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1 Type of calibration

The short‐circuit current Isc, the open‐circuit voltage Voc, the fill‐factor FF, the maximum power PMPP as well
as the area Atotal and the efficiency η of the calibration object are determined as described in the IEC 60904‐
1:2006 standards. For this purpose the current‐voltage characteristics of the calibration object is measured
under standard test conditions as described in the IEC 60904‐3:2019 standard.

2 Calibration object

The calibration object with identifier 14196 (see Fig. 1) is a solar cell with electrical contacts on both sides.
The solar cell has a contact grid on the front side with 9 busbars. The rear side of the solar cell (see Fig. 1b)
is partly metallized.
The calibration object is measured with the front side (FS) facing upwards.

Fig. 1: Photograph of the a) front and b) rear side of the calibration object with identifier 14196.

Condition of calibration object
The visual examination of the calibration object did not detect any visible damage.

3 Measurement procedure

3.1 Area determination
The area of the calibration object is measured using an optical scanning systemworking in transmissionmode
and is traceable to a primary calibrated area standard (primary standard “AREA”, see section 9).
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3.2 Spectral mismatch correction
For the determination of the spectral correction factorMM three measurement curves are required:
• The spectral responsivity of the calibration object. This measurement is traceable to the spectral respon‐

sivity of a primary calibrated WPVS reference solar cell (primary standard “DSR”, see section 9).
• The spectral responsivity of the primary calibrated WPVS reference solar cell of the IV tester (primary

standard “IV”, see section 9).
• The spectral irradiance of the IV tester which is determined using a spectroradiometer in the wavelength

range from 250 nm to 1700 nm.
The factorMM is calculatedwith these data as described in the IEC 60904‐7:2019 standard using the reference
spectrum of the IEC 60904‐3:2019 standard.

3.3 Irradiance
The irradiance of the sun simulator is adjusted using aWPVS reference cell. The short circuit current of this ref‐
erence cell was calibrated (primary standard “IV”, see section 9) under standard test conditions (1000W/m2,
AM1.5G reference spectrum and 25 °C).
For the adjustment of the irradiance the spectral correction factorMM is considered as defined in the IEC 60904‐
7:2019 standard (also see section 3.2).

3.4 Temperature of the calibration object and Voc-method
As defined in the IEC 60904‐3:2019 standard the measurement will be carried out at a temperature of 25 °C.
To achieve this temperature the Voc‐method as described in Ref. 1 is used. The calibration object is mounted
and contacted on the measurement chuck (see section 5). In the dark the temperature of the measure‐
ment chuck is adjusted until achieving Tsample = 25.0 °C stable in time. Afterwards the shutter of the lamp
is opened and the time dependence of the open circuit voltage is monitored. The highest Voc value from
these data corresponds to the equivalent open circuit voltage Voc.equiv of the calibration object under 25 °C.
Under illumination of the calibration object and a continuous measurement of the open circuit voltage the
temperature of the measurement chuck is adjusted until achieving Voc.equiv.

3.5 Correction of shadowing due to contacting bars
To correct for the shadowing of the contacting bars (see section 5) an equivalent short circuit current Isc.equiv
is determined using a varying number of bars. For each combination of bars the short circuit current is de‐
termined. The equivalent short circuit current Isc.equiv follows by an extrapolation of the short circuit currents
to zero contacting bars. Afterwards, the calibration object is contacted with all contacting bars and the short
circuit current is measured continuously. The irradiance of the sun simulator is increased until the measured
short circuit current equals Isc.equiv.

3.6 Current-voltage characteristics
The determination of the current‐voltage characteristics is carried out with a four‐quadrant current‐voltage
source. A hysteresis between forward and reverse measurements was not observed.
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4 Mounting

The calibration object is attached to a thermostatic chuck using a vacuum pump. The measurement chuck is
adjusted such that the front surface of the calibration object is perpendicular and centrical to the optical axis.
The measurement chuck is highly reflective.

5 Electrical contacting

The electrical contacting is realized using four‐wire technique which uses separate current and sense leads.

