovskite-silicon tandem solar cells, referred to as Cell A, B and C. The EQE of the reference solar cells and the tandem solar cells, used to calculate the spectral response, are shown in Figure 2. The measured calibrated spectra of each cell is shown in Figure 3, along with the base spectrum. The mismatch factor and matching factor of the base and calibrated spectra are shown in Table 1. For the mismatch factor, almost all cells had |1–M|>0.05 for the base spectrum. After calibration, the calibrated spectra are ‘approximately spectrally matched’, achieving |1–M|<0.05. For the matching factor, the base spectrum, which was fitted only with approaching the AM1.5G spectral shape as an objective, did not meet the criteria, with most |1–Z|>0.03 (with the exception of Cell B, bottom). After calibration, |1–Z|<0.03 for all matching factors. Thus, the IEC 60904-1-1 requirements are fulfilled after calibration.
Table 1 
Mismatch and matching factors before and after calibration.

	[image: Thumbnail: Fig. 3 Refer to the following caption and surrounding text.]	Fig. 3 Reference spectrum (AM1.5G) (in grey), base spectrum (in black) and calibrated spectra for Cell A (orange), B (purple), and C (green).



3.2 Virtual Grouping of LEDs
The optimal spectral splitting for the virtual lamps was found at kbest = 15, 15, 16 for Cells A, B, and C, respectively, rather than at the intuitive location near the top-cell absorption edge (750 nm, k = 11). An example of the virtual mismatch factors calculated across k is shown in Figure 4B. kbest being situated around longer wavelengths (850–950 nm) provides finer control over the near-infrared LEDs (850–1100 nm), enabling targeted compensation for the simulator’s inherent lack of irradiance beyond 1100 nm. This result demonstrates that the optimal grouping is not dictated by the device band-gap alone but is also dependent on the specific spectral capabilities of the solar simulator.
The spectral consequence of this grouping strategy is consistent with the results: enhancement of irradiance in the 850–1100 nm range across all calibrated spectra (Fig. 3), a pronounced increase in α in the wavelength range of 850 - 1100 nm and the increase of EII virtual lamp (red) after Meusel’s method. This is exemplified by Cell A in Figure 4A in red. It can also be seen from the increase in α across k = 17–21 from the base to the calibrated spectrum, shown in the Appendix, Table A.1. Moreover, Cell C has the strongest EQE in the wavelength region >1000 nm. Correspondingly, it has the highest increase in irradiance in the 850–1100 nm (Fig. 3) and highest increase in α in that wavelength region (Appendix, Tab. A.1), and a higher ideal splitting k = 16 (as opposed to k = 15 for Cell A and B). These results imply that the grouping of the LEDs can affect the calibration process, as it allows the method to adapt to the combined constraints of the simulator’s output and the spectral responses of the test and reference devices.
3.3 Virtual and measured spectra
The validity of Capability 2, which is essential for spectrum fitting and for constructing the intermediary virtual spectra [image: Mathematical equation], was verified by comparing virtual and measured spectra (Fig. 5). The agreement between the two is characterized by a mean absolute percentage error (MAPE) of 2%. The difference in M between virtual and calibrated spectra can be found in the Appendix (Tab. A.2). While the MAPE is slightly higher than 1% deviation reported in [5], it did not significantly impede the calibration process. This is evidenced by the consistent improvement in matching factors calculated from the measured spectra before and after calibration (Tab. 1), despite the calibration itself being guided by the virtual spectra.
Potential sources of the observed discrepancy include thermal crosstalk between LEDs [1], reflective effects within the simulator optics [6], and spatial non-uniformity, as the spectrometer’s position may have varied slightly between the characterization of individual LEDs and the measurement of the final composite spectrum. To account for thermal crosstalk, the differential spectral measurement method described in [5] could provide a more robust approach for characterizing LED spectra. Using black felt as recommended in [6] can also reduce reflective effects.
	[image: Thumbnail: Fig. 4 Refer to the following caption and surrounding text.]	Fig. 4 Example of steps in the calibration method for Cell A. A) Virtual lamps at k = 15. Solid lines show EI, EII of the base spectrum, whilst dashed lines show the spectrum after applying Meusel’s method. B) Mismatch factors of EMeusel,k for k∊[1, m–1]. kbest is the best splitting as it shows the lowest deviation. C) Change in {α} after calibration for Cell A, B, and C.



	[image: Thumbnail: Fig. 5 Refer to the following caption and surrounding text.]	Fig. 5 Virtual and measured spectrum for base and calibrated spectra.



