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SUMMARY:  

Photovoltaic (PV) cells offer a convenient energy source to drive micropower electronic devices for indoor 

applications. However, it is challenging to measure the power conversion efficiency (PCE) of PV cells 

under indoor lighting and the PV community lacks a feasible and accurate measurement protocol. Here, 

we start with the fundamental parameters which determine the PCE, and carefully design a series of 

experiments to examine the origins which might cause measurement errors for organic PV measurements 

under indoor lighting. We demonstrate the critical importance of: 1, temporal stability and spatial 

homogeneity of the light sources, 2, calibration of the spectral irradiance and illuminations of the light 

sources, 3, the area of the cells (1 cm2 or large cells are preferred), 4, the aperture of the mask (an aperture 

slightly smaller than the cell area is preferred), and 5, stray lights from the measurement environment. 

Based on these careful investigations, we suggest a feasible measurement method, by which accurate 

measurement of the indoor PV efficiency is made possible. Our study will promote the healthy 

development of indoor PV technology for practical applications. 
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INTRODUCTION 

Photovoltaic (PV) cells convert the energy of solar or other light sources to electricity. The power conversion 

efficiency (PCE) of PV cells can be calculated by Equation 1, where Pout is the maximum of the electrical output 

power density of a PV cell and Pin is the input light power density, and is the most important parameter of PV 

cells. Pout is calculated by Equation 2, where VOC is the open-circuit voltage, ISC is the short-circuit current, A is 

the effective area of the PV cell, and FF is the fill factor. Pin is calculated by Equation 3, where Eλ is spectral 

irradiance (W/m2/nm), and λ is the wavelength.  

PCE = 𝑃𝑃out
𝑃𝑃in

× 100%     (Equation 1) 

𝑃𝑃out = 𝑉𝑉OC × 𝐼𝐼SC
𝐴𝐴

× FF   (Equation 2) 

𝑃𝑃in = ∫ 𝐸𝐸λ(𝜆𝜆)𝑑𝑑λ
∞
0        (Equation 3) 

In order to measure the PCE accurately and to guide sustainable development of PV research and industry, 

relevant organizations have established several standards for PV measurement under solar light, such as ISO 

15387, IEC 60904-3 etc. (Table S1). With these standards, many research laboratories around the world have 

established testing equipment and protocols and are able to accurately measure the PCE of PV devices under 

solar radiations. However, standards are missing regarding the accurate measurement of the PCEs of PV cells 

under the other illumination circumstances, such as indoor conditions. In recent years, increasing attention has 

been paid to exploring the PV cells for efficiently converting artificial indoor lights into electricity, because they 

offer an attractive opportunity to drive micropower electronic devices for indoor applications.1-3 With rapid 

development in this field (Supplementary Note 1), it is now of critical importance to develop a reliable 

measurement protocol, so that the PCEs of PV devices can be accurately evaluated under indoor lighting. 

In this work, we employ organic PV (OPV) cells, a promising candidate for indoor applications, to 

systematically study the origins which might cause the measurement errors. We measure the temporal stability 

and spatial homogeneity of commonly used light sources, so as to evaluate their reliability. We emphasize that 

a spectrometer is more reliable for measuring the light intensity of indoor light compared to the lux meters. We 

also conclude that the non-parallelism of indoor light is one of the main causes for the measurement errors and 

that the cell with a relatively large area is more suitable for performing PV measurement. In addition, stray light 

also has a significant effect on the accuracy of the indoor PV measurement, so that the light scattered by the 

aperture mask and the other testing tools must be carefully eliminated. Finally, based on our careful analysis, 

we suggest a feasible measurement method to reliably evaluate the PCEs of OPV cells for indoor applications.  



3 
 

RESULTS AND DISCUSSION 

In consideration that the modern instruments for electrical characterization allow sufficient accuracy for 

recording the VOC, ISC and FF, the measurement errors in the PV measurements are mainly caused by the errors 

of the Pin and effective area. Compared to the PV measurements under the simulated standard solar light, the 

light sources used for simulating indoor illumination conditions are very different (Figure 1A). The temporal 

stability, homogeneity of light power distribution (LPD) and spectral mismatch factor of the solar simulators 

have been well defined by a few standards (IEC 60904-9, JIS C 8912 and ASTM E 927-05), so the light intensity 

as well as the Pin can be easily calibrated by adopting a reference cell. In contrast, various household light-

emitting diodes (LEDs) and fluorescent lights (FLs) commonly used for simulating the indoor illumination 

conditions show distinctive features.4, 5 For example, these light sources provide divergent light with different 

Eλ, and the temporal stability and LPDs are not evaluated systematically. Therefore, it is not practical to use a 

reference cell to calibrate the light intensity of indoor lighting.  

