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Introduction and motivation

• ECAs → Electrically conductive adhesives.

• Broad formulation:

Conductive fillers (80-95 wt.%) + Insulating polymer matrix (5-20 wt.%)

• ECA advantages () and disadvantages ():

• ECA applications: IBC/busbarless cells, shingling, VIPV, SHJ interconnection, 

conductive backsheets

 Advantages

Lead-free Low temperature

Do not use flux Is mechanically flexible

Fine pitch possible Can be cured during 
lamination

 Disadvantages

Use silver Its thermal/electrical conductivity is 
lower

It bleeds Require low temperature for storage

Long-term performance/reliabiliy is unknown
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Introduction and motivation

• ECA-based joints requires → long-term performance research

• Long-term research → electrical characterization of the joint

• Figure of merit → contact resistivity (𝝆𝒄)

• Literature and research groups focus on extrapolation of 𝜌𝑐 using 

ECA-based joints with multiple contact layers.

• We aim to characterize 𝜌𝑐 for „pure“ ECA-based joints. That is, 

joints that only posses the adhesive adjacent to one adherend.

• This way we are able to see the contribution of the contact 

resistance separatedly.

• We aim to use real-world applicable geometries.

[1] T. Geipel, “Electrically conductive adhesives for photovoltaic modules,” 2018.

Adherend 1

Adherend 2

Adhesive Adherend 1 Adherend 2 𝝆𝒄 [mΩ cm²]

Not specified Ag-coated ribbon Low-temperature Ag 
paste

0.1

Ag-filled
acrylate

Ag-coated ribbon Sintered Ag paste 0.09 to 0.55

CNT-filled 
epoxy

Ag-coated ribbon Sintered Ag paste 3.9

Ag- reduced 
silicone

Ag-coated Cu
OSP-treated Cu

Not specified <0.1

Not specified Not specified Not specified 0.07 to 0.6

Four ECAs Evaporated Ag Sn(Pb) Ag 0.1 to 1

Epoxy based Ag-coated ribbon Front Ag busbar 0.003 to 0.012

Epoxy based Ag-coated ribbon Rear Ag busbar 0.05 to 0.1
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Theoretical background
Transmission Line Method (TLM)

Assumptions:

• Voltage at the metal 

contact is 

homogeneous 

(Reference voltage).

• There are vertical 

(𝑅𝑐) and horizontal 

currents (𝑅∎).

• Horizontal current is 

homogeneous 

withing the emitter.

𝑼 𝒙 = 𝑼𝟎 𝐞𝐱𝐩 −
𝒙

𝝆𝒄/𝑹∎[2] W. Shockley, “Research and investigation of inverse epitaxial UHF power transistors,” Air Force Atomic 
Laboratory, Wright-Patterson Air Force base, Ohio, Rep. AL-TOR-64-207, Sept. 1964.
[3] H. H. Berger, “Models for contacts to planar devices,” Solid State Electron., vol. 15, no. 2, pp. 145–158, 1972.
[4] Goetzberger A., Knobloch J., Voß B, “High Efficiency Solar Cells”, Crystalline Silicon Solar Cells, Ch. 6, pp. 87-131, 2014.
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Theoretical background
Transmission Line Method (TLM)

Assumptions:

• Voltage at the metal 

contact is 

homogeneous 

(Reference voltage).

• There are vertical 

(Rc) and horizontal 

currents (Rsh).

• Horizontal current is 

homogeneous 

withing the emitter.

𝑼 𝒙 = 𝑼𝟎 𝐞𝐱𝐩 −
𝒙

𝝆𝒄/𝑹∎

• If the transfer length is designated as:

𝑳𝑻 = 𝝆𝒄/𝑹∎

the voltage drops to 1/𝑒 after the 

distance 𝐿𝑇 and the current under 

the metal reduces accordingly.

• The transfer length (𝑳𝑻) is a 
characteristic variable for the 
current path.

