56 EAE R R SR

wX
AR 3% st BiAe Agde] e vy Adgaderaxel 45wt

* *k

ASA, Hd, Add , A8

ﬂ

Photovoltaic performance evaluation of the bonded single crystalline silicon solar cell
on composite specimens under mechanical loading
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ABSTRACT

The objective of this study is to investigate appropriate bonding methods of solar cells in order to apply
solar cells, which have been receiving particular attention as a renewable energy due to fossil energy depletion
and environment issues, to composite structures. Back-contact solar cells with approximately 24.2% energy
conversion efficiency were used in this study. Since silicon-based solar cells are mechanically fragile, the
secondary-bonding methods using adhesive were examined in this study. The experiment was conducted with
three kinds of bonding materials such as EVA film, Resin film and elastic adhesive. The performance of solar
cells for three types of adhesives under mechanical loading on test specimens is conducted. In addition, the
measuring equipment was designed to evaluate the performance of the solar cells under mechanical loading in
real time and the fracture characteristics depending on bonding materials were evaluated. The reason decreasing
solar cells efficiency were analyzed and considered by Fractography. The results show that the solar cell
performance is largely affected by bonding techniques. Moreover, the bonding method using elastic adhesive
shows best solar cell efficiency.
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Fig. 4 Schematic of solar module; (top) cross-section and (bottom) front
and rear side.
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Fig. 6 Experimental set-up for tensile test.
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Fig. 7 Schematic procedure for the calculations based on cunent-voltage
curve.
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Fig. 8 Performance characterization of as-received silicon solar modules.
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Fig. 9 The system of real-time photovoltaic performance evaluation under
mechanical loading.

3. A¥ AT

Fig. 10& Bjopdxle] 44 9 gz AgE 9t
EVA(ethyl vinyl acetate) film2 ©]-&3t ejoFdA] HHAdS 3
7}A3+2 J-V(current density vs. voltage) curve 2} P-V(power
vs. voltage) curve® 7|5ttt 1 23 EVA filmg A&SH
2ol A 0.3% strain, 0.75% strain®] 7|A|%] s} R
7} Zof oA HIA-E(n: energy conversion efficiency)o]
S 17%° 4 0.3% strain S}=0)|A] 13.23%°.2 °9F 3.7% &
& AE Hlon, 0.75% strain 3 F7} o= 7.6%E2
Ay A HEHAY oA WEag 17%S 7Iee® oF
9%01/42] v HIlas Fart BYsHES skt
o] e AL BT AlFHo| EVA filmez Hxd )
FAA Y] Foll= A7HE 71AA shgol A AEH
of A7l 4% dAY AZE =S A (single crystalline
silicon solar cell)?] w8 of7|3l7] WEoz BA=c]




60 S REDLE

e
o
ox
ox,
=N

AR R

50

EVA film, Tensile conditions: 0.3 & 0.75% strain

AOW

e 9,

& ",

s ’::h

E w %%

= 3

=) \s
20

8 —@— As-received, J-V curve N

= L

3 0F s 0.3%strai n, J-Vcurve \,

0.75% strain, J-V curve \
N s T S
00 01 0.2 03 04 05 0.6 07
Voltage [V]

EVA film, Tensile conditions: 0.3 & 0.75% strain
0.15 - —@— As-received, P-Vcurve
—»—0.3% strain, P-V curve

0.75% strain, P-V curve

o} ¥ X

Power [W]
T

0.00

0.3 04
Voltage [V]

Fig. 10 Performance characterization of silicon solar modules; EVA film, JV
curves and P-V curves.
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SEoR QIR BYHA WHAE WA WS e
o] g AWML FHARE AHEH THHIA BEA=
s SAHE 714 shEol Bopaxe] AEA
AL SASA AAA e Foshe 48 5

o= dotEr)

)

3.2 AAZE B x| dsHIt
Fig. 138 /A& 8% 2749 9% s7old AXZE o
AA 78 &4 A2"E ol&FA 1.0% strain HY7A|
0.2% strain 7FA0 2 AX3F kAR 2REAALS Afroz
H71et Aafolct. 0.3%, 0.75% strain oA EjFAR] a&7tA
A7 499 EVA film, Resin film H2} WhHE o]&ali4 H
ZHE o) trJré BoFHA] s HrF AYee BAF
c}. F(lsc, short-circuit current), Z|thA 2] (Pma)
e 71&@ 48 ool e Hud A5e Wl
ﬂ# Fig. 13 ()] EVA filme] 7ol Xﬂ.% shgol Z7kat
5 "HdHA B@d Aol A Fasidrh 5351, 04%
strain ©|% EJFHX| O] ool of 58%(|sc) o g
FAA ] ARYsS IA s 1% strain®] 7]A1H s}
o2 HjFdA] EHe| SetaHo] 7Hsd A (cracks)o] A