The measurement errors caused by temporal stability of the light sources 

As light output power of the artificial light sources is sensitive to the supply voltage (see the Experimental 

Procedures), a precision purifying regulated power supply to stabilize the input voltage is needed. We examine 

the temporal stabilities of a 6500 K LED bulb and a 6500 K FL tube within three hours, under its rated voltage 

of AC 220 V. Referring to a previous report,4 in order to decrease the stroboscopic effect of light sources, the 

exposure time of the spectrometer is more than 100 ms. As shown in Figure 1B and Figure S1, the illumination 

of the 6500 K LED bulb can be stabilized after 30 minutes, while the 6500 K FL tube requires 60 minutes to be 

stabilized (Eλ below 1%). After the illumination is stabilized, the Eλ of the two light sources shows negligible 

changes after working for long time (600 hours, as shown in Figure S2). Therefore, these two light sources can 

meet the requirements for PV measurement in terms of temporal instability, as long as a precision purifying 

regulated power supply is employed and the light sources are initially stabilized for a suitable duration of time 

(≤ 1 hour in our case).  
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Figure 1. The Schematic Diagram of PV Measurement and Comparison of Light Sources.  

(A) A typical setup for the PCE measurement and schematic illustrations of each component. 

(B) The illuminations of the 6500 K LED bulb and 6500 K FL tube continuously working for three hours. The 

distance between the light sources and the high-precision spectrometer is adjusted to obtain an initial 

illumination value of 500 lux, and then the illumination values are continuously monitored.  

(C) Comparison of illuminations of the three lux meters and the spectrometer under the 6500 K LED bulb and 

6500 K FL. The sensors of the lux meters and the spectrometer are placed at the same position.  

 

The measurement errors caused by the methods to measure the light intensity 

In principle, the illumination and light intensity can be mutually converted into each other by incorporating the 

Eλ of the light sources with the CIE visibility function (CIE 86). Therefore, in some previous reports, Eλ of the 

light sources was measured by a spectrometer in advance and a lux meter was used to detect illumination values 

at the position of PV cells, and then the incident light intensities were calculated. However, in practice, such a 

method may lead to a significant measurement error.6, 7  

Here, by fixing the relative position between the light sources and the detectors, we compare the illumination 

values measured by the spectrometer and three lux meters (Figure S3). The radiometric calibrations of the 

spectrometer were performed in compliance with National (US) Institute of Standards & Technology practices 
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recommended in NIST Handbook 150-2E (see the Experimental Procedures). For the spectrometer, the 

illumination value (500 lux) is measured based on the measured spectrum and the CIE visibility function. For 

the three lux meters, the illumination values are directly read. As shown in Figure 1C and Figure S4, the 

illumination values (for the same light source) measured by the luxmeters and spectrometer are very different. 

In addition, the measured values of the same lux meter can also vary by tens of percent due to spectral 

distribution changes of different light sources. An important reason for the errors to use lux meters is that these 

lux meters are configured to the CIE standard illuminant A, which represents typical incandescent light, rather 

than fluorescent or LED lights which are frequently used to simulate indoor light. In addition, the photodetectors 

with the function of optical integrating sphere are used in lux meters, while the spectrometers use a detector 

(cosine collector) with a plane incident window (Figure S5). From the perspective of metrology, the use of a 

lux meter to obtain the light intensity is a typical indirect measurement method. The errors caused by different 

spectral response and light collection method can accumulate and contribute to significant errors of the light 

intensity value. Therefore, in consideration that the plane detector of the spectrometer is the same as the PV 

cells in shape, as a direct measurement method, the use of a calibrated spectrometer for measuring the light 

intensity and illumination is more reliable. 