• This mathematical analysis yield to 
the following contact resistance (𝑅𝑐):

𝑹𝒄 =
𝑳𝑻 ⋅ 𝑹∎

𝑾
⋅ 𝐜𝐨𝐭𝐡

𝑳

𝑳𝑻

[2] W. Shockley, “Research and investigation of inverse epitaxial UHF power transistors,” Air Force Atomic 
Laboratory, Wright-Patterson Air Force base, Ohio, Rep. AL-TOR-64-207, Sept. 1964.
[3] H. H. Berger, “Models for contacts to planar devices,” Solid State Electron., vol. 15, no. 2, pp. 145–158, 1972.
[4] Goetzberger A., Knobloch J., Voß B, “High Efficiency Solar Cells”, Crystalline Silicon Solar Cells, Ch. 6, pp. 87-131, 2014.
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Theoretical background
TLM summary

• 𝑳𝑻 → transfer length [m]

• 𝝆𝒄 → contact resistivity [Ω m²]

• 𝑹𝒔𝒉 → sheet resistance [Ω /]

• 𝑹𝒄 → contact resistance [Ω]

• 𝑾𝒄 → width of the contact [m]

• 𝑳𝐜 → length of the contact [m] 

(1) 𝑳𝑻 = 𝝆𝒄/𝑹𝒔𝒉

(2) 𝑹𝒄 =
𝑳𝑻⋅𝑹𝒔𝒉

𝑾𝒄
⋅ 𝐜𝐨𝐭𝐡

𝑳𝒄

𝑳𝑻
(3) 𝑹𝒄 =

𝒏𝒚

𝟐

(4) 𝑹𝒔𝒉 = 𝒎 ⋅𝑾

(5) 𝑹𝒍 = 𝒎

Consistency:

The transfer length can 
be also obtained as:

𝐿𝑇 =
𝑛𝑦

2𝑚

𝐿𝑇 =
𝑛𝑥
−2

where:

• 𝑛𝑥 → x-axis intercept.

• 𝑛𝑦 → y-axis intercept.

• 𝑚 → slope.
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Theoretical background
Contact End Resistance

• TLM major problem → diffusion resistance contributes the major part of the sensed resistance and 

the determination of 𝑹𝒄 is unreliable.

• 𝜌𝑐 can be determined from Contact End Resistance (CER) measurements using TLM.

• The contact end resistance (𝑹𝒆) can be obtained in the following two ways:

[5] J. Chern, W. Oldham, “Determining Specific Contact Resistivity from Contact End Resistance Measurements,” IEEE Electron Device Lett., vol. EDL-5, no. May, pp. 178–180, 1984.
[6] G. Reeves and H. Harrison, “Obtaining the Specific Contact Resistance from Transmission Line Model Measurements,” IEEE Electron Device Lett., vol. EDL-3, no. May, pp. 111–113, 1982.

𝑹𝒆 =
𝟏

𝟐
𝑹𝟏 + 𝑹𝟐 − 𝑹𝟑𝑹𝒆 =

𝑽

𝑰

• In order to use CER with 
TLM, 𝑅𝑒 is expressed in 
TLM parameters as:

𝑹𝒆 =
𝑳𝑻 ⋅ 𝑹𝒔𝒉

𝑾𝒄
⋅

𝟏

𝐬𝐢𝐧𝐡
𝑳𝒄
𝑳𝑻

Note: 𝐿𝑇 is now obtained without 
using 𝑅𝑐
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Sample
Design & preparation

• Because ECA must be mechanically pressed during curing, the following design was developed to 

use TLM and TLMCER with ECA-based joints:

• The metallization (also called fingers)

varied from 0.2 to 1.5 mm width.

• Two different ECAs (ECA 1 & ECA 2) tested: Microscope glass
(Note: with load on top 
during curing)

ECA line (Note: adhesive in joint)

Metallization
(Note: Adherend in joint)

Wafer 
(Note: only support, no contact 
with metal. Highly resistive SiNx)

ECA 1 ECA 2

Poylmer Acryl Acryl

Filler Silver Silver

Viscocity (uncured, 

shear rate 15Hz)
28,400 mPa·s 13,900 mPa·s

Specific gravity
(uncured)

1.9 g/cc 4.4 g/cc

Volume resistivity
(cured 15 min, 150°C)

1.2mΩ-cm 0.27 mΩ-cm
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Sample
Design & preparation

• For each ECA (1, 2) and finger width set (0.2 – 1.5 mm) three samples were 

manufactured and measured, with a total of 36 samples.

• A robot was used to automatically dispense the ECA using the same configuration 

for all 36 samples.

• The microscope glass was manually placed without applying pressure.

