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ACCURACY OF INLINE IV MEASUREMENTS UNDER INDUSTRIAL CONDITIONS
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ABSTRACT: In this paper the precision of the current measurement of an inline IV-tester with flash lamp is
determined. To evaluate the repeatability and the impact of cell positioning on the overall repeatability a group of
equally processed mc-Si solar cells was used. These measurements show that the contacting has a very small
influence on the repeatability of the short circuit current measurements, which demonstrates the precision of the
automation. To investigate the influence of the spectral mismatch as calculated from the spectral irradiance data
supplied by the manufacturer on the absolute value of the short circuit current, four series of measurements with
different reference cells were performed on solar cells processed equally. The measurements show a wide deviation
of the absolute values of the short circuit current depending of the reference cell used. These differences cannot be

explained by the calculated spectral mismatch alone.
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1 INTRODUCTION

The precision with which the IV characteristics of
solar cells under illumination are measured in production
is important for process control and economic reasons. In
most production lines IV-testers with flash-lamps are
used, which are calibrated by reference cells that are
calibrated externally, e.g. at ISE CalLab. The systematic
inaccuracy of this calibration procedure has been
estimated to £3 % in terms of power and +2.5% in
terms of short circuit current [1]. For industrial mass
manufacturing with a capacity of 100 MW/a, this
inaccuracy may result in financial losses of up to
43 Mil € per year [2]. The present paper is part of
ongoing work which aims at identifying the relevant
sources of inaccuracies and at developing procedures for
an increasing accuracy of inline IV measurements taken
under industrial conditions. The IV measurements are
performed by means of a fully automated industrial IV-
tester with flash lamp, built by h.a.l.m., which is used in
many cell production lines. This paper is focused is on
crystalline Si solar cells, with an area of 156 x 156 mm?
and the precision of the current measurement which is
reached with the IV-tester used at Fraunhofer ISE.

2 UNCERTAINTY COMPONENTS

2.1 Systematic uncertainty of /5c measurement

Two contributions of total uncertainty are estimated
readily: The precision of the current measurement is
given by the system manufacturer with G=0.1 % [3].
That represents the relative error of the measuring device
in percent, with the maximum value Sg of the measuring
range being the basis. Since the IV curve is not measured
only at the maximum value but over a wide range, the
precision class has to be converted to the absolute
measuring uncertainty ug that is given in the same unit as
the measured value itself:
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The total uncertainty ug is calculated from the values of
the accidental uncertainty u; and the systematic
uncertainties [4]:

ug == (‘ u, ‘+‘ Ug ‘ ) (2)

For the analyzed IV-tester in the relevant measuring
range of Sp;=109A the systematic measuring
uncertainty of the current measurement is calculated with
formula (1) to us,; =+ 10.9 mA.

A second easily obtained contribution to the overall
systematic measuring uncertainty comes from the
secondary calibrated reference cell used for calibration of
the irradiance intensity. This uncertainty is currently
given by ISE CalLab with uxs; =% 2.5 %. For a short
circuit current of the secondary calibrated reference cell
of Iscrer=7.8 A, measured by ISE CalLab, the absolute
current uncertainty amounts to U, =+ 195 mA.
Therefore, the basic uncertainty components of the
current measurement from the reference device and the
measurement electronics results to ug =+ 206 mA.

This basic value does not yet consider a whole series
of additional uncertainty components, e.g. effects of the
spectral mismatch, of inter-reflections, of non-uniformity
of irradiance, of temperature, of height adjustment and of
beam divergence. In this paper as a first important
contribution to the total uncertainty the choice of
reference cell and the related current mismatch is
investigated. Since in any comparison repeatability is
involved, we consider this contribution in advance.

2.2 Repeatability of Igc measurement

To determine the repeatability a group of ten equally
processed mc-Si  solar cells with the size of
156 x 156 mm? was used. The electrical parameters of
this reference group correspond to good industrial solar
cells. Each cell was inserted automatically to the IV-
tester and measured ten times. Thus those values contain
the positioning deviation underneath the contact bars
which influences repeatability in standard measurement
procedure as well.

To evaluate the impact of cell positioning and
contacting on the overall repeatability, additional 100
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measurements were performed at a single cell (ST-01) of
the reference group. The measurements were done within
8 s without recontacting the samples in between. The
difference between the resulting standard deviation and
the measurement uncertainties of the reference group
directly reflects the measuring uncertainty due to
positioning and contacting deviations.