4 Discussion
The method described above is effective but subject to several limitations. First, when implementing Meusel’s method (Sect. 2.3), the multiplication of the A from the two virtual lamps with the base coefficients α is unconstrained, which can result in [image: Mathematical equation] (Eq. (4)). In such cases, the values are bounded to the range [0, 1]. For Cells A, B, and C, LED 17 required bounding to 1 (Appendix, Tab. A1), which may explain why the ideal condition of Z = 1.00 was not achieved, as the truncated irradiance from LED 17 was not compensated after bounding. Compensation of this truncated irradiance using adjacent LEDs is a direction for future work.
Furthermore, all spectral measurements were performed in flash mode, and these measurements are assumed to be the stable representations of both Ej during characterization and Esim during calibration and measurement. This assumption may not hold true, especially for applications requiring prolonged, steady illumination, such as the stabilized current-voltage characterization needed for perovskite-based devices [3]. Stabilized measurements were not taken as the solar simulator used in this study was equipped with a cooling system designed for flash measurements. This cooling system was insufficient to sustain AM1.5G simulation for extended periods. If operated continuously, the solar simulator temperature increases until its operational threshold is reached, before spectral stabilization occurs [5].
5 Conclusion
This study outlines a calibration method for multi-LED solar simulators used in the characterization of tandem solar cells, supported by an open-source code implementation. The method was validated using three perovskite-silicon tandem devices, resulting in spectral mismatch factors within 1±0.05 and matching factors within 1±0.03, meeting the requirements of the IEC 60904-1-1 standard. The effect of the calibration on the spectral shape was observed and explained. The method’s limitations are also discussed. The method and provided code are intended to offer a practical and accessible approach for laboratories to calibrate their multi-LED solar simulators for tandem devices.
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Appendix
A.1 Meusel’s method
The method assumes two adjustable light sources, I and II, with adjustable power AI and AII which ranges from 0 to 1. The paper assumes: linear scaling of power to output spectrum, independence of the two light sources (e.g. no thermal crosstalk) (Eq. (3)) and additive independence of the photo-current. The photocurrent densities of the two sub-cells under Eref, can be calculated by:
[image: Mathematical equation](A.1)
The photocurrent densities [image: Mathematical equation] of the sub-cells measured under simulated light with relative spectra eI(λ) and eII(λ) are:
[image: Mathematical equation](A.2)
The relative spectra eI,eII can be considered as the maximum spectral irradiance of the lamps, when AII = 1. To achieve equal photo-current generation in the sub-cells under the simulated spectrum compared to the reference spectrum:
[image: Mathematical equation](A.3)
This system of equations can be rewritten as a matrix equation AX = B, and solved given the inversibility of A:
[image: Mathematical equation](A.4)
[image: Mathematical equation](A.5)
AI and AII are parameters to adjust the intensity of each light.
[image: Mathematical equation](A.6)
A.2 Relating linear and non-linear LED control parameters
The calibration procedure requires translating the ideal linear control parameters from Meusel’s method into control parameters that account for LED non-linearity. Meusel’s method calculates coefficients [image: Mathematical equation] under the assumption of linear intensity control:
[image: Mathematical equation](A.7)
This implies an ideal spectral response [image: Mathematical equation], where ej(λ) represents the spectrum at maximum power. However, thermal effects cause significant deviation from this linear relationship. As mentioned in Section 3.2.1, the actual spectral output Ej(αj) is determined empirically through linear interpolation of pre-characterized spectra measured at [image: Mathematical equation] [7]. To bridge this discrepancy, we define the normalized total irradiance:
[image: Mathematical equation](A.8)
which serves as an empirical measure of actual LED output. For the ideal linear case:
[image: Mathematical equation](A.9)
The relationship between the target linear parameter and required physical parameter is characterized by a fifth-degree polynomial Pj (Fig. A.1):
[image: Mathematical equation](A.10)
where Pj is determined empirically for each LED through np.polyfit. The calibrated control parameters are therefore obtained through:
[image: Mathematical equation](A.11)
	[image: Thumbnail: Fig. A.1 Refer to the following caption and surrounding text.]	Fig. A.1 Polynomial characterization of LED 9’s non-linear response, showing the relationship between input control parameter (αlinear) and normalized output irradiance (〈αj〉).



This approach is similar to the method in [1], but uses normalized irradiance rather than reference solar cell current for the polynomial correction. The complete set of polynomial coefficients for all LEDs used in the study is provided in the Appendix,  Table A.3. The choice of using a fifth-degree polynomial came from evaluating a good fit of polynomials from degree 1 to 8 (with the fifth order achieving R2 = 1.0000). The average R2 from the polynomial fitting across LEDs can be seen in  Table A.4.
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{α} of base and calibrated spectra.

Table A.2 
Mismatch factors based on virtual and measured calibrated spectra.

Table A.3 
Polynomial coefficients relating αlinear and α.

