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In this study, crystallization was effectively suppressed in Al-based metallic glasses (Al-MGs) during pulverization

by cryo-milling by applying an extremely low processing temperature and using a surfactant. Before AI-MGs can be used as
an additive in Ag paste for solar cells, the particle sizes of the AI-MGs must be reduced by milling. However, during the ball
milling process crystallization of the Al-MG is a problem. Once the AlI-MG is crystallized, they no longer exhibit glass-like
behavior, such as thermoplastic deformation, which is critical to decrease the electrical resistance of the Ag electrode. The main
reason for crystallization during the ball milling process is the heat generated by collisions between the particles and the balls, or
between the particles. Once the heat reaches the crystallization temperature of the Al-MGs, they start crystallization. Another
reason for the crystallization is agglomeration of the particles. If the initially fed particles become severely agglomerated, they
coalesce instead of being pulverized during the milling. The coalesced particles experience more collisions and finally crys-
tallize. In this study, the heat generated during milling was suppressed by using cryo-milling with liquid-nitrogen, which was
regularly fed into the milling jar. Also, the MG powders were dispersed using a surfactant before milling, so that the problem of

agglomeration was resolved. Cryo-milling with the surfactant led to D50 =

10 um after 6 h milling, and we finally achieved a

specific contact resistance of 0.22 mQecm? and electrical resistivity of 2.81 pQcm using the milled MG particles.
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Fig. 1. Results of (a) XRD, (b) DSC, and (c) PSA analysis of the AYNC MG powders before and after the ball milling for 1 h, 2 h, and 6 h
at room temperature, respectively. SEM images of AYNC MG powders (d) before and after the ball milling for (e) 1 h, (f) 2 h, and (g) 6 h,

respectively.
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Table 1. The heat energy for crystallization of the MG powders
during annealing was measured in DSC before and after the ball
milling for 1 h, 2 h, and 6 h.

Oh BM1h BM2h BM6h
1st peak 1846J/g 1297J)/ig 11.041/g 5.261J/g
2nd peak  42.06J/g  3520J)/g 25.65J/g 1595]/g
3rdpeak  28.99J/g 21.51Jg 2345J/g 18.19]/g

Table 2. Average particle size before and after the ball milling for
1 h, 2 h, and 6 h at room temperature measured in PSA.
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Fig. 2. Results of (a) XRD, (b) DSC, and (c) PSA analysis of the AYNC MG powders before and after the cryo-milling for 1 h, 2 h,and 6 h
at room temperature, respectively. SEM images of AYNC MG powders after the cryo-milling for (d) 1 h, (e) 2 h, and (f) 6 h, respectively.
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Table 3. The heat energy for crystallization of the MG powders
during annealing was measured in DSC before and after the ball
milling for 1 h, 2 h, and 6 h.

Oh CMslh CMs2h CMs6h
1st peak 18461J/g 1192J/g 13.39J/g 9.09 J/g
2ndpeak  42.06J/g 34.64J/g 3431J/g 2043J/g
3rdpeak  28.99J/g 32.83J/g 2039J)/g 19.21J/g

Table 4. Average particle size before and after the cryo-milling for
1 h, 2 h, and 6 h at room temperature measured in PSA.

Oh 1h 2h 6h
D10 6.36 pm 3.78 um 4.29 um 7.26 pm
D50 15.0 pm 18.1 um 15.0 um 19.3 um
D90 27.3 um 38.0 um 36.8 um 22.2 um

—_
[})
~
—_
O
—

A w52 2 vjAle= 99

3k 67
milling A]7Fo]] w2 PSA A3} Z1efj ot Fig. 2(c)o]
3l 4=2]+= Table 40J| 4] 221 4= )t} Cryo-milling2 %l
315192 ) 1 hoA+= D50 = 18.1 um, D90 = 38.0 umo)|
11, 2 hoj| A+=D50 =15.0 um, D90 = 36.8 um©] ¢it}. 1 he}
2hE AW AL W DL A7) Ak Axpe] 7]
7} B 2718141 o= 2 7] milling THA| of| A ¥HA 51