5.1 Rear side
The gold‐coated brass chuck, which is used to mount the solar cell, serves as electrical contact to the rear
side. The gold‐coated brass chuck is highly conductive and contacts the whole contact area of the solar cell’s
rear side.
Voltage‐sensing is carried out using two rectangular parts (166mm⋅1.5mm)of the chuckwhich are electrically
isolated from the rest of the chuck.
This contacting‐scheme neglects the resistance of the grid at the rear side.

5.2 Front side
The electrical contacting of the front side is carried out using contact bars which provide a continuous and
elastic contacting area. By lowering the bars the contact area is pressed onto the busbar and establishes an
electrical contact over the full length of the busbar.
For voltagemeasurement two small regions of the contact area at one of the center bars are isolated from the
current‐carrying part. Thus, voltage‐sensing is carried out directly on the busbar. The position of the sense
areas are at about one‐fourth and three‐fourth of the cell length.
This contacting‐scheme neglects the resistance of the busbars.

6 Irradiance

6.1 Classification
The IV tester is classified as A‐A‐A (spectrum, inhomogeneity of the light field and instability in time) according
to the IEC 60904‐9:2007 standard. This A‐classification in all three areas is tested on a regular basis:
• The spectrum is tested before eachmeasurement of the calibration object using a spectroradiometer. The

spectroradiometer is traceable to reference lamps which were calibrated at the Physikalisch‐Technische
Bundesanstalt PTB (Braunschweig).

• The inhomogeneity of the light field is measured on a regular basis by scanning the light field with a
reference solar cell.

• The instability in time of the light field is tested on a regular basis using a monitor diode.
The divergence of the light is smaller than 3°. The stability of the irradiance over time is controlled with a
monitor diode during the whole measurement.
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7 Temperature measurement of the calibration object

The temperature Tsample is measured with a PT1000 temperature sensor which is integrated within the brass‐
chuck in a thinned area.

8 Measurement conditions

The temperature of the ambient during measurement is

Troom = (23.5 ± 1.2) °C. (1)

The relative humidity of the ambient during measurement is

Hroom = (39.6 ± 4.0) %. (2)

9 Used primary standards

The following area standards and WPVS reference solar cells, calibrated at the national metrology institute
Physikalisch‐Technische Bundesanstalt PTB (Braunschweig, Germany), were used as primary standards:

AREA: Calibration mark 50716‐PTB‐19 (FN001),

DSR: Calibration mark 47051‐PTB‐20 (RD009),

IV: Calibration mark 47047‐PTB‐20 (RD003).

10 Remarks

• The ISFH additionally provides the data in machine‐readable format for further digital processing. How‐
ever, only the data printed within this document are valid. It is up to the customer to carefully examine
the electronic data before using them.

• Throughout the document a dot is used as decimal separator.
• The stability in time of the determined values was not tested.

11 Measurement result

The following results are obtained:

Short‐circuit current Isc: (9655 ± 92)mA

Open‐circuit voltage Voc: (748.5 ± 3.7)mV

Fill factor FF: (85.46 ± 0.94) %
Maximum power PMPP: (6176 ± 80)mW

Efficiency η: (25.26 ± 0.35) %
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The uncertainty stated is the expanded uncertainty obtained by multiplying the standard uncertainty by the
coverage faktor k = 2. The uncertainty analysis was carried out as described in the document EA‐4/02M:2013.
The value of the measurand lies with a probability of 95% whithin the assigned interval.

12 Additional information

The following parameters are provided as additional information and thus do not necessarily include infor‐
mation about the measurement uncertainty.

Total area of cell Atotal: (244.53 ± 0.98) cm2

Spectral mismatch factorMM: 1.0061

Current at maximum power point IMPP: 9248.1mA

Voltage at maximum power point VMPP: 667.8mV

Figure 2 shows the measured IV characteristics under standard test conditions. The corresponding measure‐
ment data are provided in a machine‐readable format. Due to the large number of data values the data are
not printed within this certificate.
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Fig. 2: Plot of the measured current‐voltage characteristics under standard test conditions.
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1 Type of calibration

The short‐circuit current Isc, the open‐circuit voltage Voc, the fill‐factor FF, the maximum power PMPP as well
as the area Atotal and the efficiency η of the calibration object are determined as described in the IEC 60904‐
1:2020 standards. For this purpose the current‐voltage characteristics of the calibration object is measured
under standard test conditions as described in the IEC 60904‐3:2019 standard.