Table A.4 
R2 of polynomial fitting, averaged across 21 LEDs.
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	29.2
	29.3



	6
	25.5
	25.7
	25.6
	25.7



	7
	46.3
	46.8
	46.6
	46.7



	8
	38.4
	38.6
	38.5
	38.6



	9
	97.9
	99.4
	98.9
	99.2



	10
	15.9
	16.0
	16.0
	16.0



	11
	98.1
	99.2
	98.8
	99.1



	12
	18.5
	19.0
	18.9
	19.0



	13
	17.9
	18.2
	18.2
	18.2



	14
	73.9
	74.6
	74.4
	74.5



	15
	32.4
	32.6
	32.6
	32.6



	16
	49.1
	57.2
	56.2
	49.5



	17
	96.7
	100.0
	100.0
	100.0



	18
	68.0
	81.3
	79.6
	89.9



	19
	60.4
	71.4
	70.0
	78.1



	20
	19.2
	22.0
	21.6
	23.6



	21
	57.6
	71.1
	69.1
	82.1





      

    

  
    
      Table A.2 

      Mismatch factors based on virtual and measured calibrated spectra.

      
        


	
	Cell A
	Cell B
	Cell C



	
	

	

	




	
	Virtual
	Measured
	Virtual
	Measured
	Virtual
	Measured





	Top
	1.00
	1.01
	1.01
	1.02
	0.99
	1.01



	Bot
	0.99
	0.98
	1.00
	0.98
	1.00
	0.97





      

    

  
    
      Table A.3 

      Polynomial coefficients relating αlinear and α.

      
        


	LED
	x5
	x4
	x3
	x2
	x1
	x0





	1
	2.9E-08
	-6.9E-06
	6.3E-04
	-2.5E-02
	1.2E+00
	8.8E-03



	2
	1.1E-08
	-2.8E-06
	3.0E-04
	-1.3E-02
	1.1E+00
	3.0E-02



	3
	7.4E-09
	-1.9E-06
	1.8E-04
	-5.3E-03
	8.7E-01
	1.9E-02



	4
	6.1E-09
	-1.5E-06
	1.5E-04
	-5.1E-03
	8.7E-01
	7.6E-03



	5
	1.3E-08
	-2.9E-06
	2.6E-04
	-7.9E-03
	7.4E-01
	-7.8E-03



	6
	7.5E-09
	-1.9E-06
	2.0E-04
	-7.4E-03
	9.2E-01
	2.2E-02



	7
	1.8E-08
	-3.8E-06
	3.2E-04
	-9.4E-03
	7.7E-01
	-7.5E-03



	8
	2.3E-08
	-5.4E-06
	4.9E-04
	-2.0E-02
	1.1E+00
	1.5E-02



	9
	1.9E-08
	-4.1E-06
	3.5E-04
	-1.2E-02
	9.1E-01
	-1.2E-02



	10
	5.1E-09
	-1.3E-06
	1.3E-04
	-4.9E-03
	9.5E-01
	1.1E-02



	11
	1.5E-08
	-3.7E-06
	3.6E-04
	-1.5E-02
	1.1E+00
	4.6E-04



	12
	1.8E-08
	-5.1E-06
	5.3E-04
	-2.4E-02
	1.4E+00
	1.9E-01



	13
	7.6E-09
	-2.0E-06
	2.1E-04
	-9.3E-03
	1.1E+00
	4.7E-02



	14
	9.5E-09
	-2.7E-06
	2.9E-04
	-1.3E-02
	1.2E+00
	5.9E-02



	15
	7.1E-09
	-2.0E-06
	2.3E-04
	-1.0E-02
	1.1E+00
	4.1E-02



	16
	1.4E-08
	-3.4E-06
	3.2E-04
	-1.3E-02
	1.0E+00
	7.7E-03



	17
	1.5E-08
	-3.7E-06
	3.7E-04
	-1.6E-02
	1.1E+00
	2.1E-02



	18
	9.9E-09
	-2.4E-06
	2.4E-04
	-9.3E-03
	9.2E-01
	2.7E-02



	19
	3.3E-09
	-7.6E-07
	7.3E-05
	-8.3E-04
	7.7E-01
	8.6E-04



	20
	9.0E-09
	-2.1E-06
	2.0E-04
	-6.8E-03
	8.6E-01
	2.4E-03



	21
	7.8E-08
	-1.8E-05
	1.4E-03
	-4.6E-02
	1.0E+00
	-4.2E-02





      

    

  
    
      Table A.4 

      R2 of polynomial fitting, averaged across 21 LEDs.

      
        


	Order
	R2





	1
	0.9984



	2
	0.9985



	3
	0.9998



	4
	0.9999



	5
	1.0000



	6
	1.0000



	7
	1.0000



	8
	1.0000
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