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Effect of Process Varation of Al Grid and ZnO Transparent
Electrode on the Performance of Cu(In,Ga)Se; Solar Cells

Bo Hwan Cho - Seon Cheol Kim - Sun Hong Mun - Seung Tae Kim - Byung Tae Ahn*
Department of Materials Science and Engineering, KAIST, Daehak-ro 291, Yuseong-goo, Daejeon 305-338, Korea

ABSTRACT: CIGS solar cell consisted of various films. In this research, we investigated electrode materials in Cu(In,Ga)Se; (CIGS)
cells, including Al-doped ZnO (ZnO:Al), intrinsic ZnO (i-ZnO), and Al films. The sputtered ZnO:Al film with a sputtering power at
200W showed the lowest series resistance and highest cell efficiency. The electrical resistivity of the 200-W sputtered ZnO:Al film was
5.2x10" Q-cm by the rapid thermal annealing at 200°C for 1 min. The electrical resistivity of i-ZnO was not measurable due to its high
resistance. But the optical transmittance was highest with less oxygen supply and high efficiency cell was achieved with O,/(Ar+QO;) ratio
was 1% due to the increase of short-circuit current. No significant change in the cell performance by inserting a Ni layer between Al and
ZnO:Al films was observed.
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Table 1. Deposition method, thickness, efficiency of solar cell
from other groups

Group Layer | T (nm) | Eff (%) | Method
1994 NREL Ni/Al 50/3000 16.8% E-beam
2003 NREL Ni/Al - 19.2% E-beam
2010 ZSW Ni/Al - 20.3% -
2011 IBM Ni/Al 50/2000 - E-beam
2011 Empa | Ni/Al/Ni |50/4000/50| 17.1% | E-beam
2013 Empa Ni/Al - 20.4% | E-beam

Solar cellof] 2-8-5 i-Zn0 &2 CIGSZ2] H1HZ3} TCO A}o|
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Fig. 1. CIGS absorber layer with the composition of Cu 0.86
and Ga 0.38
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Fig. 2. Cross-sectional SEM images of ZnO:Al films deposited
under condition of (a) 150 W for 60 min, (b) 180 W for 60
min, (c) 200 W for 60 min, and (d) 220 W for 60 min
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Fig. 3. Deposition rate of ZnO:Al sputtering power (As dep)
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Fig. 4. Bulk concentration (a), mobility (b), and resistivity (c)of
ZnO:Al film with as-seposited and RTA at 200°C for 1 min
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Fig. 5. Transmittance of ZnO:Al film sputtering power (As-deposited
and RTA annealed at 200°C for 1 min)
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Table 2. Thickness of ZnO:Al film sputtering power

Power (W) Thickness (nm)
150 306.1
180 485.7
200 514.8
220 535.5

Table 3. Effect of ZnO:Al film sputtering power on cell performance

Eff. | Jsc Voo | F.F | Ren Re
(%) | (mA/em?)| (V) | (%) | (ohm) | (ohm)

AZO180W 13.82| 3522 0.575 | 68.28 | 154255 | 4.614

(400nm)

AZ0200W 16.59| 3557 0.585 | 74.99 |10797.83| 3.443

(400nm)

AZ0220W| 15 16| 3594 | 0,609 | 73.86 | 1606.16 | 3.912

(400nm)
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t}. o]= sputtering power”} 200 WoJ| A] Resistivity Zro] 2
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Fig. 6. Cross-sectional SEM images of i-ZnO films with Ar.:O,
ratio of (a) 10:10, (b) 15:5, and (c) 20:1

Table 4. Deposition rate of i-ZnO film (Ar:O)

i-ZnO (Ar:0y) Deposition rate (A/S)
10:10 0.115
15:05 0.119
20:01 0.147
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Fig. 7. Transmittance of i-ZnO film with various Ar:O; ratios