• Each pack of three samples were cured together inside a laminator with the 

following recipe:

Step Time [s] Temp. [°C] Vup [mbar] Vdown [mbar] PINs

1 3 160 0 1000ON

2 300 160 500 0OFF

3 9999 160 0 1000ON

Curing step
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Sample
Design & preparation

• 18 samples with ECA 1

Finger width/
Contact length

ECA width [mm] Contact width [mm]

Median
Standard 
deviation

Median
Standard 
deviation

0.2 mm 0.5120 0.0229 0.5803 0.0356

0.4 mm 0.4784 0.0330 0.5044 0.0508

0.8 mm 0.4097 0.0357 0.4269 0.1412

1.0 mm 0.4096 0.0463 0.4534 0.0939

1.2 mm 0.3925 0.0251 0.4268 0.0394

1.5 mm 0.3925 0.0350 0.4180 0.1297

ECA spreading over the finger is 
wider than over the wafer.
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Sample
Design & preparation

• 18 samples with ECA 2

Finger width/
Contact length

ECA width [mm] Contact width [mm]

Median
Standard 
deviation

Median
Standard 
deviation

0.2 mm 0.4951 0.0252 0.5547 0.0895

0.4 mm 0.3925 0.0231 0.4436 0.0321

0.8 mm 0.3587 0.0152 0.4098 0.0289

1.0 mm 0.3072 0.0136 0.2901 0.0214

1.2 mm 0.3413 0.0199 0.3243 0.0322

1.5 mm 0.3584 0.0238 0.3583 0.0387

ECA spreading over the finger is 
wider than over the wafer.

Lower standard deviation in comparison to samples with ECA 1.

Best samples with the most 
homogeneous ECA line.
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𝜌𝑐 extrapolation methodology
Removing finger resistance contribution

• Calculation of the line resistance of the finger (𝒓𝑭) in Ω/m:

𝑟𝐹 =
𝑅@𝑊𝐹 − 𝑅@𝐻𝐹

2(𝑑@𝑊𝐹 − 𝑑@𝐻𝐹)

• Calculation of the resistance used for TLM plot:

𝑅𝑇𝐿𝑀
𝑊𝐹 = 𝑅@𝑊𝐹 − 2 ⋅ 𝑟𝐹 ⋅ 𝑑@𝑊𝐹

𝑅𝑇𝐿𝑀
𝐻𝐹 = 𝑅@𝐻𝐹 − 2 ⋅ 𝑟𝐹 ⋅ 𝑑@𝐻𝐹

• The median is used:

𝑅𝑇𝐿𝑀 = median 𝑅𝑇𝐿𝑀
𝑊𝐹 , 𝑅𝑇𝐿𝑀

𝐻𝐹

Whole finger measurement (R@WF):

Half finger measurement (R@HF):

d@WF

d@HF
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𝜌𝑐 extrapolation methodology
TLM, TLMCER and ECA width variation
• Due to the (small) standard deviation of the width of the 

ECA line, we differentiate between width of ECA bulk and 

width of the contact.

• 𝑊𝑒𝑐𝑎 is used in TLM to calculate the sheet resistance of the 

ECA:

𝑹𝒔𝒉 = 𝒎 ⋅𝑾𝒆𝒄𝒂

• 𝑊𝑐 and 𝐿𝑐 are used in TLM and TLMCER to calculate the 

transfer length:

𝑻𝑳𝑴 → 𝑹𝒄 =
𝑳𝑻 ⋅ 𝑹𝒔𝒉

𝑾𝒄
⋅ 𝐜𝐨𝐭𝐡

𝑳𝒄
𝑳𝑻

𝑪𝑬𝑹 → 𝑹𝒆 =
𝑳𝑻 ⋅ 𝑹𝒔𝒉

𝑾𝒄
⋅

𝟏

𝐬𝐢𝐧𝐡
𝑳𝒄
𝑳𝑻

𝑾𝒄

𝑾𝒆𝒄𝒂

𝑳𝒄
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𝜌𝑐 extrapolation methodology
Current injection levels

• To study the effect of the current injection, measurements 

between any two fingers were done with a current sweep.

• Keithley 2602A Source Meter Unit and two kelvin probes 

with a flat tip with a diameter of ~390 µm were used.

• The injected current levels applied are (in the order here 

presented):

0.0001 A – 0.0005 A – 0.001 A – 0.005 A – 0.01 A – 0.05 A

• The current sweep settling time is fixed and equal to 5 ms.