o&o

]/k




H$24% % 6 Bk 2011. 12 7IAIA sk stollAl SRR Al HabE Gd Ao ddAe] A8t 61

0.24F | (curent vs. votage) cure
50 —————
Elastic adhesive, Tensile conditions: 0.3 & 0.75% srain EVA film Y™
0.18F —o— As received
— —4— 0.2% strain
E < [ —v— 0.4% strain
3 - —<— 0.6% strain
E E: 0121 0.8%strain
E, 30F £ 1.0% strain
- | 3 atiien st SN
>
=2 0.06|
g 20f
o -
E [ -
g 10k —@— As-received, J-Vcurve 0.00F B M Tl sl S
3 —»— 0.3% strain, J-V curve 01 02 03 04 a5 0.6
[ —#*— 0.75% strain, I-Vcurve Voltage [V]
0 L L L L L L
0.12
00 01 02 03 04 05 06 07 P-V (power vs. voltage) curve
\oltage [V] EVA film
00 f — As-received
3 - N - R B —4— 0.2% strain
Elastic adhesive, Tensile conditions: 0.3 & 0.75% srain e OAOA‘: srain
015 - —g— As-received, P-V curve s —+— 06% strain
—»—0.3% strain, P-V curve 2. 006} “_OBZA’S"’&!“
I —=—0.75% strain, P-V curve § 10% strain
&
010 0.03
2
] I A
2
2 0.00
005 00
:F". ,\X Voltage [V]
[ ,?50 \>\ (a) EVA film; (top) I-V curves, (bottom) P-V curves
Y A |
0.0 01 0.2 03 0.4 0.5 06 0.7 0-24MW‘§_
Voltage [V] L
Fig. 12 Performance characteristics of a solar modules after tensile test; 0.18
Elastic adhesive. =
= on
HPAT ool AT WSS fFASATE o] 2 Ai= 5 Resin film
Fig. 49 Hloprxe] 724 Addos A7 e Az 5[ ot
—h— o strain
=) - = 0.06F _ ;
AP A Blges T opjalAn FaAwe) i Do
HH(electrode)oli €214 shdzo] WAISIA| oot wlzgol ek i
_ _ N 0.00k . . .
AR e S FAT 4 Qleh old] digt B4 fl3 01 02 03 0.4 05 0.6
Sk A S AAIEkLT. volige
dhHo| Fig. 13 (b)9] Resin filme AR B7HATRo| A=
B _ P-V (power vs. voltage) curve
27] 02% strain®] 7|AA Sl 2N BEHA He [ Resinfim
L —— A ived
48] oF 48%(Pmax) ol4} WAIEo] e 7oA EVA 0o 1T As remeived e
| —r—04%
film 4% 74890 oF 9.33%(Pmax) B} suj7h Wi Ho T
A WS FAES Btk SR 27] davt Uy £ omp T ome e
@ Fol 1% stain 71AH 345 27 o o] ey :
A WA et WS asith o] B A: Abg
) Resin filmo] #4 54 GEoz 27 Aswe] 7} :
% 7] 7:‘]3;} 6‘}%01 EHOc}:;‘(jX]Q]f Q“‘;}XHE /\It}j‘ﬁj *]'Oloﬂ 00 1 1 1 1 1 1
_ - - 00 0.1 0.2 03 04 0.5 0.6
de-bonding A2 of7lste] © oo Z|AA st Y Voltage [V]
Ao APt X7 o2 AlRE o] oo tigh 24 (b) Resin film; (top) I-V curves, (bottom) P-V curves
< AA skt Fg. 13 Real-time performance characteristics of a solar modules; (a) EVA

film, (b) Resin film



62

o
oty
2
_\'ﬁi

12

AR R

3.3 mHH 24 (fractograhpy)

Fig. 14, Fig. 15 Z}Z} EVA film3} Resin film 2} =
o st EHoI:xﬂz] BE0A YL BT Auto|t) gokd
29l W X & Z(protection layer)©] ¢li=bare cell ©]8&3
o dot L—r’ﬂ% A8ttt

Fig. 145 EVA filmg ol g3t g8ame Babia Algwo
71 7]7411*. S5 ~ 1.0% strain) wfiZo] EjFHA] EHS
#e-2 WEshe AW(cracks)o] WY sEATE B PR
So) Ax]E F<4 ZH(electrodes) ot 1 Qlo] 1 AN
£ FABEL 7] wiZel HdA Aedss AT = o
= Zlo|t}. Fig. 15+ Resin filmE& o]83¢F J2HA1t= EVA film
o] A9} ulR7IA 2 bare cell2 ©]-835}o] 1% strain®] 744
S R7h ol SR 248 AXsiech 423 EVA film
o] Aot th=A A ™ol b9 #H A W(cracks)©]
o, 2ohE ZAY sFow BeHel Baka Al

Ate]e]l de-bondinge] BHY sHlSS EIskGich o] A}
AAZE B2 AFNA 02% stain o] Fo] T ol4ke] 4
a7 WHAYSHR] ¢Fe Q10107 de-bonding o2 QI3 714
slzol Aol MLEA] iyl ke whErh

™

-

Fl

1o

d

w2
i

ool e n?L r

(+)

EVA film

Electrodes still
conditions

Tensile conditions( ~ 1.0 % strain)

=)
TFrontsides  "Rear sides

Fig. 14 Fractography of solar module after tensile test; EVA film, bare

cell.
\ Resin film

De-bonding

Tensile conditions( ~ 1.0 % strain)

TRear sides

"Front sides
Fig. 15 Fractography of solar module after tensile test; Resin film, bare
cell.