2 Calibration object

The calibration object with identifier 36905 (see Fig. 1) is a solar cell with electrical contacts on both sides.
The solar cell has a contact grid on the front side with 9 busbars. The rear side of the solar cell (see Fig. 1b)
is partly metallized.
The calibration object is measured with the front side (FS) facing upwards.

Fig. 1: Photograph of the a) front and b) rear side of the calibration object with identifier 36905.

Condition of calibration object

The visual examination of the calibration object did not detect any visible damage.

3 Measurement procedure

3.1 Area determination

The area of the calibration object is measured using an optical scanning systemworking in transmissionmode
and is traceable to a primary calibrated area standard (primary standard “AREA”, see section 9).
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3.2 Spectral mismatch correction

For the determination of the spectral correction factorMM three measurement curves are required:
• The spectral responsivity of the calibration object. This measurement is traceable to the spectral respon‐

sivity of a primary calibrated WPVS reference solar cell (primary standard “DSR”, see section 9).
• The spectral responsivity of the primary calibrated WPVS reference solar cell of the IV tester (primary

standard “IV”, see section 9).
• The spectral irradiance of the IV tester which is determined using a spectroradiometer in the wavelength

range from 250 nm to 1700 nm.
The factorMM is calculatedwith these data as described in the IEC 60904‐7:2019 standard using the reference
spectrum of the IEC 60904‐3:2019 standard.

3.3 Irradiance

The irradiance of the sun simulator is adjusted using aWPVS reference cell. The short circuit current of this ref‐
erence cell was calibrated (primary standard “IV”, see section 9) under standard test conditions (1000W/m2,
AM1.5G reference spectrum and 25 °C).
For the adjustment of the irradiance the spectral correction factorMM is considered as defined in the IEC 60904‐
7:2019 standard (also see section 3.2).

3.4 Temperature of the calibration object and Voc‐method

As defined in the IEC 60904‐3:2019 standard the measurement will be carried out at a temperature of 25 °C.
To achieve this temperature the Voc‐method as described in Ref. 1 is used. The calibration object is mounted
and contacted on the measurement chuck (see section 5). In the dark the temperature of the measure‐
ment chuck is adjusted until achieving Tsample = 25.0 °C stable in time. Afterwards the shutter of the lamp
is opened and the time dependence of the open circuit voltage is monitored. The highest Voc value from
these data corresponds to the equivalent open circuit voltage Voc.equiv of the calibration object under 25 °C.
Under illumination of the calibration object and a continuous measurement of the open circuit voltage the
temperature of the measurement chuck is adjusted until achieving Voc.equiv.

3.5 Correction of shadowing due to contacting bars

To correct for the shadowing of the contacting bars (see section 5) an equivalent short circuit current Isc.equiv
is determined using a varying number of bars. For each combination of bars the short circuit current is de‐
termined. The equivalent short circuit current Isc.equiv follows by an extrapolation of the short circuit currents
to zero contacting bars. Afterwards, the calibration object is contacted with all contacting bars and the short
circuit current is measured continuously. The irradiance of the sun simulator is increased until the measured
short circuit current equals Isc.equiv.

3.6 Current‐voltage characteristics

The determination of the current‐voltage characteristics is carried out with a four‐quadrant current‐voltage
source. A hysteresis between forward and reverse measurements was not observed.
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4 Mounting

The calibration object is attached to a thermostatic chuck using a vacuum pump. The measurement chuck is
adjusted such that the front surface of the calibration object is perpendicular and centrical to the optical axis.
The measurement chuck is highly reflective.

5 Electrical contacting

The electrical contacting is realized using four‐wire technique which uses separate current and sense leads.

5.1 Rear side

The gold‐coated brass chuck, which is used to mount the solar cell, serves as electrical contact to the rear
side. The gold‐coated brass chuck is highly conductive and contacts the whole contact area of the solar cell’s
rear side.
Voltage‐sensing is carried out using two rectangular parts (166mm⋅1.5mm)of the chuckwhich are electrically
isolated from the rest of the chuck.
This contacting‐scheme neglects the resistance of the grid at the rear side.

