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Introduction and motivation

e ECAs — Electrically conductive adhesives.
e Broad formulation:
Conductive fillers (80-95 wt.%) + Insulating polymer matrix (5-20 wt.%)

* ECA advantages (¥') and disadvantages (%):

v' Advantages % Disadvantages

Lead-free Low temperature Use silver Its thermal/electrical conductivity is

Do not use flux Is mechanically flexible lower

Fine pitch possible Can be cured during It bleeds Require low temperature for storage
lamination Long-term performance/reliabiliy is unknown

* ECA applications: IBC/busbarless cells, shingling, VIPV, SHJ interconnection,
conductive backsheets

Metallization & Interconnection

15.11.2021 Contact resistivity of ECA-based joints: How to extrapolate it? m WORKSHOP 2021

10TH EDITION for Crystalline Silicon Solar Cells




Introduction and motivation

Adherend 1 Adherend 2 pc [mQ cm?]

Adherend 1

Not specified  Ag-coated ribbon  Low-temperature Ag 0.1
paste
Ag-filled Ag-coated ribbon  Sintered Ag paste 0.09 to 0.55
acrylate
CNT-filled Ag-coated ribbon  Sintered Ag paste 3.9
epoxy
Ag- reduced Ag-coated Cu Not specified <0.1
silicone OSP-treated Cu
Not specified  Not specified Not specified 0.07to 0.6
Four ECAs Evaporated A Sn(Pb) A 0.1to1 - .
p g (Pb) Ag OB @W@
Epoxy based Ag-coated ribbon  Front Ag busbar 0.003 to 0.012 @ @) A O
Epoxy based  Ag-coated ribbon  Rear Ag busbar 0.05to 0.1 =z = 20 o
Adherend 2
[1] T. Geipel, “Electrically conductive adhesives for photovoltaic modules,” 2018.
Metallization & Interconnection
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heoretical background
ransmission Line Method (TLM)
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[2] W. Shockley, “Research and investigation of inverse epitaxial UHF power transistors,” Air Force Atomic
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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., VoR B, “High Efficiency Solar Cells”, Crystalline Silicon Solar Cells, Ch. 6, pp. 87-1

31,2014.
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Assumptions:

* Voltage at the metal
contact is
homogeneous
(Reference voltage).

* There are vertical
(R.) and horizontal
currents (Rg).

* Horizontal current is
homogeneous
withing the emitter.

(x)
VP:/Ra

Ulx) =Uyexp|—
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heoretical background
ransmission Line Method (TLM)

oM pu=0 Assumptions:
L I : -:‘L_
_ nt-emitter t‘gﬁc 1§Rc $Rc © » Voltage at the metal * If the transfer length is designated as:
v i N i N .
[-—» -—'vn'ﬁ—-«q% AW contact is
X— LE _'x:_d" homogeneous Ly =\/pc/Ra
<" p-si < (Reference voltage).

the voltage drops to 1/e after the

* There are vertical _
«—— Contact —— distance Lt and the current under

(Rc) and horizontal

the metal reduces accordingly.
currents (Rsh).

e The transfer length (L7) is a

oo T * Horizontal current is characteristic variable for the
= e
0 A homogeneous current path.
LT - — . . .
\/ withing the emitter. : : N
Ro g e This mathematical analysis yield to
N T—— (x) the following contact resistance (R,):
—X — Ly — Ux)=Ugexp|— | ——
0 VPc/Ra L+ R L

[2] W. Shockley, “Research and investigation of inverse epitaxial UHF power transistors,” Air Force Atomic R _ T | . th .
Laboratory, Wright-Patterson Air Force base, Ohio, Rep. AL-TOR-64-207, Sept. 1964. c co
[3] H. H. Berger, “Models for contacts to planar devices,” Solid State Electron., vol. 15, no. 2, pp. 145-158, 1972. W LT

[4] Goetzberger A., Knobloch J., VoR B, “High Efficiency Solar Cells”, Crystalline Silicon Solar Cells, Ch. 6, pp. 87-131, 2014.
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heoretical background
LM summary

Consistency:

—S —>f

The transfer length can
be also obtained as:

(1) Ly = vV Pc/Rsh

(2) R, = Z8sh . coth (L)

W, Ly

n
e Ly - transfer length [m] B)R, = 7}’ where:

*  p. — contact resistivity [Q m?] * n, — X-axis intercept.
* R, — sheet resistance [Q /] 4 Rp=m-W .