Figure 1 shows the spread of the values of the short
circuit current measured with and without recontacting.
The mean values of both series of measurements are
almost identical with 7.711 A and 7.713 A, respectively.
The spread of the values increases by new contacting
about 30 ppm up to 260 ppm. These measurements show
that the contacting has a very small influence on the
repeatability of the measuring of the short circuit current,
which demonstrates the precision of the automation. The
extended accidental uncertainty of measurement for a
confidence interval of the doubled standard deviation is
determined as wuz;=+4mA from these series of
measurements.
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Figure 1: The spread of the short circuit current without
(left) and with (right) recontacting.

3 IMPACT OF MISMATCH DISTRIBUTIONS

Since the spectral response of solar cells is not
uniform in the relevant range of wavelength errors occur
due to the spectral mismatch (i) if the simulator spectrum
differs from the reference spectrum AM1.5g or (ii) if the
spectral response of the reference cell differs from that of
the test cell.
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Figure 2: Distribution of a batch of 940 solar cells to
seven power classes. The curve plotted over the columns
shows a Gaussian distribution.

To figure out the systematical error related to the
spectral mismatch within a production process, 940
equally processed solar cells were sorted to seven classes
(class width: 50 mW) according to their power.

To calibrate of the IV-tester, reference cell 008 was
used, whose spectral response is shown in Figure 5. In
Figure 2 the power distribution is shown. Note that the
power mean values range from 3.30 W in class 2 to
3.6 Win class 8.

From each class one cell was selected and the
spectral response was determined. Figure 3 shows the
spectral response of the best, the worst and an average
cell. The spectral mismatch can be corrected by the
mismatch factor M. This factor corrects the mismatch
between the spectral response of the reference cell and
the test cells and between the standard and the simulator
spectrum. It is obtained as:

I Epos (1)-SRRC(2) dA J' Eg. (1)-SR™(2) dA 5

i IESim (2)-SR"(2) dA j Eper (2)-SR™(2) d2

where Fr.(A) and Eg;,(A) are the spectral irradiance of
standard and simulator spectrum and SR*® and SR™ are
the spectral response of reference and test cell [5].

0.6 T T T T

04 A \;\
4 \
02l 7 —u—class 2 i
/ —e—class 5
class 8 L

/ \

400 600 800 1000 1200

A [nm]

SR [A/W]

0.0

Figure 3: Spectral response curves measured at the best
(class 8), the worst (class 2) and an average cell (class 5).

For the spectral mismatch calculation we use in the
present first approach the spectral irradiance distribution
of the flash lamp as it was supplied by the manufacturer
of the lamp system. These data fulfill class A according
to [3]. This approach resembles what a cell manufacturer
could do without further measurements of the flash
spectrum.

Figure 4 shows the mismatch factor of four different
reference cells calculated from equation (3) for the eight
classes of power distribution in Figure 2. Irrespective of
the reference cell used, the deviation between different
classes amounts to 0.67 % of short circuit current. E.g.,
by using a reference cell from class 2 the short circuit
current from cells of class 8 is underestimated by 0.67 %.
Thus, it is preferable to use a reference cell from class 5
which represents the distribution maximum. If do so the
error caused by spectral mismatch is less than 0.16 % for
82 % of the produced solar cells. Concerning the absolute
value of the mismatch factors, the reference cell 307 has
the smallest total deviation. This cell belongs to class 4
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of the same production batch as the test cells. As
expected the highest spectral mismatch with 1.83 % is
observed for a monocrystalline Cz-Si reference cell. The
other two mc-Si reference cells differ only marginally in
their spectral response. For those cells the maximum
mismatch factor is about 0.9 %.
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Figure 4: Mismatch factor as a function of sorter class
for four different reference cells from different cell
technologies.