5.2 Front side

The electrical contacting of the front side is carried out using contact bars which provide a continuous and
elastic contacting area. By lowering the bars the contact area is pressed onto the busbar and establishes an
electrical contact over the full length of the busbar.
For voltagemeasurement two small regions of the contact area at one of the center bars are isolated from the
current‐carrying part. Thus, voltage‐sensing is carried out directly on the busbar. The position of the sense
areas are at about one‐fourth and three‐fourth of the cell length.
This contacting‐scheme neglects the resistance of the busbars.

6 Irradiance

6.1 Classification

The IV tester is classified as A‐A‐A (spectrum, inhomogeneity of the light field and instability in time) according
to the IEC 60904‐9:2020 standard. This A‐classification in all three areas is tested on a regular basis:
• The spectrum is tested before eachmeasurement of the calibration object using a spectroradiometer. The

spectroradiometer is traceable to reference lamps which were calibrated at the Physikalisch‐Technische
Bundesanstalt PTB (Braunschweig).

• The inhomogeneity of the light field is measured on a regular basis by scanning the light field with a
reference solar cell.

• The instability in time of the light field is tested on a regular basis using a monitor diode.
The divergence of the light is smaller than 3°. The stability of the irradiance over time is controlled with a
monitor diode during the whole measurement.
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7 Temperature measurement of the calibration object

The temperature Tsample is measured with a PT1000 temperature sensor which is integrated within the brass‐
chuck in a thinned area.

8 Measurement conditions

The temperature of the ambient during measurement is

Troom = (24.4 ± 1.2) °C. (1)

The relative humidity of the ambient during measurement is

Hroom = (42.3 ± 4.2) %. (2)

9 Used primary standards

The following area standards and WPVS reference solar cells, calibrated at the national metrology institute
Physikalisch‐Technische Bundesanstalt PTB (Braunschweig, Germany), were used as primary standards:

AREA: Calibration mark 50716‐PTB‐19 (FN001),

DSR: Calibration mark 47051‐PTB‐20 (RD009),

IV: Calibration mark 47047‐PTB‐20 (RD003).

10 Remarks

• The ISFH additionally provides the data in machine‐readable format for further digital processing. How‐
ever, only the data printed within this document are valid. It is up to the customer to carefully examine
the electronic data before using them.

• Throughout the document a dot is used as decimal separator.
• The stability in time of the determined values was not tested.

11 Measurement result

The following results are obtained:

Short‐circuit current Isc: (11 107 ± 120)mA

Open‐circuit voltage Voc: (750.2 ± 3.2)mV

Fill factor FF: (86.59 ± 0.95) %
Maximum power PMPP: (7215 ± 110)mW

Efficiency η: (26.30 ± 0.39) %
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The uncertainty stated is the expanded uncertainty obtained by multiplying the standard uncertainty by the
coverage faktor k = 2. The uncertainty analysis was carried out as described in the document EA‐4/02M:2013.
The value of the measurand lies with a probability of 95% whithin the assigned interval.

12 Additional information

The following parameters are provided as additional information and thus do not necessarily include infor‐
mation about the measurement uncertainty.

Total area of cell Atotal: (274.3 ± 1.1) cm2

Spectral mismatch factorMM: 1.0034

Current at maximum power point IMPP: 10 658.1mA

Voltage at maximum power point VMPP: 677.0mV

Figure 2 shows the measured IV characteristics under standard test conditions. The corresponding measure‐
ment data are provided in a machine‐readable format. Due to the large number of data values the data are
not printed within this certificate.
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Fig. 2: Plot of the measured current‐voltage characteristics under standard test conditions.
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Fig. 1: Photograph of the a) front and b) rear side of the calibration object with identifier 95608.

1 Type of calibration

The short‐circuit current Isc, the open‐circuit voltage Voc, the fill‐factor FF, the maximum power PMPP as well
as the area Atotal and the efficiency η of the calibration object are determined as described in the IEC 60904‐
1:2020 standard. For this purpose the current‐voltage characteristics of the calibration object is measured
under standard test conditions as described in the IEC 60904‐3:2019 standard.
The measurements performed on the calibration object and consequently also the measurement results de‐
viate from the application area specified in section 1 of the IEC 60904‐1:2020 standard, since the present
calibration object is a bifacial solar cell.

