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Bigger cells, less Ag

Wafer size M10, G12

TABLE2 | ‘Notable exceptions' for single junction cells and submodules: “Top dozen' confirmed results, not class records, measured under the global AM1.5 spectrum (1000 Wm ?) at 28°C (I1EC 60504

32008 or ASTM G-173-03 global).

Solar Cell Efficiency Tables, version 66.

Classification Efficiency (%) Area (cm?) V. (V) J, (mA/em?) Fill Factor (%) Test centre (date) Description

Cells @ilicon)
Si (PERC) 250405 4.00(da) 0.706 427 828 Sandia(3/99) UNSW, ptype [28]
Si (p-TOPCan) 26.040.5° 4.015(da) 733 205 843 FhG-ISE (11/19) FhG-ISE, p-type [29]
Si(p-TBC) 26.1x0.3% 39857 (da) 0.7266 42.62¢ 843 ISFH 2/18) ISFH, p-type [30]
Si (large PERC) 24.1+04° 403 0.6997 .79 82.3 ISFH (12/24) Trina ptype [31]
Si (large TOPCon) 2641048 3349(0) 0.7412 42.38° 840 ISFH (5/25) Jinko, n-type[32]
Si (large TAC) 270405 350,00 07447 an 85.8 ISFH (8/24) LONGI, ntype [4]
Si(large HIT) 268404 274401 07514 4).45% 86.1 ISFH (10/22) LONGi, n-type [33)
Si (large p-HIT) 266409 274.1() 07513 41.30% 85.6 ISFH (10/22) LONGi, p-type [34]

Green et al., Prog.

PVCellTech 2025

Photovolt. Res. Appl., 2025; 0:1-16
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Bigger cells, less Ag
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oo _1-:}0 Classification Efficiency (%) Area (cm?®) V. (V) J, (mA/em?) Fill Factor (%) Test centre (date) Description
mm
80 L 1 2 [ " i " i Cells Gilicon)
1860 1560 N‘;“ o a0 Si (PERC) 250405 4.00(ds) 0706 427 828 Sandia (3/99) UNSW, ptype [28]
‘war
Si (pTOPCon) 26.040.5° 4.015(da) 07323 205 843 FhG-ISE (11/19) FhG-ISE, p-type [29]
Si(p-TBC) 26.1%0.3% 39857 (da) 0.7266 42.62¢ 843 ISFH 2/18) ISFH, p-type [30]
Chen etal., Prog. Photovolt.
Si (large PERC) 24.1104¢ 0.697 41.79¢ 82.3 ISFH (12/24) Trina ptype[31]
Res. Appl. 2023;31:1194-1204
Si (large TOPCon) 2641048 0.7412 42.38¢ 840 ISFH (5/25) Jinko, n-type[32]
Si (large TAC) 270405 350.0(0) ISFH (8/24) LONGI, ntype [4]
Si(large HIT) 268404 274401 Mlo 16BB/(10+ 10) BB ISFH (10/22) LONGi, n-type [33)
Si (large p-HIT) 266404 2741 () 07513 AL30° 356 ISFH (10/22) LONGi, p-type [34]

Green et al., Prog. Photovolt. Res. Appl., 2025; 0:1-16

PVCellTech 2025 NREL | 3



Wafer size [mm)]

- 210mm]
o i E
+B0.89 ]
180 = azmpn
o H20.4%
+12.8%
+1.6% 1 :‘.“m
180 - - P,
L] - |156mm 158, T5mm
o= +5d, 1%
ol - 125mm
+55.1%
100 -
100mm
& L I i 1 L i L I
1660 1960 20 2010 e
Year

Chen etal., Prog. Photovolt.
Res. Appl. 2023;31:1194-1204

Bigger cells, less Ag

Wafer size M10, G12

Solar Cell Efficiency Tables, version 66.

TABLE2 | ‘Notable exceptions' for single junction cells and submodules: “Top dozen' confirmed results, not class records, measured under the global AM1.5 spectrum (1000 Wm ?) at 28°C (I1EC 60504

32008 or ASTM G-173-03 global).

