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Abstract

Screen printing of commercially available Ag paste is the most widely used method for the front side
metallization of Si solar cells. However, the metallization using Ag paste is expensive and needs high tem-
perature annealing for reliable contact. Among many metallization schemes, Ni/Cu/Sn plating is one of the
most promising methods due to low contact resistance and mass production, resulting in high efficiency and
low production cost. Ni layer serves as a barrier which would prevent copper atoms from diffusion into
the silicon substrate. However, Ni based schemes by electroless deposition usually have low thermal stability,
and require high annealing process due to phosphorus content in the Ni based films. These problems can
be resolved by adding W element in Ni-based film. In this study, Ni-W-P alloys were formed by electroless
plating and properties of it such as sheet resistance, resistivity, specific contact resistivity, crystallinity, and
morphology were investigated before and after annealing process by means of transmission line method (TLM),
4-point probe, X-ray diffraction (XRD), and Scanning Electron Microscopy (SEM).
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Fig. 1. SEM image and thickness of Ni-W-P deposited on commercial crystalline silicon solar cells at various

temperature and time.
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Fig. 2. (a) sheet resistance and (b) resistivity of Ni-W-P deposited on commercial crystalline silicon solar cells at

various temperature and time.

50°ColA] Ni-W-PE 5% &<t Az 3F du e
AR 71 m=Fo] © EFo] FFelxx] It
o AZro] AGFE HAAE = FAE S

[e)

HEE Ni-W-P7F 70°Cell A sig)t A2k & A
kAR 7|FAE Fo] FHE Ni-W-P2Q| seed
7F Az =7] AT g A 7ko]
2te= FAZE FAYLA7] AAE
AT &, &7 B3 EFEHE
AEZ AR 713l Ni-W-PE]
YA WA FATE FANA = A
25 B AIZko] F34 o] o]F
25 B AIke] F71ste] mel 54 o] 29 o]F
Tk F7ksle YEhve 342 vzt O]E
Q13 50°CellA= seed7t AZE7] 7b4] £=7F =
21, 70°CllM e Az £xrt w27 wo 24
&l A A (nucleation)ol] 1ol 60°ColA =g3dl= &
\:7} o};d 2—1 o] 74 o= ,&1;_}5_]1:]_

a9 2= AF 2Eef ATkl mE W %
resistance)3} H] A &(resistivity) =4 AAE
A Aoltk | A3 B oH AFgS SAD 0
A& a3t sh7] s 4 point probes ©]
=339k, =79 FAVE FAYEATSE W AP
FolA|= widHo| H] A3} 583 Hs gle A

N
o
o

r
L

3 (sheet

29 32 Ni-W-Pejgdxz] Z71o] ©E XRD ¢
olgfolt}t. A 2% W A7k WE HIF EfY
AA 71| =FE Ni-W-PFollA 7P FdsHA

=5 60°ColA 1038 B A2 eFdA 715
of Mate MES o]&3)] 95% N,+5% H, 917
oAl 100°CH-E 500°C7HA 100°C AR 255
S7HA EXEE AT FAE S gle)
7] 93}o] JCPDS No.74-1384, 27-1408, 27-1402

A
—_—

F500C-60
r

206(deg.)

Fig. 3. X-ray diffraction patterns of Ni-W-P at 60°C for
10minutes at annealing temperatures from 100°C to
500°C for 30min each (A : NisP, B : Ni,Si, C : Ni,P, D :
NiSi, E : NiP, \/ : Si substrate).

283 04-08502 FEkith g
oA FE A ﬂl PR 7%

A== F3UE 2 NP Aol #EE = AL F
ol & 47 Ao} 3 A-S NipSi, NiSi, NiSi, =



58 et 9/e=tnd

off

107
@10
[
g_ 0 - L] - ] » ®
» 10°F
o]
810"F
c
B o
[
= of = 30min
_§10 o 60min
[72) s 240min
107 100 200 300 400 500
Annealing Temperature( C)
(a)
1
T o = 30min
s 1o'L ¢ 60min
% A 240min
3 10%
§ 10"
_% 10?
w )< L
9.’ - | ]
-
§ 10°L ¥ ¥ " i
[72]
10*

0 100 200 300 400 500
Annealing Temperature (C)
(c)

10"

102+
~10°}
E L] L] - L ] [ ]
& 10 *
:‘;10'5-
:Z \6
[} 10 L
& = 30min

107F ¢ 60min

. 4 240min
10°

0 100 200 300 400 500
Annealing Temperature (C)

(b)

10*
= 30min
e 60min
10°F 4 240min
§ | '
Cansl
o . i . :
=
h7
‘#7107 -
&
108+

0 100 200 300 400 500
Annealing Temperature (C)

(d)

Fig. 4. Effects of annealing temperature on (a) sheet resistance of Ni-W-P, (b) resistivity of Ni-W-P, (c) sheet

resistance of Ni-W-P/Cu and (d) resistivity of Ni-W-P/Cu.