2 Calibration object

The calibration object with identifier 95608 (see Fig. 1) is a solar cell with electrical contacts on both sides.
The solar cell has a contact grid on the front side with 12 busbars. The rear side of the solar cell (see Fig. 1b)
is partly metallized.
The calibration object is measured with the front side (FS) facing upwards.

Condition of calibration object

The visual examination of the calibration object did not detect any visible damage.
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3 Measurement procedure

3.1 Area determination

The area of the calibration object is measured using an optical scanning systemworking in transmissionmode
and is traceable to a primary calibrated area standard (primary standard “AREA”, see section 9).

3.2 Spectral mismatch correction

For the determination of the spectral correction factorMM three measurement curves are required:
• The spectral responsivity of the calibration object. This measurement is traceable to the spectral respon‐

sivity of a primary calibrated WPVS reference solar cell (primary standard “DSR”, see section 9).
• The spectral responsivity of the primary calibrated WPVS reference solar cell of the IV tester (primary

standard “IV”, see section 9).
• The spectral irradiance of the IV tester which is determined using a spectroradiometer in the wavelength

range from 250 nm to 1700 nm.
The factorMM is calculatedwith these data as described in the IEC 60904‐7:2019 standard using the reference
spectrum of the IEC 60904‐3:2019 standard.

3.3 Irradiance

The irradiance of the sun simulator is adjusted using aWPVS reference cell. The short circuit current of this ref‐
erence cell was calibrated (primary standard “IV”, see section 9) under standard test conditions (1000W/m2,
AM1.5G reference spectrum and 25 °C).
For the adjustment of the irradiance the spectral correction factorMM is considered as defined in the IEC 60904‐
7:2019 standard (also see section 3.2).

3.4 Temperature of the calibration object and Voc‐method

As defined in the IEC 60904‐3:2019 standard the measurement will be carried out at a temperature of 25 °C.
To achieve this temperature the Voc‐method as described in Ref. 1 is used. The calibration object is mounted
and contacted on the measurement chuck (see section 5). In the dark the temperature of the measure‐
ment chuck is adjusted until achieving Tsample = 25.0 °C stable in time. Afterwards the shutter of the lamp
is opened and the time dependence of the open circuit voltage is monitored. The highest Voc value from
these data corresponds to the equivalent open circuit voltage Voc.equiv of the calibration object under 25 °C.
Under illumination of the calibration object and a continuous measurement of the open circuit voltage the
temperature of the measurement chuck is adjusted until achieving Voc.equiv.

3.5 Correction of shadowing due to contacting bars

To correct for the shadowing of the contacting bars (see section 5) an equivalent short circuit current Isc.equiv
is determined using a varying number of bars. For each combination of bars the short circuit current is de‐
termined. The equivalent short circuit current Isc.equiv follows by an extrapolation of the short circuit currents
to zero contacting bars. Afterwards, the calibration object is contacted with all contacting bars and the short
circuit current is measured continuously. The irradiance of the sun simulator is increased until the measured
short circuit current equals Isc.equiv.
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3.6 Current‐voltage characteristics

The determination of the current‐voltage characteristics is carried out with a four‐quadrant current‐voltage
source. A hysteresis between forward (from V = 0 to V = Voc) and reverse (from V = Voc to V = 0) measure‐
ments was not observed, meaning that the relative deviation of the fill factor is smaller than 0.5%.

One current‐voltage characteristics consists of 165 voltage steps. Each step takes a time of 300ms. Thus, the
total acquisition time for the whole characteristics is 49.5 s. Please note that the data density is higher at and
around V = 0, V = VMPP, V = Voc and at the very steep part of the current‐voltage characteristics between
V = VMPP and V = Voc. As a consequence, the voltage change from step to step is not constant over the
whole characteristics.

4 Mounting

The calibration object is attached to a thermostatic chuck using a vacuum pump. The measurement chuck is
adjusted such that the front surface of the calibration object is perpendicular and centrical to the optical axis.
The measurement chuck is highly reflective.

5 Electrical contacting

The electrical contacting is realized using four‐wire technique which uses separate current and sense leads.