Classification Efficiency (%) Area (cm?®) V. (V) J, (mA/em?) Fill Factor (%) Test centre (date) Description

Cells @ilicon)
Si (PERC) 250405 4.00(ds) 0.706 427* 828 Sandia (3/99) UNSW, pype [28]
Si (pTOPCon) 26.00.5° 4.015(da) _ SE (11/19) FhG-ISE, p-type [29]
Si (pTBC) 26.140.3" 39857 (da) G 12 0 BB/]' GBB’ Pmax= 10 6W 1@2/18) ISFH, p-type [30]
Si (large PERC) 24.1104¢ 4413 @) 0.6997 41.79¢ 82.3 ISFH (12/24) Trina ptype[31]
Si (large TOPCon) 2641048 3349 () 07412 42.38¢ 84.0 ISFH (5/25) Jinko, ntype [32)
§i (large TBC) 270+0.5" 350.0(0 07487 2.3 $5.8 ISFH (8/24) LONGi, n-type [4]
Si (large HIT) 268404 274.4(0) 07514 4).45% 86.1 ISFH (10/22) LONGi, n-type [33)
Si (large p-HIT) 26.6+0.4 274.1(0 07513 4], 30 $5.6 ISFH (10/22) LONGi, p-type [34)

Green et al., Prog. Photovolt. Res. Appl., 2025; 0:1-16
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Summary of this talk

What: challenges of measuring performance of industrial large area
silicon cells

Why: not just for efficiency records!

Accurate performance rating at a cell line is critical for

* Quality control

* Comparing production cells against champion lab cells
e (Calculating cell to module losses

e Calculating S/W

PVCellTech 2025 NREL | 5



Measurement Workflow

1. Use Calibration Standard (aka Reference Cell) to set light level
2. Place Cell on temperature-controlled stage
3. 4-wire connection (I-loop and V-sense) to the test cell

4. Sweep IV

PVCellTech 2025 NREL | 6



Measurement Workflow

Use Calibration Standard (aka Reference Cell) to set light level «—— At the factory: same cell as
production cells.

Place Cell on temperature-controlled stage Avoids spectral and uniformity
corrections (applied at the
4-wire connection (I-loop and V-sense) to the test cell time of calibration).

Sweep IV

PVCellTech 2025 NREL | 7



Measurement Workflow

1. Use Calibration Standard (aka Reference Cell) to set light level
2. Place Cell on temperature-controlled stage

3. 4-wire connection (I-loop and V-sense) to the test cell «—— Where do you contact a m-BB cell?

4. Sweep IV

PVCellTech 2025 NREL | 8



Measurement Workflow

1. Use Calibration Standard (aka Reference Cell) to set light level
2. Place Cell on temperature-controlled stage

3. 4-wire connection (I-loop and V-sense) to the test cell «——
Where do you contact a OBB cell?

4. Sweep IV

PVCellTech 2025 NREL | 9



Measurement Workflow

Use Calibration Standard (aka Reference Cell) to set light level
Place Cell on temperature-controlled stage

4-wire connection (l-loop and V-sense) to the test cell «—— Where do you contact a m-BB cell?
Where do you contact a OBB cell?

Sweep IV What about the back side for bifacial
cells?

Contacting requirement: must be representative of the cell in the module

PVCellTech 2025 NREL | 10



Probing Silicon PV Cells: option 1

Kelvin probes:
e Minimal shadow on the cell. &

* Severe series resistance limitation on FF
for narrow BBs. X

* Notapplicable to OBB cells. X

20

IV using Kelvin probes 1

Current (A)

On today’s industrial cells Kelvin probing is not ]
representative of the cell in a module

-5 1 1
-3 -2 -1 [}

Voltage (V)

PVCellTech 2025 NREL | 11



Probing Silicon PV Cells: option 2

Continuous probing bars:
* Busbar Resistance Neglecting (brn) —

Can be representative of the cell in a module. &
«  Reproducibility of contacting narrow busbars «
» Significant shadow on the cell (>5%) X

