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Abstract: CIGS mini-modules with different cell lengths and thicknesses of ZnO were produced, and a front contact grid were added
on top of the ZnO layer using screen-printing. A polymer screen-printing ink were used because of the low heat tolerance of CIGS so-
lar cells. The best efficiencies achieved were 9.6% for a mini-module with 5 mm cells, and 8.9% for a mini-module with 1 cm cells.
Thinner ZnO gave higher short circuit current, but also lower open circuit voltage. Low voltage is believed to be caused by small
shunts through the pn-junction introduced by the curing of the polymer ink.
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1 Bac kg round vided by the ZnO layer. With a metallic grid, only two separa-
tion scribes are necessary, thus reducing the dead area on the
mini-module. In this design, used in the current work and shown

T t and conductive doped zi ide (ZnO) fil - o
ransparent and conductive doped zinc oxide (ZnO) films in Fig.2, the grid lines connect the cells.

are commonly employed in Cu(In,Ga)Se, (or CIGS) solar mod-

ules in order to collect the produced current. Since ZnO absorbs Zn0O N
long wavelength photons by free carrier absorption, a ZnO layer S | U d _

as thin as possible would be preferable. However, if the sheet CIGS ==
resistance of the ZnO film becomes too large, the solar module Mo | p1 | P2 3
efficiency will be reduced due to resistive losses.
As shown in earlier work at the Angstrom Solar Cen- Fig.l1 Conventional cell interconnection structure for a

ter [1,2], there is a real advantage in using a current collecting Mo/CIGS/CdS/ZnO/ZnO:Al device structure
metallic grid on top of the transparent conducting oxide for

CIGS modules. For those mini-modules, electron beam evapo- Grid ~— R /e
ration was used to deposit the desired grid. In the current work, 7n0 N~ [

this is taken one step further, and screen-printing is used as the w

metallization step in order to reduce the cost and increase the CIGS D

throughput of the metallization process. Screen-printing is the o | p1 | =

most widely used metallization method for crystalline silicon
solar cells.

The main challenge when including screen-printing in a
CIGS-module production process is the low heat tolerance of

Fig.2 Cell interconnection structure with grid lines. The rest of
the device structure is as in Fig.1

this type of solar cells. CIGS solar modules do not survive a The performance of the mini-modules was measured with a

heat treatment above 300°C, and conventional screen-printing QuickSun Solar Simulator. In some cases, contacts were also

pastes need a firing at 700°C or more. In order to avoid exces- soldered on to the back contact of each cell in the mini-modules,

sive heating, a polymer-based metallic ink, which only needs so that I-V curves could be measured for each cell.

curing at a temperature around 150°C for a few minutes, was

used in this work. 3 Results

2 EXperl mental The printed contacts had a resistivity of 60-80 uQcm after

curing, and the contact resisivity between the printed contacts

CIGS mini-modules with an effective area of 10 cm X and ZnO was in the range 50-130 mQcm®. The average thick-

10 cm were produced using the baseline process at Angstrém ness of the printed contacts were around 6 pm.

Solar Center [3]. Two different cell lengths (5§ mm and 1 cm)

were used for the CIGS mini-modules, where the cell length is Tab.1 Results from the best mini-module of each type

the distance from one cell interconnection to the next. The Cell R I Voo

number of cells per module were 20 in the case of 5 mm cells, length (Q/DD) (mA) (V) FF n
and 10 when the cells were 1 cm long. Both a thin and a thick Smm 15 1395 11.81 63.2% 9.5%
layer of doped ZnO were tested on the mini-modules, giving in Smm 45 161.9 1120 | 55.8% | 9.6%
total four different types of samples. The current collecting grid lem 15 259 1 6.08 53.5% 8.4%
was applied with a manual AUREL screen-printer, and then lem 45 336.1 575 48.1% 3.9%
cured in a belt furnace.