The measurement errors caused by spatial homogeneity of the light sources 

As is known, a reliable PV measurement must be carried out under homogenous illumination.8 Referring to the 

homogeneity factor (Hf) of the class AAA solar simulator (see the Experimental Procedures), Hf < 2% is 

required.9 Here, we map the LPDs of the 6500 K LED bulb and 6500 K FL. Figure 2A and 2B show that the 

LPDs of both light sources are inhomogeneous. Fortunately, for both light sources, the Hf < 1% can be obtained 

in the central region, which is sufficient for the indoor PV measurements. In addition, as shown in Figure S6, 

it can be seen that the LPDs can be greatly affected by the shape, number, and relative position of the light 

sources, as well as the illumination distances. Therefore, it is necessary to map the LPD, and the indoor PV 

measurements can only be carried out within the region with good homogeneity, i.e. Hf < 2% at least.  
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Figure 2. Light Power Distribution, Light Propagation and the EQE Distribution. 

(A) LPD of the 6500 K LED bulb. The measuring center is directly below the center of the light source. H is 

the distance between the light source and the horizontal plane (X and Y directions). D is the diameter of the 

LED bulb. The spectrometer was manually moved with steps of 1 cm in X and Y directions in a horizontal plane 

of 20 × 20 cm2.  

(B) LPD of the 6500 K FL tube. L is the length of the FL tube. 

(C) Schematic diagram of the device cross-section. The thickness of the transparent substrate is significantly 

larger than that of the cell. Pink rectangle represents the transparent electrode; The green rectangle represents 

the active layer; The interfacial layers are omitted for clarity; The silvery rectangle represents the metal electrode. 

Right: (1) Reflected light from a mask (red line); (2) Reflected light from a test clip (blue line); (3) Reflected 

light from a test box (green line).  

(D) EQE mapping image of the 9.80 mm2 device w/o a mask. EQE values in the white range are around 85%. 

(E) EQE mapping image of the 1.07 cm2 device w/o a mask. EQE values in the white range are around 85%. 

 

The measurement errors caused by the edge effect of PV cells  

For the OPV cells with a sandwiched device architecture (Figure 2C and Figure S7), the effective area of a cell 

is determined by the overlapping part between the transparent electrode and the metal electrode. However, the 

illumination onto the region that is adjacent to the active area can also generate free charge carriers, which can 

be collected by the electrodes and contribute to the photocurrent (Figure 2C). In addition, in the case of non-

parallel light (e.g. indoor light), the incident light from other directions could partially be absorbed by the active 

layer, further contributing to the photocurrent (Figure 2C). Here, we fabricate two square OPV cells with an 

architecture of ITO/PEDOT:PSS/PBDB-TF:Y6/PFN-Br/Al, and the corresponding device areas are 9.80 mm2 

and 1.07 cm2, respectively. The detailed device information is provided in Figure S8 and the Experimental 

Procedures. The photovoltaic properties of this cell under the AM 1.5 G condition are similar to those reported 

(see Figure S8 and Table S2).10 As shown in Figure 2D and Figure 2E for the external quantum efficiency 

(EQE) distributions of the two cells, the areas that are not covered by the metal electrodes still show obvious 

contributions to the photocurrent (the green parts), defined as the ‘edge effect’ here. The area ratios of the green 

to white regions are about 27% for the 9.80 mm2 cell and 8.0% for the 1.07 cm2 cell, indicating more significant 

edge effect in the smaller cell. It is worth noting that the EQE distribution is measured under a 520 nm laser, 

and such an edge effect will be more significant when a non-parallel light is applied. For PV measurement, 
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referring to the PD IEC TR 63228:2019 protocol, the measurement error caused by the edge effect can be easily 

eliminated by using a mask (Figure 2C and Figure S7). However, based on a series of experiments as follows, 

we highlight that it requires more efforts to select a suitable mask aperture for the PV measurement under indoor 

lighting. 

When a beam of parallel light is incident to a PV cell vertically, the illumination area can be well defined by 

adopting an aperture mask with no need for considering the mask thickness. However, for the illumination under 

non-parallel light, a thicker mask can lead to the formation of penumbra area according to the straightforward 

optical principles (see Figure 2C and S9A), resulting in the measurement error in the calculation of incident 

light power. A thick mask can block part of the incident light, resulting in underestimated photocurrent. So, the 

mask should be as thin as possible. In this work, all the masks have a thickness of 80 μm.   