Bothe et al.,37th EUPVSEC, 2020
Rauer at al., Solar Energy Materials and Solar Cells, 248 (2022) 111988
Rauer et al., Solar RRL, 2023, 2300873

PVCellTech 2025 NREL | 12



Probing Silicon PV Cells: option 2

Continuous probing bars:
* Busbar Resistance Neglecting (brn) —

Can be representative of the cell in a module. &
«  Reproducibility of contacting narrow busbars «
» Significant shadow on the cell (>5%) X

5'35 ] ] ] ] I I
Unshaded Isc >

530 -

5251 -

520 -

Isc (A)

510 -

5.061 5

5.00 1 1 1 1 1 1
0 2 4 6 8 10 12 14

# of probe strips
PVCellTech 2025 NREL | 13



Probing and measurement protocol

Continuous probing bars:

Busbar Resistance Neglecting (brn) —

Can be representative of the cell in a module. &

«  Reproducibility of contacting narrow busbars «
Significant shadow on the cell (>5%) can be corrected &

5.35 1 1 1 1 I I
Unshaded Isc >
5.30} .
5.25} d
Measurement sequence: % >20r ’
1. Determine shadow-free Isc by extrapolation vs. # 2 515 ]
of probes (one IV per set-up) 5101 ]
Align 1 probe per BB 505 J
Set light level to achieve Isc from 1
5.00 1 1 1 1 1 1

Sweep IV — brn measurement condition o 2 4 6 8 10 12

# of probe strips

PVCellTech 2025

NREL | 14



Probing and measurement protocol

Measurement sequence:

1. Determine shadow-free Isc by extrapolation vs. #
of probes (one IV per set-up)

Align 1 probe per BB
Set light level to achieve Isc from 1

Sweep IV — brn measurement condition

Continuous probing bars:

Busbar Resistance Neglecting (brn) —

Can be representative of the cell in a module. &
Reproducibility of contacting narrow busbars «
Significant shadow on the cell (>5%) can be corrected &

brn (Probing Bars)

20 T T T

\ 4

15 -
_ BB resistance including
< 10 . . 7
: bri (Kelvin)
0
.5 ] 1
-3 -2 -1 0 1

Voltage (V)
PVCellTech 2025 NREL | 15



Probing and measurement protocol

- N R E L X251V System
=t PV Cell and Module Performance
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0.0 0.2 0.4 0.6 0.8
Voltage (V)
Voc = (0.7420 £ 0.0019) V Imax = (4.986 £ 0.031) A
lsc =(5.322+£0.032) A Vimax = (0.6347 £ 0.0013) V
Jsc = (38.85 1 0.24) mA/cm? Prmax = (3.164 £ 0.028) W
Fill Factor = (80.12+0.72) % Efficiency = (23.10+£0.14) %

Bothe et al.,37t" EUPVSEC, 2020

Continuous probing bars:
* Busbar Resistance Neglecting (brn) —
Can be representative of the cell in a module. %

»  Reproducibility of contacting narrow busbars «
Significant shadow on the cell (>5%) can be corrected &
« Applicable to 0BB cells

* The probing bars become the BBs

e Uniform contacting verified by EL

e Same measurement sequence

. Weak dependence on probing bar spacing

PVCellTech 2025

NREL | 16



Summary

* Measurement sequence to obtain shadow-free Isc and
“‘brn” FF

o Calibration-quality IV measurements

o Reliable input for CTM losses

o Good agreement in interlaboratory comparison
» Scope:

o Calibrate production line cells as reference (golden) cells
for factory tester set-up

o Performance certification under ISO standards

» (Back contact cells, such as IBC, is another story, but
basic principles still apply)

PVCellTech 2025 NREL | 17



NREL’s PV Cell and Module Performance Group

* Independent performance testing of PV cells and
modules since 1980

« Allindustrial and emerging PV technologies

* |SO 17025 accredited for reference cell and
reference module calibrations

* Available to anyone via a web submission portal

» https://www.nrel.gov/pv/pvdpc/
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