« R. — contact resistance [Q] ° N, —y-axisintercept.
« W, - width of the contact [m] (5)R;=m « m - slope.

L. — length of the contact [m]

Metallization & Interconnection
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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 R, is unreliable.

* p. can be determined from Contact End Resistance (CER) measurements using TLM.

* The contact end resistance (R,) can be obtained in the following two ways:

(D— T R -
l -—T 1 l NS 1 3 * In order to use CER with
D . .
# | #2 #3 #4 - R2 TLM, R, is expressed in
T I AILIL \T AL 77777 TLM parameters as:
e SIAAEL Reo Re Rc2
g R_
\— A Ra 8 R Lt - Rgp 1
L ) — .
(RC'RE] (RC-REJ e ] L
| W, sinh [ <
Ly
v R, = =(Ry + R, — Ry)
R, =— = 5 Uy 2 — I3
e I € 2 Note: L1 is now obtained without
[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. USing Rc

[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.
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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: Wafer

(Note: only support, no contact

The metallization (also called fingers) with metal. Highly resistive SiNx)

varied from 0.2 to 1.5 mm width. Metallization
(Note: Adherend in joint)

Two different ECAs (ECA 1 & ECA 2) tested: —
%

Acry| ACI’Y' ECA line (Note: adhesive in joint)
PECCUNCCC A 28,400 mPa:s 13,900 mPa-s
shear rate 15Hz)
Specific gravity 1.9 g/cc 4.4 g/cc
(uncured)
LTGRO 1.2 mQ-cm 0.27 mQOQ-cm
(cured 15 min, 150°C)

Metallization & Interconnection
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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:

mm
1 10000N
Curing step —> ) 3oo 160 500 OOFF
3 9999 160 0 10000N

Metallization & Interconnection
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Sample
Design & preparation

* 18 samples with ECA 1

Finger width/ ECA width [mm] Contact width [mm]

R vecon o medon oo
0.0229 0.0356
0.0330 0.0508
0.0357 0.1412
0.0463 0.0939
0.0251 0.0394
0.0350 0.1297
ECA spreading over the finger is
wider than over the wafer.
@ 15.11.2021 Contact resistivity of ECA-based joints: How to extrapolate it? % :‘?:éEK%EEEE:%EE?: 10



Sample
Design & preparation

e 18 samples with ECA 2

Finger width/ ECA width [mm] Contact width [mm]

Contact length Median Z:’ri\:t?;: Median Zz’?:t?;:
0.0252 0.0895
0.0231 0.0321
0.0152 0.0289
0.0136 0.0214
0.0199 0.0322
0.0238 0.0387

Best samples with the most
homogeneous ECA line.

Lower standard deviation in comparison to samples with ECA 1.

Metallization & Interconnection
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p. extrapolation methodology
Removing finger resistance contribution

* Calculation of the line resistance of the finger (1) in Q/m: Whole finger measurement (R@WF):

R@WF — R@HF
2(d@WF — d@HF)

T'F:

 Calculation of the resistance used for TLM plot:

RTLM = R@HF — 2 -1 - d@HF Half finger measurement (R@HF):

* The median is used:

R71y = median (RTLMIRTLM

Metallization & Interconnection
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p. extrapolation methodology
TLM, TLMCER and ECA width variation

* Due to the (small) standard deviation of the width of the
ECA line, we differentiate between and
width of the contact.

* W,.q is used in TLM to calculate the sheet resistance of the
ECA:
RSh =m:

 W.and L, are used in TLM and TLMCER to calculate the
transfer length:

L;-R
TLM - R, = TW St coth (L—>
T

Cc

Ly - Ry 1
CER - R, =— L
(o i ¢
sinh ( LT)
Metallization & Interconnection
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p. 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 um were used.