Under the 500-lux illumination by the 6500 K LED, we measure the PV characteristics of the 9.80 mm2 and 

1.07 cm2 cells, without (w/o) and with the 7.21 mm2 and 0.802 cm2 square apertures, respectively. In this 

measurement, the aperture areas are ~75% of the corresponding cells. We calculated the integrated photocurrent 

density (Jcal, 58.6 μA/cm2 for the 9.80 mm2 cell and 58.7 μA/cm2 for the 1.07 cm2 cell) of the cells based on the 

EQE curves and the Eλ of the incident light (see Figure 3A). The representative J-V curves and PV parameters 

are provided in Figure S10 and Table S3. As shown in Figure 3B, without using the mask, the 9.80 mm2 cell 

shows very large overestimation in short-circuit current density (JSC) compared with the integrated value, 

accounting for a deviation of 10% (64.7 versus 58.6 μA/cm2). With the use of the 7.12 mm2 aperture, the 

deviation reduces to 7.8%. For the 1.07 cm2 cell w/o and with the 0.802 cm2 aperture, the deviations are 4.1% 

and 3.7%, respectively. These results clearly demonstrate that a small cell is not suitable for performing the PV 

measurement under indoor lighting (even with the help of an aperture), due to the significant effect of stray 

lights (as detailed in the following section). For indoor applications, a cell with a relatively large area should be 

used.  

The measurement errors caused by the stray light 

As the light intensities used for the PV measurements under indoor lighting are very weak, typically 0.1-1% of 

the standard AM 1.5G condition, the stray lights from the environment have a considerable influence on 

accuracy of the measurement. As shown in Figure 2C, when a beam of non-parallel light passes through the 

transparent substrate and reaches the active layer, the real illuminated zone will be larger than the aperture area 

(Figure S9C). In order to avoid underestimation of JSC, the aperture must be smaller than the cell. Here we 

prepare six square apertures with different areas to perform the PV measurement under indoor lighting. As 
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shown in Figure 3C, for the 1.07 cm2 cell, the JSC deviation becomes increasingly large by decreasing the 

aperture area. Especially for the cell with a 2.25 mm2 aperture, a JSC deviation of 8.3% is observed. As the 

commonly used apertures are made of stainless steel with original color (silver white), the reflection effect of 

the mask will cause light absorption enhancement of the cell (see Figure 2C). Obviously, such an effect will be 

more significant with decreasing the aperture area, partially explaining the large overestimation in JSC for the 

1.07 cm2 cell with the 2.25 mm2 aperture. Therefore, we paint the whole mask with black ink to reduce the 

reflection effect. As shown in Figure S11, after the anti-reflection treatment, the reflection of the mask 

dramatically decreases to below 10% from about 70%. As shown in Figure 3D, after the anti-reflection 

treatment, the tested JSC of the cell with the 2.25 mm2 aperture significantly decreases to 61.2 μA/cm2, 

corresponding to a JSC deviation of 4.3%. For the cell with the 0.802 cm2 aperture, the anti-reflection treatment 

can also help to decrease the JSC deviation. Overall, our results clearly show that anti-reflection treatment of the 

mask is essential for the indoor PV measurement. In addition, the large cell (1.07 cm2 in this case) masked with 

a suitable aperture is recommended to obtain accurate PV results. 

In addition, as illustrated in Figure 3E, we design a home-made testing box in which all parts are black 

painted and a baffle plate is used to minimize the effects from any stray lights. Here we perform two experiments 

to demonstrate the influence of the stray lights, by removing the baffle plate and by replacing the black clip for 

holding the cell with a white one, respectively. As shown in Figure 3F, the JSC deviation increases from 3.6% 

to 8.9% after removing the baffle plate. After replacing the clip, we measure the EQE distribution of the cell, 

and find that the white clip results in significant stray light (Figure S12), leading to an obvious increasement in 

the JSC deviation, from 3.6% to 5.6%. Therefore, minimizing the influence of stray lights is very important for 

the indoor PV measurements. 
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Figure 3. The EQE Curves and JSC Deviations.  

(A) The EQE curves of OPV cells. The inset is the photon flux spectrum of the 6500 K LED bulb at 500 lux. 

The xenon lamp of the EQE measurement system has the instability of ≤ ± 0.5%/3 hours. The uncertainty 

of the EQE value is ± 2.8 % in the range of 400-940 nm.  

(B) The effect of the active areas on JSC. Error bars represent standard deviations of JSCs. From left to right, the 

values are ± 0.4, ± 0.4, ± 0.4 and ± 0.5, respectively. 

(C) The effect of the aperture areas on JSC. There is no treatment on the surface of the mask. The clip is black. 