Table 5. Thickness of i-ZnO film (Ar:O2)

i—ZnO (Ar:0y) Thickness (nm)
10:10 82.6
15.05 85.6
20:01 105.6

2}A] Transmittance”’} oA = AL & 4 9t o= O,
pressure”| 57}l wheha] 27/ o] LhukA A Scattering o] &
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free carriero]] 2]$k scattering®]] 25 7 © & A7) & 4= Qlch
Fig. 72 E| & 0./Ar+0,7} transmittance of| A3t G35 7|
Zth= A2 & 4= 9lth Fig. 87} Table 6 2 filmE2] XRDE &
J3t Zlo]th Fig. 9of| 4] K 34.2°0] A Peako] T2 &l 2
4=tk O/Ar+O, 7} F7184=% peak @] intensity 7} 7443514
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Fig. 8. XRD Patterns of i-ZnO film with various Ar:O; ratios

Table 6. Analysis results of XRD

i-ZnO (Ar:0;) | 2-Theta (Deg.) | FWHM | Crystal size (A)
10:10 34.251 0.453 188
15.05 34.258 0.446 191
20:.01 34.279 0.437 196

. 40} 4
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properties S =73t Zho|th o] 7|4 B Oy/Ar+O, 7} 5718
2 Series resistance2] 70| 27} dl= AL & £ Yk o=
i-Zn0+= Oy/Ar+0, 7} 71845 resistivity 4ko| =71 514 &

Aol 71915t Aut ghole} 53 & 4= Ut} E3E 0o/Ar+0,7}
%7185 Current density 7} FolR|= A& & 4= itk o] &
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Fig. 10. Spectral quantum efficiency of CIGS cells with various
Ar:O; ratios

Table 7. Effect of Al thickness on cell performance

Eff | Vo Jsc FF Rsh

Al_400nm %) | (V) | (ma/emd)| (%) | (ohm)

Rs (ohm)

#1 15.82| 0.646 32.67 75.03 |23265.43| 3.81

#2 15.60| 0.622 | 3352 |74.88|5816.36 | 3.86

#3 14.73| 0.618 | 3328 |71.66|2585.06| 4.98

#4 16.05| 0.631 3332 | 76.31|11131.79| 3.63

#5 16.15| 0.623 | 34.05 |76.18 | 2326.54 | 3.64

Average |15.67|0.628 | 33.37 |74.81|9025.03| 3.98

Voc Jsc FF Rsh Rs

BB vy | (mazemd)| (%) | (ohm) | (ohm)

Eff Voc Jse FF Rsh Rs

ALBUm o | ) | (mazemd)| (%) | (ohm) | (ohm)

#6 15.14 | 0.646 31.03 75.55 | 3877.57 | 3.64

Ar:0.=10:10| 9.93 |0.629 | 3096 |50.94| 495.01 | 14.33

#7 14.57 | 0.617 31.08 75.93 | 7495.40 | 3.57

Ar:0,=15:05| 14.99 | 0.631 3440 |69.06|1855.29| 4.23

#8 1448|0595 | 32.56 74.81 | 2498.47 | 3.57

Ar:0,=20:01| 16.35 | 0.609 36.65 |73.29|2796.86| 3.72

#9 1450| 0.619 | 31.36 74.74 | 4653.09 | 3.58

Fig. 9. Photovoltaic properties of CIGS solar cell with various
Ar:O; ratios

#10 14.38|0.586 | 32.81 74.79 |21505.66| 3.32

Average |14.61|0613| 31.77 75.16 | 8024.04 | 3.54
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Fig. 11. Best cells with different Al thicknes