5.1 Rear side

The gold‐coated brass chuck, which is used to mount the solar cell, serves as electrical contact to the rear
side. The gold‐coated brass chuck is highly conductive and contacts the whole contact area of the solar cell’s
rear side.
Voltage‐sensing is carried out using two rectangular parts (166mm× 1.5mm) of the chuck which are electri‐
cally isolated from the rest of the chuck.
This contacting‐scheme neglects the resistance of the grid at the rear side.

5.2 Front side

The electrical contacting of the front side is carried out using contact bars which provide a continuous and
elastic contacting area. By lowering the bars the contact area is pressed onto the busbar and establishes an
electrical contact over the full length of the busbar.
For voltagemeasurement two small regions of the contact area at one of the center bars are isolated from the
current‐carrying part. Thus, voltage‐sensing is carried out directly on the busbar. The position of the sense
areas are at about one‐fourth and three‐fourth of the cell length.
This contacting‐scheme neglects the resistance of the busbars.

6 Irradiance

6.1 Classification

The IV tester is classified as A+AA+ (spectrum, inhomogeneity of the light field and instability in time) accord‐
ing to the IEC 60904‐9:2020 standard. This classification in all three areas is tested on a regular basis:
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• The spectrum is tested before eachmeasurement of the calibration object using a spectroradiometer. The
spectroradiometer is traceable to reference lamps which were calibrated at the Physikalisch‐Technische
Bundesanstalt PTB (Braunschweig).

• The inhomogeneity of the light field is measured on a regular basis by scanning the light field with a
reference solar cell.

• The instability in time of the light field is tested on a regular basis using a monitor diode.
The divergence of the light is smaller than 3°. The stability of the irradiance over time is controlled with a
monitor diode during the whole measurement.

7 Temperature measurement of the calibration object

The temperature Tsample of the calibration object is measured using a calibrated PT1000 temperature sensor
which is integrated within the brass‐chuck in a thinned area.

8 Measurement conditions

The temperature of the ambient during measurement is

Troom = (25.7 ± 1.3) °C. (1)

The relative humidity of the ambient during measurement is

Hroom = (46.2 ± 4.6) %. (2)

9 Used primary standards

The following area standards and WPVS reference solar cells, calibrated at the national metrology institute
Physikalisch‐Technische Bundesanstalt PTB (Braunschweig, Germany), were used as primary standards:

AREA: Calibration mark 50716‐PTB‐19 (FN001),

DSR: Calibration mark 47039‐PTB‐22 (RD007),

IV: Calibration mark 47086‐PTB‐21 (RD001).

10 Remarks

• The ISFH additionally provides the data in machine‐readable format for further digital processing. How‐
ever, only the data printed within this document are valid. It is up to the customer to carefully examine
the electronic data before using them.

• Throughout the document a dot is used as decimal separator.
• The stability in time of the determined values was not tested.

11 Measurement result

The following results are obtained:
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Short‐circuit current Isc: (11 295 ± 120)mA

Open‐circuit voltage Voc: (751.1 ± 3.2)mV

Fill factor FF: (86.48 ± 0.95) %
Maximum power PMPP: (7337 ± 110)mW

Efficiency η: (26.74 ± 0.40) %

The uncertainty stated is the expanded uncertainty obtained by multiplying the standard uncertainty by the
coverage faktor k = 2. The uncertainty analysis was carried out as described in the document EA‐4/02M:2013.
The value of the measurand lies with a probability of 95% within the assigned interval.

12 Additional information

The following parameters are provided as additional information and thus do not necessarily include infor‐
mation about the measurement uncertainty.

Total area of cell Atotal: (274.4 ± 1.1) cm2

Spectral mismatch factorMM: 1.0034

Current at maximum power point IMPP: 10 837.8mA

Voltage at maximum power point VMPP: 676.9mV

Figure 2 shows the measured IV characteristics under standard test conditions. The corresponding measure‐
ment data are provided in a machine‐readable format. Due to the large number of data values the data are
not printed within this certificate.
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Fig. 2: Plot of the measured current‐voltage characteristics under standard test conditions.
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Fig. 1: Photograph of the a) front and b) rear side of the calibration object with identifier 93719.