Bko] 3 WS S 2shA R A0 Welth 6hE
238519 wff D50=19.3 um, D90 =222 ym=Z LS 2

Ao AL B 717} chs A W% ek
(Table 4). Fig. 2(d-f)+= cryo-milling 213§ & SEM A}Z| o
t}. Fig. 2(d)@} Fig. 2(e)= U H S A 33t Sof e Bk 57
(P EREEES PR BT R
o1 A151of 9= 7% 8 4 51tk Fig 20 6h5h U3

_

S AYSE T ARl A2717F & e vigo] oA 2
+o}°ﬂ ARE o 78] Fopglom Hiko] 3] ddE &4
sho] 231 AF2 ErEo] ZaF =

= =
Cryo-milling-&- 6 h-3-2F A 3§ 5}
AA3 el 2
millingo] A1 ©] = 3o 73}

i)

3.1.3. A EA +

Cryo-milling©. & Z
o AAshe os] v
A oln] TAH U= o
Sofluix) 2 2lsto]
S A Lot
of FAHAIE ol&sto] T3

1
=
i
2

ox 0l
:

)
ot
I
N
Y
ju}
2
o
o
5
d ;:&
R

Hd
ol

biek 1 ol 9

2 _>_i
ol
-
2

dr iy
=R~}
AL o

o K
o
©
o
oX ©
=2
Rnd
Oﬂmﬁ

=
1%
i

>
QL
pach
41
_EL
)
_>.:

o
X

=)
filo

ARSI} 51

1=}
gL

e a-Ale ALY vAINTY

CM s 6h
CM s 2h

CM s 1h

CM s2h

Intensity (a.u.)
Heat Flow (a.u.)

CM s 1h
[Unmilled Powder _ N/ \

—_

C) 12

10

— unmilled powder
—CM_s 1h
_CM_s2h
oL —CM_s éh

Volume density (%)

50 100 150

200

Temperature (°C)

250 3 350 400

Fig. 3. Results of (a) XRD, (b) DSC, and (c) PSA analysis of the AYNC MG powders before and after the cryo-milling for 1 h, 2 h, and 6 h
at room temperature, respectively. SEM images of AYNC MG powders after the cryo-milling for (d) 1 h, (e) 2 h, and (f) 6 h, respectively.

The MG powdered were dispersed using a surfactant before the milling.
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milling for 1 h, 2 h, and 6 h. The MG powders were dispersed using
a surfactant before the cryo-milling.

Oh CM1h CM2h CM6h
1st peak 18.461J/g 12.68J/g 14.02J)/g 13.55J/g
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3rdpeak  2899J/g 27.81Jg 25.60J/g 2322]/g

Table 6. Average particle size before and after the cryo-milling for
1 h, 2 h, and 6 h at room temperature measured in PSA. The MG
powders were dispersed using a surfactant before the cryo-milling.
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Fig. 4. The weight loss of the dispersed MG powders was measured in TGA after the cryo-milling for (a) 1 h, (b) 2 h, and (c) 6 h.
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Table 7. The contact resistance measured from the Fig. 5 and electrical resistivity of the Ag electrode fabricated by the Ag paste with the

pulverized MG powders by the cryo-milling with a surfactant.

Surfactant + Cryo-milling 6 h 1 2 3 4 5 Average
Contact resistance (mQcm?) 0.113 0.198 0.214 0.281 0.292 0.220 £ 0.072
Electrical resistivity (u{2cm) 3.21 2.51 2.58 2.74 2.95 2.81+£0.29
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Fig. 5. Resistance measured five times (a-e) from the TLM pattern of Ag electrode fabricated by the Ag paste with the pulverized MG

powders by the cryo-milling with a surfactant to calculate the contact resistance of the Ag electrode. Digital images of (f) TLM pattern and

line electrode to measure electrical resistivity of the Ag electrode on Si wafer (15.5 cm x 15.5 cm).
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