1) ejoFdx HzHH fS 98] EVA film, Resin film,
Elastic adhesiveZ o]g3lo] 7|42 15 249 ¥
FAR] H=H7E 35t A3} EVA film, Resin film
AL Aol BRAE ARH FtE A E
oz g gFdAe] dHgds AAE Btk W
Elastic adhesiveZ ©o]|&3F oA WA Ss 7dav)

uhys) Qs

D) o e Ass A3 T WS FAHA A
(elastic) A& 7}A|31 Q&= elastic adhesive 7Z}Z0]
7NAA steg ookl HSAAY wHAdsel FFS

24 gkt wzoleh,

) 2 AT B MK e vy Aendggads
SAR JA ShFesed dRAeR Y &
ol 7l Bstgon, 23 chist Ha g =3
A% FxEol HFAAE 48] 91T A% dlele|
28 4 9 s AR

% 7]

E die dRFEeTAdtdY “A7A AALA L
87 A TAY EAER YEglen 2ol AL
=Yy

1) Miro Zeman, “New trends in thin-film silicon solar cell
technology,” ASDAM, 2002, pp. 353-362.

2) Sik, B.D., “Trends of the solar cell technology,” KCERS,
2010, pp. 20-27.

3) Peter L.M. Phill. Trans. R. Soc. A 2011;369;1840-1856.

4) Nijs, JF., Szlufcik, J., Poormans, J., Sivoththaman, S., and

Mertens, R.P., “Advanced cost-effective crystalline silicon

solar cell technologies,” Solar Energy Materials & Solar

Cells, Vol. 65, Issues 1-4, 2001, pp. 249-259.

Razykov, T.M., Ferekides, C.S., Morel, D., Stefanakos,

E., Ullal, H.S., and Upadhyaya, H.M., “Solar photovoltaic

electricity: Current status and future prospects,” Solar

Energy, Vol.85, Issues 8, 2011, pp. 1580-1608.

6) Noth, A., Siegwart, R., and Engel, W., “Design of solar
powered airplanes for continuous flight,” Autonomous
System Laboratory, 2007, Ver.1.1.

7) Frulla, G., and Cestino, E., “Design, manufacturing and

5

~



244 5 6 %t 2011. 12

7IAIA sk stollAl SRR Al Habd Gad HeZe A 4wt 63

8)

9

10)

11)

testing of a HALE-UAV structural demonstrator,” Composite
Structures, Vol. 83, Issues 2, 2008, pp. 143-153.

Kim, J.C., Choi, L.LH., Kim, D.H., and Cheong, S.K.,
“Development of single crystalline silicon solar cells
lay-downprocess on composites,” 18" ICCM, 2011.

Lee, Y.S., Kim, J.C., Lee, J.H., Choi, L.LH., Kim, D.H.,
and Cheong, S.K., “Failure characteristics of the solar
cell bonded on the CFRP laminate by co-curing process,”
A RSt FAgEtE], 2010.10, pp. 306-310.
Jenny Nelson, “The physics of solar cells,” Imperial College
Press, 2003, pp. 177-198.

Govaerts, J., Robbelein, J., Gonzalez, M., Gordon, I., and
Baert, K., “Development an advanced module for back-contact
solar cells,” IEEE TRANSACTION ON COMPONENTS,
Vol. 1, No. 9, 2011, pp. 1319-1327.

12)

13)

14)

15)

Maung, K.Jason, Hahn,, H.Thomas, and Ju, Y.S., “Multi-
functional integration of thin-film silicon solar cells on
carbon-fiber-reinforced epoxy composites,” Solar Energy,
Vol. 84, Issues 3, 2010, pp. 450-458.

Kim, J.C., Lee, Y.S., Lee, J.H., Choi, L.LH., Kim, D.H.,
and Cheong, S.K., “A study on the solar cell lay-down
for solar powered aircraft using secondary-bonding method,”
g7 Asts] A3, 2010.11, pp. 399-403.

Aberle, A.G., Wenham, S.R., and Green, M.A., “A new
method for accurate measurements of the lumped series
resistance of solar cells,” Photovoltaic Specialists Conference,
Issues 10-14, 1993, pp. 133-139.

Geoffrey, A.Landis, “High-temperature solar cell development,”
NASA John Glenn Research Center, 2005, pp. 241-247.