4 IMPACT OF DIFFERENT REFERENCE CELLS

To investigate the influence of the spectral mismatch
on the absolute value of the short circuit current, four
series of measurements were performed at 50 mc-Si solar
cells processed equally with a narrow power distribution
belonging to class 8 in Figure 2. For each series of
measurements the IV-tester was calibrated with a
different reference cell. Two of the reference cells KU-2
and KU-3, were taken from the same batch as the test
cells. For those cells the spectral response and the short
circuit current were determined at ISE CalLab. Since the
test cells come from the same power class, the shape of
their spectral response is similar in the whole wavelength
range between 300 nm to 1100 nm. In Figure 5 the
spectral response of these two cells is shown as well as
the spectral response of the two other reference cells
used.
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Figure 5: Comparison of the spectral response of the
reference cells used. The cells KU-2 and KU-3 belong to
the same batch as the test cells.
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Figure 6: Relative deviation of the spectral response of
the reference cells compared to reference cell KU-3.

The differences between these curves can be seen in
Figure 6, which shows the relative deviation in
comparison to reference cell KU-3. Especially in the
range of short wavelengths the deviations in the spectral
response are significant.

By using different reference cells for calibration of
the IV-tester clear differences in the measured short
circuit current of the test cells are observed, as shown in
Table 1. Figure 7 shows the deviation of the short circuit
currents of the tested batch of cells. In Figure 8 the short
circuit currents are shown as a function of the short
circuit current measured with reference cell KU-3.

Since reference cell KU-3 belongs to the same power
class as the test cells and since it has the least deviation
in the shape of the spectral response in comparison to the
two other cells of the batch, the short circuit currents that
are determined with reference cell KU-3 are to be
considered as most accurate.

Table 1: Deviation of the short circuit currents averaged
over 50 cells of the test batch that are measured with four
different reference cells.

# reference M without M with M
cell correction correction
Isc[A] [%] Isc[A] [%]
1 KU-3 1.0000 7.793 - 7.793 -
2 158 1.0008 7.913 1.54 7.907 1.46
3 008 0.9996 7.726 -0.86 7.729 -0.82
4 KU-2 0.9997 7.788 -0.06 7.790 -0,04

The series of measurements in which the IV-tester
was calibrated with reference cell KU-2 shows a small
deviation of 0.04 % after mismatch correction.

Compared to the Isc mean value measured with
reference cell KU-3 (Table 1, linel), the /sc mean value
measured with reference cell 158 (line 2) is 1.54 %
higher and the /5c mean value measured with reference
cell 008 (line 3) is 0.86 % lower.

These differences cannot be explained by the spectral
mismatch as calculated in the present procedure. The
mismatch correction for the reference cell 158 e.g., only
results in 6 mA. By calibrating the IV-tester with the
reference cell 008 the error due to the calculated spectral
mismatch is even less, it is only 3 mA.

However, the mismatch factor as calculated from the
supplied flash lamp spectrum turns out to be not a
significant value for the choice of the optimal reference
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cell. Cell 008 and KU-2 have almost identical mismatch
factors. In comparison to that the deviation by measuring
the short circuit currents of the test cells are about 1 %.
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Figure 7: Histogram of the short circuit currents of three
series of measurements determined with different
reference cells. The curve plotted over the histogram
shows a Gaussian distribution.
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Figure 8: Short circuit currents measured of 50 cells
with different reference cells as a function of the short
circuit currents measured with reference cell KU-3 from
the same batch. Deviations from the bisecting line
correspond to systematic errors due to the choice of the
reference cell. The extent of the deviations cannot be
explained by the spectral mismatch as calculated with the
spectral irradiance data supplied by the manufacturer.

5 CONCLUSIONS

In comparison to the good repeatability of the
measuring results of u;; =+ 4 mA the values of the short
circuit current measured with different reference cells
have a wide deviation. The reason therefore could be the
spectral mismatch between reference and test cell, the
calibration uncertainty of the reference cells used or
other properties not investigated up to now.

Due to the spectral mismatch of the solar cells within the
batch of 940 solar cells investigated the short circuit

currents between the best and the worst class differ by
0.67 % irrespective of the reference cell used.

By using a reference cell from the same batch which

represents the maximum of the power distribution, the
error caused by spectral mismatch is less than 0.16 % for
82 % of the cells in the total batch.
In conclusion a reliable minimization of systematic errors
in the /5c measurement is achieved, if the reference cell
used is processed in the same way as the test cells and
belongs to the power class in the maximum of the power
distribution. Further investigations have to be performed
to explain the origin of deviations which cannot be
explained by the spectral mismatch calculated with the
spectral irradiance data supplied by the manufacturer of
the I'V-tester.
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