1 Type of calibration

The short‐circuit current Isc, the open‐circuit voltage Voc, the fill‐factor FF, the maximum power PMPP as well
as the area Atotal and the efficiency η of the calibration object are determined as described in the IEC 60904‐
1:2020 standards. For this purpose the current‐voltage characteristics of the calibration object is measured
under standard test conditions as described in the IEC 60904‐3:2019 standard.

2 Calibration object

The calibration object with identifier 93719 (see Fig. 1) is a solar cell with electrical contacts on both sides.
The solar cell has a contact grid on the front side with 12 busbars. The rear side of the solar cell (see Fig. 1b)
is fully metallized.
The calibration object is measured with the front side (FS) facing upwards.

Condition of calibration object

The visual examination of the calibration object did not detect any visible damage.

3 Measurement procedure

3.1 Area determination

The area of the calibration object is measured using an optical scanning systemworking in transmissionmode
and is traceable to a primary calibrated area standard (primary standard “AREA”, see section 9).
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3.2 Spectral mismatch correction

For the determination of the spectral correction factorMM three measurement curves are required:
• The spectral responsivity of the calibration object. This measurement is traceable to the spectral respon‐

sivity of a primary calibrated WPVS reference solar cell (primary standard “DSR”, see section 9).
• The spectral responsivity of the primary calibrated WPVS reference solar cell of the IV tester (primary

standard “IV”, see section 9).
• The spectral irradiance of the IV tester which is determined using a spectroradiometer in the wavelength

range from 250 nm to 1700 nm.
The factorMM is calculatedwith these data as described in the IEC 60904‐7:2019 standard using the reference
spectrum of the IEC 60904‐3:2019 standard.

3.3 Irradiance

The irradiance of the sun simulator is adjusted using aWPVS reference cell. The short circuit current of this ref‐
erence cell was calibrated (primary standard “IV”, see section 9) under standard test conditions (1000W/m2,
AM1.5G reference spectrum and 25 °C).
For the adjustment of the irradiance the spectral correction factorMM is considered as defined in the IEC 60904‐
7:2019 standard (also see section 3.2).

3.4 Temperature of the calibration object and Voc‐method

As defined in the IEC 60904‐3:2019 standard the measurement will be carried out at a temperature of 25 °C.
To achieve this temperature the Voc‐method as described in Ref. 1 is used. The calibration object is mounted
and contacted on the measurement chuck (see section 5). In the dark the temperature of the measure‐
ment chuck is adjusted until achieving Tsample = 25.0 °C stable in time. Afterwards the shutter of the lamp
is opened and the time dependence of the open circuit voltage is monitored. The highest Voc value from
these data corresponds to the equivalent open circuit voltage Voc.equiv of the calibration object under 25 °C.
Under illumination of the calibration object and a continuous measurement of the open circuit voltage the
temperature of the measurement chuck is adjusted until achieving Voc.equiv.

3.5 Correction of shadowing due to contacting bars

To correct for the shadowing of the contacting bars (see section 5) an equivalent short circuit current Isc.equiv
is determined using a varying number of bars. For each combination of bars the short circuit current is de‐
termined. The equivalent short circuit current Isc.equiv follows by an extrapolation of the short circuit currents
to zero contacting bars. Afterwards, the calibration object is contacted with all contacting bars and the short
circuit current is measured continuously. The irradiance of the sun simulator is increased until the measured
short circuit current equals Isc.equiv.

3.6 Current‐voltage characteristics

The determination of the current‐voltage characteristics is carried out with a four‐quadrant current‐voltage
source. A hysteresis between forward (from V = 0 to V = Voc) and reverse (from V = Voc to V = 0) measure‐
ments was not observed, meaning that the relative deviation of the fill factor is smaller than 0.5%.

One current‐voltage characteristics consists of 165 voltage steps. Each step takes a time of 300ms. Thus, the
total acquisition time for the whole characteristics is 49.5 s. Please note that the data density is higher at and
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around V = 0, V = VMPP, V = Voc and at the very steep part of the current‐voltage characteristics between
V = VMPP and V = Voc. As a consequence, the voltage change from step to step is not constant over the
whole characteristics.

4 Mounting

The calibration object is attached to a thermostatic chuck using a vacuum pump. The measurement chuck is
adjusted such that the front surface of the calibration object is perpendicular and centrical to the optical axis.
The measurement chuck is highly reflective.