15 4 =, ol 47 g2 %250 - 300°C,
300-700°C 2] >700°C)olA] wAdA} #F3kY
o] work function (Ni,Si-0.7~0.75 eV, NiSi-0.87 eV,
NiSi,- 0.79 eV)> A2 eiFdA 7132 work
function x}o]= sl HEFA g TFHA 295
7AW A718 548 AT S 7))
g AtolollA HAES F7HA7]7] w2l 71414
EAS I R E vyt duh4,21-24]. &
3] Ni,Si, NiSi, 7ol vlal @2 A3} 3k 2kl 2
= NiSi & 475 f28it25]. &, #3AE o]
&3l &ake] 548 Astr7I= 0

Yzt 7e7h Al "Ygdx] ez itEe

Els

AL Bolre 4 ojge
J

N

Ni;P o] 2l= ] o A < "
Bl(Wyditel] W2 Hlg= faEoe] FitEe] 474
7 dojuby o= 713 A IS 7IAA

gk,
a9 49 (= AT BEAA AR FUs

Al Ni-W-P7} 60°CollA 105 Z<¢F F4s) =5 ¥
S ol g3 Az A AES T Exgdd e |

A oz FHgHog oF 485 Q/]oth. (b2}
(ot AZE BFHA 713l Ni-W-P7} 60°Col| A]
102 &< 73] =5 HE ol&al AFAZ &

IASDZ 10um®] FA=Z H&st7] sl sfuo]e]

1ASD = A/dm’

o] AofA] = A|7HS YERN™ ASD (Ampere per
Square Deci-meter)= AFEEE YERNH o™
A 1dm*(100 em*)d A7 Z71E YepdTth (o=
H A =4 A=A ¢F 0.01 Qe FElE &=
oA o AP B FHA 71l 60°CelA 10

S FAE =gog e Ni-W-Po] Ho]E]
¢l ¥ 4¢] (b) HolE S} RS v A7 =S
7F <k 107 SUHe e & & Ak ole AxAgol
=2 TR A% AHRE AARET B3, H] A
A A (A= | AY S A w 3
S How dAE 2% wE 74 54
Bk xpo] & HolR] T, sAF AAjE] Ao

A
:

¢

x
e
2,

o

XRDUHCJE oA = F33F peak o= WEFLFA] 233k
ARE gt AR Qg AME Alsdn 2



3] 49 (2016) 54-61 59

o
i
e
™
rfo
b
2

500°CellA Ex 23k A&l
Hlal W2 =& A3 3o g AR} ojys 4
= 29 39 XRD dlo]Edx
9 Ni;Po| F4€ 432 AL HT

A2 Ni-W-P52 Si B FdA o] HEAFL
TLM (transmission line method)E &3t =43}
ok Bl FAR e HEATS SHE] S FE AL
|5 = WS CTLM (circular transmission length
method, 9% = Wl At TLMI3lH. ol &
Ak el Ad=E0] dAT vE] AgrtE ¥
oA A=F: FAAT Foll AF7re] Azl wE A

—_)
f
2
ok
o
Z
@

s AL o1 o] F7bH9l Fel
e FUUow ou

7F 71w AE

o} sHAIRE S FEHY] A Asior s o
ol Al BHA JRe st Ay AE
S HEF 71 QUTH27,28]. ©lol v, TLMS <
AE HEAAE A7 AES o838l SHS & F
now WA 23} Holele] MFE 52 T Ao
FAAE FA Fetd & doe o] . ®
3 Fej7F Ago)7] o] AT AE3 T
2 JF 9] Age] FFS A A gl
wrgel 4= 9l7] W&o CTLMS 49 Feo A
=5 Ho A HEF ¥ AF F4o] 7hssitt

]

23 59 @9 AL AT T =
e 4R em, A5 HE Afole] Ao wpe
4% AT e fitingshd 237 69 (b)h 2

o

UeRf o1t fittingR& o S5 sj=9] 1+

o

= 30min
® 60min
A 240min

Contact resistivity (mQ cm2)

e

. L . . L
100 200 300 400 500
Annealing Temperature (°c)

(@)

o

Resistanc

SIope:Rs/I

2R

c

2'—;' P |Distance

(a) (b)
Fig. 5. Pattern for the transmission line method
(TLM) to measure the specific contact resistivity

between a metal and semiconductor. (a) mask pattern
(b) fitting graph of TLM.

