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Supporting information: 

The trend of the FF as a function of light irradiance can be analyzed using a single diode 

equivalent circuit model described by the following equation: [1] 
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where RS is the series resistance, RP is the shunt resistance, JS is the reverse saturation current density, A is 

the solar cell area, q is the elementary charge, k is Boltzmann’s constant, T is the absolute temperature, n 

is the ideality factor of the diode, and Jph is the photogenerated current density. Under ideal conditions 

where 
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  , an upper-limit for the fill factor, FF0, is defined as   
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The J-V characteristics were measured as a function of light irradiance. In order to analyze data in the 

context of equation (1), experimentally measured photovoltaic parameters are plotted as a function of JSC 

instead of irradiance.  Fig. 3b in the main text (for completeness here also included as Fig. S1a) shows 

that VOC follows a linear dependence on the logarithm of JSC. According to OC
OC

eV

nkT
   (n = 1.82 as 

mentioned in the main text), vOC also follows a linear dependence on the logarithm of JSC (in Fig. S2a). 

vOC ranges from 5 to 18. According to equation (2), FF0 under varying irradiance is plotted in Fig. S1c. 

The FF0 increases with larger light irradiance because of larger VOC, ranging from 0.55 to 0.79. 

 

Fig. S1. Plots of VOC, vOC and FF0 under varying light irradiance on a semi-logarithmic scale. 

 

To incorporate the effects of RS and RP, a characteristic resistance for the device is defined as 
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 and normalized series resistance (rS) and normalized shunt resistance (rP) defined by 
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,, respectively. Using these quantities, the following semiempirical 

expressions have been shown to be good approximations to the experimental values of FF:  
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Fig. S2a shows RCH as a function of JSC. RCH varies over five orders of magnitude. RSA ranges from 47 to 

70 ohm cm2 (device area A is 4 mm2), estimated from 0.95 - 1.0 V of the J-V characteristics. RS slightly 

increases with larger light irradiance. rS is calculated to be <0.4 (Fig. S2b) and FFS can be calculated with 

the equation (3). The dependence of FFS as a function of JSC is shown in Fig. S2e. Clearly, the FFS first 

increases and then decreases when light irradiance keeps increasing ranging over 5 orders of magnitude. 

Furthermore, the effect of RP is also considered. rP and rS+1/rP are shown in Fig. S2c and d. Again, rS+1/rP 

is less than 0.4. The FFSP is calculated and shown in Fig. S2e. The introduction of rSP does not change the 

trend of FF as a function of irradiance but slightly reduces the values of FF. Though the values of FFSP 

(Fig. S2e) obtained by the calculation are not exactly the same as the experimentally measured values of 

FF (Fig. 3c), they clearly show a similar trend as a function of the irradiance. 

 

Fig. S2. Plots of (a) RCH, (b) rS, (c) rP, (d) rS+1/rP, (e) FFS & FFSP under varying irradiance on a semi-

logarithmic scale. 
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In summary, the FF increases when the light irradiance increases because of the larger VOC. However, 

when light irradiance further increases, the FF decreases because of the larger rS. The rP does not change 

the trend of FF as a function of irradiance but reduces the values. 

 

 

Fig. S3. (a) J-V characteristics in the dark and under AM1.5 100 mW/cm2 illumination of a solar cell, 

fabricated by conventional spin-coating methods, having a low shunt resistance value; (b) VOC as a 

function of Jsc for the spin-coated device; for comparison, the VOC under varying light irradiance of an all-

plastic solar cell fabricated by film-transfer lamination is also plotted, with linear fit. 
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