5 Electrical contacting

The electrical contacting is realized using four‐wire technique which uses separate current and sense leads.

5.1 Rear side

The gold‐coated brass chuck, which is used to mount the solar cell, serves as electrical contact to the rear
side. The gold‐coated brass chuck is highly conductive and contacts the whole contact area of the solar cell’s
rear side.
Voltage‐sensing is carried out using two rectangular parts (166mm× 1.5mm) of the chuck which are electri‐
cally isolated from the rest of the chuck.
This contacting‐scheme neglects the resistance of the grid at the rear side.

5.2 Front side

The electrical contacting of the front side is carried out using contact bars which provide a continuous and
elastic contacting area. By lowering the bars the contact area is pressed onto the busbar and establishes an
electrical contact over the full length of the busbar.
For voltagemeasurement two small regions of the contact area at one of the center bars are isolated from the
current‐carrying part. Thus, voltage‐sensing is carried out directly on the busbar. The position of the sense
areas are at about one‐fourth and three‐fourth of the cell length.
This contacting‐scheme neglects the resistance of the busbars.

6 Irradiance

6.1 Classification

The IV tester is classified as A+AA+ (spectrum, inhomogeneity of the light field and instability in time) accord‐
ing to the IEC 60904‐9:2020 standard. This classification in all three areas is tested on a regular basis:
• The spectrum is tested before eachmeasurement of the calibration object using a spectroradiometer. The

spectroradiometer is traceable to reference lamps which were calibrated at the Physikalisch‐Technische
Bundesanstalt PTB (Braunschweig).

• The inhomogeneity of the light field is measured on a regular basis by scanning the light field with a
reference solar cell.

• The instability in time of the light field is tested on a regular basis using a monitor diode.
The divergence of the light is smaller than 3°. The stability of the irradiance over time is controlled with a
monitor diode during the whole measurement.
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7 Temperature measurement of the calibration object

The temperature Tsample of the calibration object is measured using a calibrated PT1000 temperature sensor
which is integrated within the brass‐chuck in a thinned area.

8 Measurement conditions

The temperature of the ambient during measurement is

Troom = (24.9 ± 1.2) °C. (1)

The relative humidity of the ambient during measurement is

Hroom = (43.1 ± 4.3) %. (2)

9 Used primary standards

The following area standards and WPVS reference solar cells, calibrated at the national metrology institute
Physikalisch‐Technische Bundesanstalt PTB (Braunschweig, Germany), were used as primary standards:

AREA: Calibration mark 50716‐PTB‐19 (FN001),

DSR: Calibration mark 47039‐PTB‐22 (RD007),

IV: Calibration mark 47086‐PTB‐21 (RD001).

10 Remarks

• The ISFH additionally provides the data in machine‐readable format for further digital processing. How‐
ever, only the data printed within this document are valid. It is up to the customer to carefully examine
the electronic data before using them.

• Throughout the document a dot is used as decimal separator.
• The stability in time of the determined values was not tested.

11 Measurement result

The following results are obtained:

Short‐circuit current Isc: (11 375 ± 130)mA

Open‐circuit voltage Voc: (751.4 ± 3.2)mV

Fill factor FF: (86.07 ± 0.95) %
Maximum power PMPP: (7356 ± 110)mW

Efficiency η: (26.81 ± 0.40) %
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The uncertainty stated is the expanded uncertainty obtained by multiplying the standard uncertainty by the
coverage faktor k = 2. The uncertainty analysis was carried out as described in the document EA‐4/02M:2013.
The value of the measurand lies with a probability of 95% within the assigned interval.

12 Additional information

The following parameters are provided as additional information and thus do not necessarily include infor‐
mation about the measurement uncertainty.

Total area of cell Atotal: (274.4 ± 1.1) cm2

Spectral mismatch factorMM: 1.0036

Current at maximum power point IMPP: 10 876.6mA

Voltage at maximum power point VMPP: 676.3mV

Figure 2 shows the measured IV characteristics under standard test conditions. The corresponding measure‐
ment data are provided in a machine‐readable format. Due to the large number of data values the data are
not printed within this certificate.
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Fig. 2: Plot of the measured current‐voltage characteristics under standard test conditions.
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