2 9 2R, AES 002 94tshd 2LE
T ATk T3 HAle] =R E HEAY
& dom o] #g oo Ag ol g HE

| A #s F ol & olgs W e &

AE & 71 ATH31,32].

o
o}
=
el
=

jus
N

p. = R * w * 1, w< Lt (1)
p. = R, * Lt * 1, w> Lt )

olufl, p. (specific contact resistivity)= HZ Y]
A8}, R, (contact resistancey= HEAE, w (width)
= 759 &, 1 (lengthy> 59 Zo], 18|31,
(transfer length)= HZol o] A7 S r17]
Aol W=A HE sHollA olFste olFARE
omgitt, w7k LET 2t (1)¢] 2&, wel L
A5 (2)°] A& ol &3 HE v AF

N
i~

- &
S =2 5 gy T3 =23 4= b AT 3
o g ofg)e] A3} 7o) W AT BAS U
=7} ITH32,33].
RcW
Rsheet = Et (3)
pe = L; @)

-
o

= 30min
e 60min
4 240min
100 200 300 400 500
Annealing Temparature(TC)

(b)

Contact resistivity(mQ cm?)

o
Y

Fig. 6. Effects of annealing temperature on (a) the specific contact resistivity of Ni-W-P, (b) the specific contact

resistivity of Ni-W-P/Cu.



60 Ao 9)/3=HHF

3] 49 (2016) 54-61

Ni-W-P2} 10pme] 217} A2 E Ni-W-PE €3
g 2x° met FF B A —iﬂég vebd A3
olth. HE v A& 48 A3l 29 69 (= 4
2 g A 712l FH3] =eE Ni-W-PE ©
lum A2 & 202 FFHOE 4767 mQ cm’9)
HE v A3 235 Yeidlon A8 2%
2 HEA G 22 Hed EAE] "ol €
A7t 4714 B mAl= 9@ 81 &
AT 27 69 (b2 9= HE HEEA 7]
ol T8 =5 ¥ o838 1 ume Ni-W-PS
Az gk 3o A7) =5E o83l 10 ume] FEE
A2 3 Aot} o] 1.020 mQ cm’e] FEAEo
JEom, dxAdo] £2 FE7F dFEL
24 (a)9] dolgdl Blal] HEFAT o] Pt A
2 Algdch

4.4 E

UALS 7t AgE 7o r gilEe Ae
Yolr= AH A4S ot A 7tol7] wiEel e
= EHOOk AR A50=24 A7 ds] P
A A= HEAA A5 J4F EE=
M Nl-PoﬂH O wobrk Al 39] Y48 wel H7hd
Ni-W-P& A& =] 7]3o)] Zhebstarl o=
Asko] 7hHset B =g o]&s] dFglorn
T A Atele] 713 & 7AA B4 ojw gt
PSS A=A dopytt gk A7 FHE A
3 ToEN AujF HEAA 71dF YA Aol
T3k 2 (nickel  silicide)S FAA3 AL
diffraction (XRD)E F3l &2lglom 1 9] sheet
resistance®} resistivity= %@?‘ir/} EE??} HgHE =
192 Ni-W-P7} dzhe A
Z“] Levs O]Q‘GH T E E%{s“r)r °] NES

kel

m% 1.020 mQ cm’E 3l
E HEF v AEe 22 He |
dxg] FAo] #7148 EA nxe JTt

1 1o
?_‘EI—A]-H}\/\}\Q—

Acknowledgement

of

2 AT 201335 A AGA L] Ao g
oL %) 714 % 7HI(KETEP)S] A< o} 53 g
A 7 (No. 20133030010890) YJ1ith.

(1]

(3]

[4]

[5]

(9]

[10]

[11]

[12]

[13]

[14]

References

Kamp, M., et al., Economic evaluation of two-
step metallization processes for silicon solar cells,
Energy Procedia, 8 (2011) 558-564.

L. E. Kyung, et al., Self-aligned Ni-P ohmic contact
scheme for silicon solar cells by electroless
deposition, Electronic Materials Letters, 8 (2012)
391-395.

Hilali, Mohamed M., et al. Effect of glass frit
chemistry on the physical and electrical properties
of thick-film Ag contacts for silicon solar cells.
Journal of electronic materials, 35 (2006) 2041-
2047.

L. J. Doo, H. Y. Kwon, and S. H. Lee., Analysis
of front metal contact for plated Ni/Cu silicon
solar cell. Electronic Materials Letters, 7 (2011)
349-352.

Lauwers, Anne, et al., Ni based silicides for 45nm
CMOS and beyond, Materials Science and
Engineering B, 114 (2004) 29-41.

Bucher, E., et al., Work function and barrier heights
of transition metal silicides, Applied Physics A,
40 (1986) 71-77.

Brenner, A., and G. Riddel. Nickel plating by
chemical reduction. US Patent 2,532,282, 1950.
J. Res. Natl. Bur. Stand 37 (1946) 1.

Mallory, G. O., and J. B. Hajdu., Electroless Plating
Fundamentals and Applications, Noyes, (1990) 263.
L. M. Abrantes and J. P. Correia, On the Mechanism
of Electroless Ni-P Plating, J. Electrochem. Soc.,
141 (1994) 2356-2360.