The reflected light of the test box is blocked by the black baffle plate. Areas of the apertures are 2.25, 9.06, 36.0, 

63.5, 80.2 and 99.6 mm2, respectively. From left to right, the standard deviations are ± 0.5, ± 0.5, ± 0.4, ± 0.4, 

± 0.5, ± 0.6 and ± 0.4, respectively. 

(D) The effect of the reflected light from the mask on JSC. The clip is black. The reflected light of the test box 

is blocked by the black baffle plate. All the standard deviations are about ± 0.5. 

(E) Schematic diagram of the test box. To eliminate the effects from other light sources, the measurements were 

performed in the dark test box. As a very small hole in the baffle plate is inconvenient for the PV measurements 

and calibrations of light intensities, we suggest the hole size to be similar to that of the mask. 

(F) The effect of the stray light on JSC. From left to right, the standard deviations are ± 0.5, ± 0.6 and ± 0.5, 

respectively. 

 

Recommendation for accurate measurement  

Baffle plate

PV cell

Light source

Guide rail
Stray light



11 
 

According to the above studies, we suggest a practical approach to perform the indoor PV measurement.   

Preparation for the light sources. The white LEDs and FLs for household illumination can be used as the 

light sources, after carefully evaluating the temporal instability and LPD homogeneity. Referring to the 

standards for class AAA solar simulator, the temporal instability of the light sources for the indoor PV 

measurement should be < 2% and the PV cells should be tested at the illumination region with Hf < 2%.  

Preparation of the cells and the aperture masks. The relatively larger cells (≥ 1 cm2) are highly recommended 

for performing the indoor PV measurements. The masks should be as thin as possible and in the same size or 

larger than the transparent substrates of the cells, and the anti-reflection treatment is needed. The aperture area 

should be slightly smaller than the non-transparent metal electrode of the cell. For instance, a 9×9 mm2 aperture 

is suitable for a 10×10 mm2 cell.  

PV measurements and the tools. To reduce the influence of stray lights, we recommend to perform the 

measurement in a black box, and all of the tools used in the box should be blackened. The commonly used 

electrical instruments and the corresponding testing method for the standard AM 1.5 G condition can be 

followed. The Jcal of the cells is essential for evaluating the reliability for the JSC obtained from PV 

measurements. Therefore, the EQE curves of the cells and the spectral characteristics of the incident lights must 

be provided and also the deviations between JSC and Jcal should be at a low level, e.g. < 5%. 

Other issues. Under indoor lighting with different Eλ, the comparison of the absolute PCE values has its 

limitations. We recommend discussing the PCEs together with the Pouts, which will be a better practice. 

In addition, referring to the CIE/ISO standard for lighting design of buildings (CIE S 008/E-2001), the 

illumination values in most of the indoor conditions including offices, shopping malls, classrooms, hospitals 

and etc., are typically between 200-500 lux. Therefore, it is important to perform the indoor PV measurements 

within this range. 

Validation of the method 

To verify the above method, by employing the other three organic material systems (PBDB-T:ITIC, J52-2F:ITM 

and PTB7-Th:PC71BM), we fabricate three OPV cells and measure their PV performance under the AM 1.5G 

and the illumination of the 6500 K LED (500 lux). As shown in Figure S13 and Table S4, the PV parameters 

of the cells under the AM 1.5 G condition are comparable to the reported works.11-13 EQE curves of the cells are 

provided in Figure S13. The representative J-V curves and PV parameters of the cells under indoor lighting at 

500 lux are provided in Figure S14 and Table S5. Figure S15 shows that the deviations between JSC and Jcal 
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are below 4.0%. These results demonstrate that by following the aforementioned method, reliable PV results 

can be obtained under indoor lighting. 

Conclusions 

To conclude, we design a series of experiments to analyze the origins for the errors in the indoor PV 

measurements. We demonstrate that the temporal stabilities and Hf of the commonly used LED and FL light 

sources can be good enough for the PV measurements, as long as both factors are examined before the 

measurements. The spectral irradiance as well as the light intensities should be calibrated by a precise 

spectrometer, while the use of lux meters is discouraged. After evaluating the area of the cell and area ratio of 

the aperture to the cell, we suggest that the 1 cm2 or larger cells with slightly smaller apertures are suitable for 

the PV measurements. In order to minimize the influence of the stray lights, the light reflection and scattering 

caused by the apparatus in the PV measurement should be carefully eliminated. Finally, we suggest a practical 

approach to evaluate the PCEs of PV cells for indoor applications. By employing the method suggested in this 

work, we can reliably evaluate the PCE results, ensuring the healthy development of the PV cells for indoor 

applications. 
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EXPERIMENTAL PROCEDURES  