The conventional cell interconnection structure used in Several samples were prepared for each cell length and
CIGS mini-modules has three different separation scribes, ZnO layer thickness. The characteristics of the best sample of
shown as P1, P2 and P3 in Fig.1. This design was originally de- each type are given in Tab.1. The best efficiency obtained for a
veloped for amorphous silicon modules [4], and the connection module with 5 mm long cells was 9.6%, while the best result
from the front of one cell to the back contact of the next is pro- from a module with cell length of 1 cm was 8.9%. Both these
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results were from modules with thin ZnO. The actual I-V curves
for the modules with cell lengths of 5 mm and 1 cm are included
in Fig.3 and Fig.4, respectivly.
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Fig.3 I-V curves from modules with 5 mm cell length

Fig.3 shows the two best results from the modules with 20
cells and a cell length of 5 mm. The short circuit current (Iy.) in-
creased when the thickness of the ZnO layer was reduced, but it
is seen that at the same time the open circuit voltage (V,.) was
reduced.
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Fig.4 I-V curves from modules with 1 cm cell length

Fig.4 shows the two best results from the modules with 10
cells and a cell length of 1 cm. It is also here seen that an in-
crease in I, when using a thin ZnO layer was accompanied by a
reduction in the V.

All samples measured had rather low V.. This was a par-
ticularly pronounced effect for samples with a thin ZnO layer,
but most samples with a thick ZnO layer also had V,. below
600 mV per cell. To check whether these mini-modules with
low V, had any cells that had been completely short circuited,
either during screen-printing or in the laser scribing of the mo-
lybdenum, IV curves for each cell in the modules were meas-
ured on several samples.

As an example, one such mini-module with 20 cells had an
efficiency of 9.4%, but a V. of only 10.8 V. Typically, this
module should have had V. above 12 V, and the observed re-
duction in V. could be explained if two of the cells had been
completely short circuited. However, when I-V curves were
measured on each cell, it was seen that all cells contributed, but
that the cells had a wide range of V. values, from 490 mV to
570 mV, with a sum close to 10.8 V. No short circuited cells
were observed on this or any other modules examined.

4 Discussion

As seen in Fig.3 and Fig4, the ;. increased when the
thickness of the ZnO layer was reduced. This result was ex-
pected, because the ZnO layer absorbs long wavelength light
due to free electron absorption. A thinner ZnO layer will contain
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fewer free electrons, and thus less absorption will occur. The
amount of extra current is in the order of a few mA/cmz, which
is within the expected order of magnitude.

The reduction of V,. was a more unexpected result. This
effect can not be explained by a change in the series resistance,
because no current goes through the module in the open circuit
case. It seems probable that this reduction in the V. was caused
by increased shunting of the mini-modules by a reduction in the
shunt resistance. This might indicate that the curing process had
caused the polymer ink to partly penetrate the pn-junction. A
thick layer of ZnO gave some protection against this shunting,
because of increased distance between the grid and the
pn-junction, and this would explain why more shunting and
lower values of V. were seen for thinner ZnO layers.

When comparing the shape of the IV curves in Fig.3 with
those in Fig.4, it is clearly seen that the fill factor is lower in the
cases where the cells are long, and also that the IV curve is
steeper close to the V. for modules with short cells. This indi-
cates that while the series resistance is probably good enough
for a module with short cell length, the resistance in the printed
lines is too high for longer cells.

The resistivity of the cured polymer ink is 10-20 times as
high as the evaporated metal grid, and this has to be compen-
sated for by using thicker printed lines. The evaporated contacts
have a thickness of about 3 um, so the printed lines need to have
a thickness in the order of 30 um. Such lines are routinely
printed with conventional screen-printing pastes, but the poly-
mer ink used in this work was quite liquid, which made it spread
out after printing. To get lines with a thickness of 30 um or
more, the polymer ink would need to be much more viscous.

5 Conclusions

These promising, initial results clearly demonstrate that
screen-printing of a current collecting grid on CIGS
mini-modules is a viable technique, although further research
and process optimization will be necessary. The best results
achieved are 9.6% and 8.9% for mini-modules with 5 mm and
1 cm cells, respectively. The produced mini-modules had some
problems with shunting, probably due to the ink penetrating the
pn-junction during the curing step, and a more viscous polymer
ink will be needed to get lines of the required thickness.
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