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

presented):
0.0001 A- 0.0005A- 0.001A-0.005A—- 0.01A-0.05A

* 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.

agrhSnm i PR
N SN S e
Metallization & Interconnection
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Results
Finger line resistance 1 [QQ/mm]

Lower deviation of rz-median ATL3E0 L2 E S 208

. . 0.035 T (Current: 0.01 - 0.05 A)
using. - D ECA 1
* high current injection levels due [EELLEEE= JECA2

oy ® . é

to less parasitic effects during Soo2s. | |

current flow. 5 0020
* 77 calculated either with ECA1 [

or ECA 2 samples match. 3

i £0.010 @
* no trend can be found in the = é
. 5 0.005 =
deviation of the data. = ?E ==
0 0.2 04 0.8 1 1.2
Finger width [mm]
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Results N
R; [Q/mm] from TLM L

ECA i ist f TLM
* R; do not depend on the ine resistance from

0.35 3 ®ECA 1
injected current level | . AN
—_ $ '
(0.0001 - 0.05 A). v E 030 T005A
¢
: : v © (.25
* R; decreases with ECA width. 9 s
p % 0.20 ) 5 )
Rl _ ; & qr
W -t < - N ¢
<015 o ° .
H : @ g
* R; (ECA2)<R; (ECA 1)V I
0.30 0.35 0.40 0.45 0.50 0.55

ECA width [mm]

Metallization & Interconnection
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Results
R, [Q/U] from TLM

Rsp =m - W,

* R, do not depend on the
injected current level
(0.0001-0.05A). v

* Ry, increases with ECA width. v/

* R, (ECA2) <Ry, (ECA1). v/

0.16

0.14

0.12

e e ©
o o =
o 1o o

ECA sheet resistance, Rsh [Q/0]

o
o
B

0.30

ECA sheet resistance from TLM

15.11.2021 Contact resistivity of ECA-based joints: How to extrapolate it? m

¢

%

& &

0.40 0.45
ECA width [mm]

®ECA 1
®ECA 2
©0.0001 A
+0.05 A

0.50 0.55

Metallization & Interconnection
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Results
p. [MQ-cm?] from TLM

e Better agreement on Contact resistivity from TLM

1.0e+0
(Current: 0.01 - 0.05 A)

calculations for high current —ECA T
injection levels (0.01 — 0.05 A).

. —ECA2

&0
o
®

—

6.0e-1

* Contact resistivity depends on
contact size.

4.0e-1

2.0e-1

Contact resistivity, pc [nOhm-cm?]

* TLM seems to be affected by

major contribution of bulk
resistivity.

0.0e+0

0.1 0.2 0.3 04 0.5 0.6 0.7
Geometrical area [mm?]

Metallization & Interconnection
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Results
p. [MQ-cm?] from TLM with CER

* ECA 2 best samples used wider 0., CONtact resistivity from TLM with CER
Lole-
fineers (1.0 - 1.5 mm). | (Current: 0.01 - 0.05 A)
5 ( ) j:ge 1 (Finger width: 1.0 - 1.5 mm)
* The contact resistivity tends to 2'009‘1 —ECA 1
S e 2

varies even less for different contact £ 1.s0e1

N
e
¥
e
<
O
areas using these samples £ 160e-1
g PIES. 2
Q 1.40e-1
Finger width/ W Contact width [mm] .é‘ 1 20e-1
Contact length . Standard . Standard 2 €
Median .. Median . . 0
deviation deviation ‘= 1.00e-1
@
0.2 mm 0.4951 0.0252 0.5547 0.0895 =
+ 8.00e-2
0.4 mm 0.3925 0.0231 0.4436 0.0321 8
c 6.00e-2
0.8 mm 0.3587 0.0152 0.4098 0.0289 8
1.0 mm 0.3072 0.0136 0.2901 0.0214 4.00e-2
1.2 mm 0.3413 0.0199 0.3243 0.0322 2.00e-2
1.5 mm 0.3584 0.0238 0.3583 0.0387 0.00e+0
Best samples with the most 0.3 04 0.5 0.6 0.7
homogeneous ECA line. Geometrical area [mm?]

Metallization & Interconnection
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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, R; [Q/mm]

Sheet resistance, Ry, [Q/L]

Metallization & Interconnection
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Conclusions

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

* p. 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 x 1073 Q ¢m?, according to T. Geipel
simulations).

Dispensing a more homogeneous ECA line.

* Future work considers the extrapolation of p,. from through-joint measurements

test structures (like shingling joints).

Metallization & Interconnection
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