Device fabrication. Devices were fabricated with the conventional device structure 

(glass/ITO/PEDOT:PSS/Active layers/PFN-Br/Al). ITO-coated glass was purchased from South China Xiang’s 

Science & Technical Company Limited. PEDOT:PSS (4083) was purchased from the CleviosTM. PBDB-TF, 

PFN-Br and the other photovoltaic materials were purchased from Solarmer Material Inc. PEDOT:PSS was 

diluted with the same volume of water. PFN-Br was dissolved in methanol at the concentration of 1 mg/ml. 

PBDB-TF:Y6 (D/A 1:1.2) was dissolved in chloroform at the polymer concentration of 7.5 mg/ml. PBDB-

T:ITIC (D/A 1:1), J52-2F:IT-M (D/A 1:1) and PTB7-Th:PC71BM (D/A 1:1.5) were dissolved in chlorobenzene 

at the polymer concentration of 10 mg/ml. All the active layer solutions need be stirred at 40˚C for at least 4 h. 

Before spin-coating the active layer, 0.5% 1-chloronaphthalene (v/v) was added to the PBDB-TF:Y6 solution, 

0.5% 1,8-diiodooctane (v/v) was added to the PBDB-T:ITIC and J52-2F:IT-M solutions, and 3% 1,8-

diiodooctane (v/v) was added to the PTB7-Th:PC71BM solution, respectively. Devices were fabricated by the 

following conditions: Firstly, about 10 nm PEDOT:PSS layers were spin-coated on the pre-cleaned ITO 

substrates and annealed at 150°C for 20 min. Subsequently, the substrates were transferred to the glove box. 

The mixed solutions were spin-coated onto the PEDOT:PSS layers. Then the films based on PBDB-TF:Y6, 

PBDB-T:ITIC and J52-2F:IT-M were treated with the thermal annealing at 100˚C for 10 min. The active layer 

thickness is about 100 nm. PFN-Br was spin-coated on the top of the active layers at 3000 rpm for 30 s. Finally, 

200 nm Al was deposited under a high vacuum. All the cells were completely encapsulated by glass with an 

epoxy adhesive. 

 

Instruments and Measurements. Absorption spectra of all of the materials were measured on a Hitachi 

UH4150 UV-Vis spectrophotometer. The J−V measurements were performed via the solar simulator (filter: 

G4B-SS-F5, Enlitech) along with AM 1.5G spectrum whose intensity was calibrated by the certified standard 

silicon solar cell (SRC-2020, Enlitech) at 100 mW/cm2 at room temperature of about 25°C. The LEDs and the 

FL tube were purchased from the OSRAM (made in China) and the Philips Electronic N.V (made in China), 

respectively. The precision purifying AC regulated power supply (JJW-3000VA) was purchased from the 

Shanghai Zhengxi Electric Technology Co., Ltd. The output voltage: 220 ± 1 V. The stabilizing range: 170–225 

V. The spectral irradiance and illumination of the indoor light sources were measured by a high-precision fiber 

optics spectrometer with the cosine corrector (Maya 2000 Pro, Ocean Optics Inc.). The radiometric calibrations 

of the spectrometer were performed by Bill Hays in compliance with National (US) Institute of Standards & 
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Technology practices recommended in NIST Handbook 150-2E, Technical Guide for Optical Radiation 

Measurements. The spectrometer was last calibrated on 4/24/2019. All spectral measurements were performed 

by the spectrometer between September 2019 and March 2020. Optical resolution: ~ 1.1 nm. The full width at 

half maximum (FWHM) wavelength interval: 0.45 nm. Spectral wavelength accuracy: ± 1.4 nm. The 

uncertainty of the intensity value is ~ 4 % in the range of 400-900 nm. In order to accurately evaluate the Eλ of 

the light source, a spectrometer should be operated as follows: 1, the detector (cosine collector) can not be 

defiled; 2, the detector should be placed at the position of the cell; 3, the plane of the detector should be 

horizontal to that of the cell; 4, the spectrometer needs to be calibrated annually (12 months). Lux meter 1: CEM 