Wei-Yu Chen, et al., Crystallization behaviors and
microhardness of sputtered Ni—P, Ni-P—Cr and Ni—
P—W deposits on tool steel, Surface and Coatings
Technology, 182 (2004) 85-91.

H. F. Hsu, et al., Mechanism of immersion deposi-
tion of Ni—P films on Si (100) in an aqueous
alkaline solution containing sodium hypophosphite,
Thin Solid Films, 517 (2009) 4786-4791.

D. B. Lewis and G. W. Marshall, Investigation
into the structure of electrodeposited nickel-
phosphorus alloy deposits, Surface and Coatings
Technology, 78 (1996) 150-156.

Liu Hong, et al., Comparative study of micro-
structure and corrosion resistance of electroless
Ni-WP coatings treated by laser and furnace-
annealing, Transactions of Nonferrous Metals
Society of China, 20 (2010) 1024-1031.

Liu. H., et al., Microstructure and corrosion perfor-
mance of laser-annealed electroless Ni—W-P
coatings, Surface and Coatings Technology, 204
(2010) 1549-1555.



e o)/HRET

8}3] 49 (2016) 54-61 61

[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

[23]

[24]

Yi-Ying Tsai, et al., Thermal stability and mechanical
properties of Ni-W-P electroless deposits, Surface
and Coatings Technology, 146 (2001) 502-507.
S. B. Antonelli, et al., Determining the role of
W in suppressing crystallization of electroless Ni—
W-P films, J. Electrochem. Soc., 153 (2006) J46-
J49.

E. Valova, et al., Comparison of the structure and
chemical composition of crystalline and amorphous
electroless Ni-WP coatings, J. Electrochem. Soc.,
151 (2004) C385-C391.

Ichiro Koiwa, Masahiko Usuda and Tetsuya Osaka,
Effect of Heat-Treatment on the Structure and
Resistivity of Electroless Ni-W-P Alloy Films, J.

Electrochem. Soc., 135 (1988) 1222-1228.
L. L. Stepanova, T. I. Bodrykh, and V. V. Sviridov,

The effect of tungsten inclusion into nickel-phosphorus
films on their thermal and barrier properties, Metal
Finishing, 99 (2001) 50-58.

C. Boulord, et al., Electrical and structural characteri-
zation of electroless nickel-phosphorus contacts
for silicon solar cell metallization, J. Electrochem.
Soc., 157 (2010) H742-H745.

N. Stavitski, et al., Systematic TLM measurements
of NiSi and PtSi specific contact resistance to n-
and p-type Si in a broad doping range, Electron
Device Letters, IEEE 29 (2008) 378-381.

M. Tinani, et al., In situ real-time studies of nickel
silicide phase formation, Journal of Vacuum
Science & Technology B, 19 (2001) 376-383.
D. K. Schroder, and D. L. Meier, Solar cell contact
resistance—a review, Electron Devices, IEEE
Transactions on 31 (1984) 637-647.

E. Bucher, et al., Work function and barrier heights
of transition metal silicides, Applied Physics A,

[25]

[26]

[27]

[28]

[29]

[30]

[31]

[32]

[33]

40 (1986) 71-77.

F. Deng, et al., Salicidation process using NiSi
and its device application, Journal of applied
physics, 81 (1997) 8047-8051.

Mehul C. Raval, and Chetan S. Solanki, Review
of Ni-Cu based front side metallization for c-Si
solar cells, Journal of Solar Energy, 2013 (2013).
H. Kato, et al., Characterization of specific contact
resistance on heavily phosphorus-doped diamond
films, Diamond and Related Materials, 18 (2009)
782-785.

L. Lewis, P. P. Maaskant and B. Corbett, On the
specific contact resistance of metal contacts to p-
type GaN, Semiconductor science and technology,
21 (2006) 1738.

P. N. Vinod, et al., A novel method for the deter-
mination of the front contact resistance in large
area screen printed silicon solar cells,
Semiconductor science and technology, 15 (2000)
286.

P. N. Vinod, Specific contact resistance measurements
of the screen-printed Ag thick film contacts in
the silicon solar cells by three-point probe
methodology and TLM method, J. Mater. Sci. :
Materials in Electronics, 22 (2011) 1248-1257.
P. N.Vinod, The electrical and microstructural
properties of electroplated screen-printed Ag metal
contacts in crystalline silicon solar cells, RSC
Advances, 3 (2013) 14106-14113.

H. H. Berger, Models for contacts to planar devices,
Solid-State Electronics, 15 (1972) 145-158.
Dieter K. Schoroder, Semiconductor material and
device characterization 2nd ed , (1998), John Wiley
& Sons, Inc., Publication.