Table 8. Effect of Ni interlayer

1200

A | o | | maremd) () |® ) ooy
#1 11.28| 0.659 24.47 69.95 | 201299 | 4.72
#2 11.91| 0.657 24,71 73.41 | 201299 | 4.37
#3 11.44 | 0.654 23.26 75.26 | 1717.48 | 4.38
#4 12.18| 0.657 24.46 75.76 | 3019.49 | 4.31
#5 10.72| 0.641 22.52 7427 | 2115.04 | 4.45
#6 10.93| 0.655 23.34 71.49 | 4025.99 | 4.56
Average |11.41]| 0.654 23.79 73.36 | 2484.00 | 4.46
Ni_50nm | Eff | Voc Jso FF | Rsh Rs
Al_3um (%) | (V) | (mA/ecm?)| (%) (ohm) | (ohm)
#7 11.93| 0.678 24.23 7254 | 417442 | 4.79
#8 10.64 | 0.670 21.18 74.96 |24155.97| 4.96
#9 10.24 | 0.665 20.62 74.69 | 345085 | 5.13
#10 11.94| 0.674 23.46 75.47 |24155.97| 4.44
#11 11.10| 0.657 24.32 69.51 | 8051.99 | 5.27
Average |[11.17| 0.669 22.76 73.43 |12797.84| 4.92
3.3 Al &2} nickel AF20]| 2 electrode &2 EM
s
Table 72 AlZ 400 nm2} 3 umZ =2+ 5t cell 52 Pho-

tovoltaic properties &

URErHCE Ale] 577 27l webA
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2 o 4 9t o]= 3 um=E =2} 3 cell 9] 9ol = e-beam
evaporation == I} of| A grid 2] 2£o] Yoj A A Q1 71 2t} Fig.
11-2-400 nm, 3 um 2} gk cellFo)| A &80 &4 AL vl
3k Aok o] 714 HH Al1400 nm Q] A ©] Al 3 um Xt} Current
density 7} 2 A2 & 4= e} o] 45 &2 317] flallA QEE
2748 Hekh QEolA] B Al400 nm = 2t 3 Zlo] Al3um
OE-;’:XL?} A Hek HAA 02 QE Fho] S7Fe A = 3l
Table 82 Al 3 um 2} A|o]| Ni layer2] &2} of¥of u}-=
Photovoltaic properties 2] £4& v w3t Zo|th o 7|4 B
Ni layerE A3} Cell 52 k2] Open circuit voltage 2] Zko] 5
7} 8k A& & 4= ik 234 Current density 7} 7443817 &
1 A&0] 37} I3dek Al F2F Ao NiE 52 51 current

33t 2 resistance S U&= Qlrkar g A QoY)

4. 2 E

CIGS EJoFA R = thofst 2 S 0] 22} o] o] AulEo|ch
o H Ao A= e FHA] 55 S04 ZnO:Al, i-ZnO, electrode
= =9 ¥=5 50| 4] Photovoltaic properties ]| o1 gt FaF&
710l i otk gt

ZnO:Al2Power7}200 W & o resistivity 2] 4o 2H] Uk
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oFRl Z& gl & 4= Qltk o= E‘r—poweroﬂ/ﬂ Z28l= A
b2 59E 7= |2kt 4= Q1S
Zlolet. QT BjofAIA o] B =0l EﬂE 7104 = Aozt

i-ZnO+= O, pressure 7} 57 bl whepa] 3g8H4] ¢l 54J0] ¢F
TR = AS ST 01‘4‘ o] efj A o] 2}-§-5F1 4] Photo-
voltaic propertiesE 53t At A= EAJEo] ¢ EolX|=
22 3101 T 4= QJt}. 0] =0, pressure = Z7 = AL
Azl lofA] BaS ol FA4% slths 2 & = Qick

Electrode 0|42 Al 'T‘7]ﬂ 3ol Nig-2] ol thsfiAl
Photovoltaic propertles =519 AlS 3 um7kA] S2) A
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7HAIZ1A] Eﬁkq ol& AI-J 3 um F2H}NiZ-0] A 8- FA g
& 4= Qi) o] %0 AlS] FAIE WS} AlA A
= Z2H Ni& 283 888 woled 7o &

A 7H9) 352 kS A7) ufeba Biopax) B4 vt
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