DT-8809A; Lux meter 2: SHINWA 78747; Lux meter 3: TES-1334A. The EQE and reflected spectra were 

measured through the Solar Cell Spectral Response Measurement System QE-R3011 (Enli Technology Co., 

Ltd., Taiwan). The traceability chain was traced to Si cell through National Renewable Energy Laboratory 

calibration. The traceability and calibration method follows the IEC 60904-4 standard. The EQE measurements 

with a non-repeatability of ≤ ± 0.4 % in the range of 400-1100 nm. The area of the tested OPV cells and the 

apertures was determined by an optical microscope. The EQE mapping measurements were carried out by using 

LSD4 system (Enlitech). The instrument is equipped with 405 and 520 nm lasers. Considering that the OPV 

cells have high EQE values around 520 nm, we select 520 nm laser as the excitation source. J−V measurements 

were carried out in the forward direction from - 0.2 to 1.5 V, with a scan step of 50 mV and a dwell time of 5 

ms. 

 

Illumination.  

Because the human eye is sensitive to the light spectrum, the indoor light intensity is usually described by its 

illumination (Ev, lux). The incident power can be converted into the corresponding illumination by combining 

with the CIE sensitivity of the human eye:14  

𝐸𝐸V = 𝐾𝐾m × ∫ 𝐸𝐸λ(𝜆𝜆) × 𝑉𝑉(𝜆𝜆)𝑑𝑑λ
∞
0          (Equation 4) 

where the coefficient Km is equal to 683 lm/W and V(𝜆𝜆) is CIE spectral luminosity factor for human photopic 

vision. 

 

Jcal calculation.  

Photon numbers per nanometer per square centimeter (photon flux spectrum) are obtained by the following 
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equation: 

𝑁𝑁𝜆𝜆(𝜆𝜆) = 𝐸𝐸𝜆𝜆 × 𝜆𝜆/ ℎ𝑐𝑐        (Equation 5) 

where h corresponds to the Planck constant and c is the lightspeed, and Nλ is the photon flux spectrum. 

The EQE is defined as the ratio of the number of output electrons to the number of incident photons. The Jcal 

can be calculated by the EQE curve and photon flux spectrum: 

𝐽𝐽cal = 𝑒𝑒 × ∫ 𝑁𝑁λ(𝜆𝜆) × 𝐸𝐸𝐸𝐸𝐸𝐸(𝜆𝜆)𝑑𝑑λ
∞
0    (Equation 6) 

where e is the elementary charge. 

 

Voltage deviation and voltage fluctuation.  

As the change of the power load can cause voltage deviation and voltage fluctuation in the power supply system. 

The voltage deviation (ΔU) is defined as: 

Δ𝑈𝑈 = 𝑈𝑈−𝑈𝑈N 
𝑈𝑈N

 × 100%    (Equation 7) 

where U is the actual voltage and UN is the nominal voltage of grid. In general, the UN is at 110 V or 220 V, and 

the maximum permissible ΔU is within ± 10% around the world. In fact, the ΔU may be higher than the 

maximum permissible valves in some countries or regions.15 

The voltage fluctuation (d), consisting of a sequence of rapid voltage changes spaced in time close enough, is 

defined as: 

𝑑𝑑 = 𝑈𝑈𝑚𝑚𝑚𝑚𝑚𝑚−𝑈𝑈𝑚𝑚𝑚𝑚𝑚𝑚 
𝑈𝑈N

 × 100%   (Equation 8) 

where Umax – Umin is the difference between the root mean value of the maximum and the minimum voltage. 

 

Class AAA solar simulator. A class AAA solar simulator includes class A spectrum, class A temporal stability 

and class A spatial homogeneity. The class A spatial homogeneity need reach a Hf of lower than 2%. The Hf is 

defined as:  

𝐻𝐻f = 𝐼𝐼𝑚𝑚𝑚𝑚𝑚𝑚−𝐼𝐼𝑚𝑚𝑚𝑚𝑚𝑚 
𝐼𝐼𝑚𝑚𝑚𝑚𝑚𝑚+𝐼𝐼𝑚𝑚𝑚𝑚𝑚𝑚

 × 100%    (Equation 9) 

where Imax and Imin is the maximum current and minimum current of a standard silicon cell in the irradiation 

range of the solar simulator, respectively. The current can be replaced with light power density. 

 

SUPPLEMENTAL INFORMATION 
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