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The fill factor (FF) is one of the most critical parameters in assessing the performance of solar
cells.! Identifying the different loss mechanisms associated with the FF assists researchers and
manufacturers in improving the efficiency of their cells.?

Empirical expressions that correlate the FF with other key electrical parameters have been
developed by Green.>® They determine the FF using the normalised values of the open-circuit
voltage (Voc), series resistance (Rs), and shunt resistance (Rsn) as defined in Table I. Green obtained
the expressions by simulating current-voltage (I-V) curves using the one-diode model* with a broad
range of parameters,® wider compared to the current industrial range. Thus, there may be gaps when
these expressions are used in predicting the FF of modern industrial solar cells. This study, therefore,
aims to: (1) recalculate the empirical coefficients assuming the typical ranges of electrical parameters
in solar cell production lines, and (2) assess the suitability of the developed expressions to determine
the measured FF of modern industrial solar cells.

Table I. Normalised electrical parameters

Variable Description Formula
Vo normalised V. V,./nVr, where n is the ideality factor and V; is the thermal voltage
R, characteristic resistance V,e/Isc, where I, is the short-circuit current
T normalised R, Rs/R.y
Tsn normalised Ry, Rsn/Ren

A total of 750,000 I-V curves were simulated using the pvlib library® in Python. The I-V curves
were generated based on the one-diode model:
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where I is the light generated current, lo is the dark saturation current, n is the ideality factor, V is
the voltage, and | is the current. Two ranges of inputs are used: (1) the original ranges of Green,®
and (2) the ranges of solar cells from our industry partners. The FF, as well as the Vo and s, are
then extracted from the resulting I-V curves.

Analytical expressions for the FF are listed in Table Il. FFo refers to the FF in the absence of
resistance effects. FFs accounts for the effect of the series resistance; FFs, accounts for the effect
of the shunt resistance; and FFyeq accounts for both. Empirical coefficients, represented as Cx in
Table II, were fitted using the non-linear least squares method.” The accuracy of the empirical
expressions was determined by the relative mean absolute error (RMAE) as defined in Equation 2.
Lower RMAESs signify more accurate expressions.

RMAE = Z | pred — FFact
N FF, 2)

where N is the number of samples; FFqeqd, as previously mentioned, is the predicted FF using the
empirical expression accounting for both the shunt and series resistance; and FFa. is the
measured/simulated value.

The fitting limits and the extracted coefficients are summarised in Table Il. Despite the slight
variations in Cs and Cs, similar coefficients were derived using the original ranges of Green.® The
difference in the computed C4 could come from rounding errors while the difference in the computed
C; still needs to be investigated. As modern industrial cells are associated with higher Vo, lower Rs,
and higher Rsn values, we also fitted the coefficients using the tuned electrical ranges. Note that the



coefficients were calculated assuming a range of ideality factor (1 <n <1.2). It was found that C;
remains constant while the other coefficients marginally increase.

Table Il. Fill factor empirical coefficients and limits

Green’s range

Industrial range

Explicit expression Limits of Gregr_l S s qurk s Limits of s v_vgrk s
expression emp_lr_lcal emplr_lcal expression emp_lr!cal
coefficients coefficients Coefficients
Voo — In(v,. + C
FFy = % Voe > 10 €, =0.72 €, =0.72 Ve > 18 C, =078
oc
74
r 1, <04 C,=11 C,=11 . <0.1 C,=11
FFS:FFO(I—CZTS)+C—S s C—54 C—63 s =
v +C F;' Tep > 2.5 g = = Ten > 23 g =
FF,, = FF, [1 - "C—“(—")] c, =07 c,=08 1 €, =09
Voc Tsh rn+—<04 s+-—<01
_ Voo + €4 (FF Tsh _ _ Ten B
FF,.q=FF |1 —-—=—=(— c,=07 c, =08 C,=09
Voc Tsh

The simulated and predicted FF values within the industrial range are compared in Fig. 1(a).
Green’s expressions yielded an RMAE of 0.019%, whereas the revised expressions showed a
slightly lower RMAE of 0.016%. Hence, both expressions demonstrate low errors and can effectively
predict the FF generated by the one-diode model up to the first decimal point (in %).

The explicit expressions were also applied on 15,000 I-V measurements from our industry
partner’s production line. The measured and predicted FF values are shown in Fig. 1(b). The RMAE
for Green’s and the recalculated coefficients are 0.658% and 0.646%, respectively. The deviation of
the predicted values from the measurements indicates that the original and modified expressions do
not capture all the actual fill factor losses. The additional losses could be attributed to: (1) an ideality
factor above unity; (2) junction and/or edge recombination (a two-diode model behaviour); (3) the
non-uniformity in the solar cell design (e.g. shading and recombination associated with the front grid);
(4) additional non-uniform recombination due to the presence of material or processing induced
defects; or (5) errors in the |-V measurements and therefore in the extracted experimental
parameters. Figure 1(c) presents the predicted FF using the modified expressions for the case of
n > 1. Here, 100 solar cells were randomly selected from the 15,000 cells. The effective ideality factor
of these cells was estimated to be 1.05 using the Newton-Raphson method.2 As can be seen, the

modified expressions with n = 1.05 represent the measured FF more accurately with a lower RMAE
of 0.138%.
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Figure 1. (a) Predicted FF as a function of the simulated FF, and predicted FF as a function of
measured FF using empirical expressions with (b) n =1, and (c¢) n = 1.05.

The empirical expressions were also used to investigate the impact of each variable on the FF.
It was observed that Voc and the ideality factor are crucial in setting the upper limit of the FF for a
given solar cell. Additionally, Rs accounts for 97-99% of the resistive losses in the measured
industrial solar cells.

Extending the expressions to include the two-diode model will be presented in the conference.
We will also present our investigations using electroluminescence® and photoluminescence!® images
to correlate the deviation from the model with the non-uniformity of the cells.



To summarise, in this study, methods to modify Green’s FF expressions for modern industrial
solar cells were presented. Empirical coefficients were recalculated using the one-diode model in
the typical parameter range of industrial cells. It is shown that the revised expressions predict the FF
with an RMAE of 0.016%. Nevertheless, both the original and revised expressions have relatively
large deviations (0.646-0.658%) when compared with actual measurements. Using the modified
expressions with an ideality factor larger than unity reduces the RMAE to 0.138%. Future work will
include developing empirical equations using the two-diode model and adding luminescence image
metrics to account for the non-uniformity of the investigated cells. This study provides techniques to
improve the prediction of FF in solar cell production lines, making it easier for manufacturers and
researchers to optimize the performance of modern solar cells.
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