• The sensed voltage was printed after 2 s after the sweep 

was done.
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Results
Finger line resistance 𝑟𝐹 [Ω/mm]

• High current injection: 0.05 A • Small current injection: 0.0001 A
ECA

Finger 
width 
[mm]

Median 
[Ω/mm]

Median
Absolute 
Deviation
[Ω/mm]

N

ECA 1

0.20 0.02937 0.00027 18

0.40 0.01088 0.00085 28

0.80 0.00456 0.00063 28

1.00 0.00373 0.00055 24

1.20 0.00289 0.00061 28

1.50 0.00252 0.00061 26

ECA 2

0.20 0.03297 0.00189 28

0.40 0.01155 0.00039 28

0.80 0.00434 0.00018 26

1.00 0.00435 0.00176 28

1.20 0.00379 0.00225 24

1.50 0.00186 0.00048 22

Lower deviation of 𝑟𝐹-median 
using:
• high current injection levels due 

to less parasitic effects during 
current flow.

• 𝑟𝐹 calculated either with ECA 1 
or ECA 2 samples match.

• no trend can be found in the 
deviation of the data.
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Results
𝑅𝑙 [Ω/mm] from TLM

• 𝑅𝑙 do not depend on the 

injected current level 

(0.0001 – 0.05 A). 

• 𝑅𝑙 decreases with ECA width. 

𝜌 ≡ 𝑅 ⋅
𝐴

𝑙
=
𝑅

𝑙
⋅ 𝑊 ⋅ 𝑡 → 𝑹𝒍 =

𝝆

𝑾 ⋅ 𝒕

• 𝑅𝑙 (ECA 2) <𝑅𝑙 (ECA 1)

𝑹𝒍 = 𝒎
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Results
𝑅𝑠ℎ [Ω/] from TLM

• 𝑅𝑠ℎ do not depend on the 

injected current level 

(0.0001 – 0.05 A). 

• 𝑅𝑠ℎ increases with ECA width. 

𝑅𝑠ℎ ≡
𝜌

𝑡
=

𝑅
𝑙
⋅ 𝑊 ⋅ 𝑡

𝑡
→ 𝑹𝒔𝒉 =

𝑹 ⋅𝑾

𝒍

• 𝑅𝑠ℎ (ECA 2) < 𝑅𝑠ℎ (ECA 1).

𝑹𝒔𝒉 = 𝒎 ⋅𝑾𝒆𝒄𝒂
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Results
𝜌𝑐 [mΩ-cm²] from TLM

ECA 1 ECA 2• Better agreement on 
calculations for high current 
injection levels (0.01 – 0.05 A).

• Contact resistivity depends on 
contact size.

• TLM seems to be affected by 
major contribution of bulk 
resistivity.
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Results
𝜌𝑐 [mΩ-cm²] from TLM with CER

ECA 1 ECA 2• Better agreement on calculations 
for high current injection levels 
(0.01 – 0.05 A).

• Contact resistivity is less affected 
by contact size for adhesives with 
lower bulk resistivities.

• Higher contact sizes agreed 
better for adhesives with lower 
bulk resistivities. 

• ECA 2 best samples used wider 
fingers (1.0 – 1.5 mm).

• The contact resistivity tends to 
varies even less for different contact 
areas using these samples.
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Conclusions

• Finger resistance can be successfully calculated and removed, independently of the 
ECA used.

• Independently of the method used, the size of the contact or the ECA used, higher 
injection levels are more consistent (~10 mA).

• TLM can accurately describe parameters associated to the ECA bulk as:

• Line resistance, 𝑅𝑙 [Ω/mm]

• Sheet resistance, 𝑅𝑠ℎ [Ω/]
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Conclusions

• 𝝆𝒄 extrapolated with TLM depends on contact size when the bulk resistivity of the 
ECA is high enough.

• 𝝆𝒄 extrapolated with TLM and CER together depends less on contact size in 
comparison to TLM. This dependency can be further improved by:

• Using ECA with low bulk resistivities (> 1 × 10−3 Ω 𝑐𝑚², according to T. Geipel
simulations).

• Dispensing a more homogeneous ECA line.

• Future work considers the extrapolation of 𝝆𝒄 from through-joint measurements 

test structures (like shingling joints).
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