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 r  t  i  c  l  e  i  n  f  o

rticle history:
vailable online 6 March 2017

eywords:
lexible solar cells

a  b  s  t  r  a  c  t

Many  variants  of  thin  film  technology  are  nowadays  part  of  the  photovoltaic  market.  The  most  popular
are  amorphous  silicon,  CIS  (Copper  Indium  Selenide)/CIGS  (Copper  Indium  Gallium  Selenide)/CIGSS  (Cop-
per Indium  Gallium  Sulphur  Selenide),  and  CdS/CdTe  (Cadmium  Sulphide/Cadmium-Telluride)  cells.  All
mentioned  types  allow  potentially  for  a flexible  cell  structure.  Most  emitter  contacts  are  currently  based
CO
CL
morphous silicon
ending
-De Mattia method

on  TCOs  (Transparent  Conductive  Oxides),  however,  wider  approach  with  alternative  carbon  nanoforms,
silver  nanolayers  and  polymer  materials,  called  TCLs  (Transparent  Conductive  Layers)  are also  in  use.
Authors  decided  to  investigate  influence  of  mechanical  stresses  on  physical  and  electrical  behaviour  of
these  layers.  Consequently,  the  aim  of work  is to determine  the  level  and  possible  mechanisms  of  flexible
a-Si  cell  parameters  degradation  due to a deterioration  of  transparent  contact  properties.

©  2017  Association  of Polish  Electrical  Engineers  (SEP).  Published  by  Elsevier  B.V.  All  rights  reserved.
. Introduction

.1. Flexible solar structures

One of the most popular thin film structures–amorphous sili-
on cells are manufactured in lower temperatures than standard
ilicon devices, usually not exceeding 200 ◦C. A typical produc-
ion technology of �-Si solar cells is based on a PECVD (Plasma
nhanced Chemical Vapour Deposition) process in which SiH4
ilane is decomposed to create thin amorphous layers on differ-
nt substrates [1]. Solar cells produced by this method have a high
bsorption rate of the base material reaching even 106 cm−1 for a
ight wavelength below 400 nm and they may  have thickness of an
bsorber layer reduced ten times in comparison to typical polycrys-
alline cells. This technology may  be used to produce monolithic
ells in both substrate and superstrate configuration. Thanks to the
entioned issues, it is currently evaluated as one of the promising

andidates for flexible, mobile applications. It should be noted that
n both elastic and rigid structures employing amorphous silicon
s emitter contacts, layers of the conductive oxides–TCOs are used
2].

Similarly, thin-film cells based on semiconductor compounds
ay  be nominated to the role of flexible, wearable solar struc-
ures. For example, CIS/CIGS/CIGSS cells which are placed amongst
opular TF (Thin Film) structures. Currently, at least 34 compa-
ies worldwide are working on starting production or improving
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already produced CIS/CIGS/CIGSS modules employing various lab-
oratory techniques for that purpose [3]. Also cadmium telluride
based solar cells are one of the most promising devices in thin film
photovoltaics. Low-cost soda-lime glass, foil or polymer film can
be used as the substrate of a CdTe/CdS solar cell. The best results
of 21% efficiency [4] are achieved with glass substrate. However,
Laboratory for Thin Films and Photovoltaics at EMPA (Swiss Fed-
eral Laboratories for Materials Science and Technology), obtained
12.7% efficiency of a single CdTe solar cell on a polymer foil and
7.5% of a monolithically interconnected flexible CdTe solar module
of a 32 cm2 total area [5]. For efficient functioning, these structures
need durable flexible transparent emitter contacts as well.

2. Degradation of various TCOs’ parameters in bending tests

Since most of the popular transparent emitter contacts currently
manufactured in industrial flexible cells are based on TCO materials,
a set of these layers was identified for degradation measurements.
Normalized A-De Mattia PN-EN ISO7854 test (Fig. 1) procedures
were performed for testing of their electrical parameters degrada-
tion due to a static and dynamic bending.

During the experiments, cylinders with a diameter within the
range of 25 mm  ÷ 75 mm were used. According to the norm condi-
tions each time the length of a sample allowed for the 180◦ angle
bending of the tested material. For the initial verification of resis-
tivity degradation three popular metal oxides applied in thin-film

solar cells construction were tested. In this case a ZnO:Al layer
deposited on a PET (Polyethylene terephthalate) foil using a PLD
(Pulse Laser Deposition) method and ITO (Indium Tin Oxide) by
magnetron sputtering as well as TiO2 layers were examined. On-
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ig. 1. Laboratory set-up, used in the experiments for dynamic bending tests accord-
ng  to the A-De Mattia method.

ine results were collected by a digital Rigol multimeter. Obtained
esults for various oxides (Figs. 2 and 3) gave the comprehensive
nsight into the mechanisms and the level of TCO layer degradation
n mobile, flexible applications.
As a result of bending to a full angle on a 25 mm diameter cylin-
er, the structure was almost completely destroyed. This resulted

n a catastrophic resistance per square rise of over 6000% for an ITO
ontact after just about 200 bending cycles. For all TCO layers the

Fig. 2. Relative resistance change of typical TCOs, deposited o

Fig. 3. Sheet resistance (per square) growth of a 150 nm ITO layer on a P
nics Review 25 (2017) 33–36

main reasoning of this phenomenon was the micro-cracks’ devel-
opment. A detailed surface analysis of critical bends and cracks of
the contact structure with widths from 0.1 �m up to even 8 �m and
an average interval of about 50 �m is presented in Fig. 4.

3. Influence of TCO contacts deterioration on final cell
parameters

The most interesting analysis concerning the TCO damage dur-
ing bending is the influence of this process on the final cell
degradation and particular mechanisms causing a subsequent effi-
ciency drop. For this study the measurements of real flexible cells,
contacted by an ITO layer, as well as numerical simulations were
undertaken. The commercial flexible �-Si Power Film MP-37 mini-
module with the maximum peak power of 150 mW was  used for
bending experiments. The initial I–V characteristics, as well as basic
parameters, are shown in Fig. 5.

The tested cell of the total thickness of 220 �m was  selected

owing to specific properties and construction details. An examined
mini-module is composed from an a-Si structure, based on a flexible
metal foil and encapsulated by a standard PET which enables high
pliability. Front contacts are constructed by an ITO layer connected

n a PET foil in static bending tests on various cylinders.

ET foil in a dynamic bending test on Ø = 25 mm diameter cylinder.
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Fig. 4. SEM image of standard micro cracks of the ITO layer on PET which resulted from bending to a full angle on a Ø = 25 mm diameter cylinder (a), a series of micro crack
visible  in an optical microscope–magnified × 100 (b) and a critical massive crack on a SEM picture (c).

Fig. 5. Measurements of I–V characteristics and b

Table 1
MP-37–electrical parameters degradation in a dynamic bending test.

Number of bends Isc [mA] Voc [V] PMAX [mW]  � [%]

0 109.04 5.14 279.84 9.89
7500 99.55 4.69 169.56 5.97

t
s
w
s

4
i

I
d
t

(
t
p

15  000 78.89 4.62 147.96 5.23
22  500 65.46 4.62 113.41 4.01

o metal bars. The complete module properties were verified in
tatic and long-term dynamic bending test. All electric parameters
ere measured and compared with reference results for PET/ITO

amples. Summarized results are presented in Table 1.

. Modelling of ITO degradation influence on flexible cell
nternal parameters

Comprehensive measurements of a bent MP-37 cell structure
–V characteristics allowed for modelling of internal parameters
eterioration. Fig. 6 shows the current-voltage and power charac-
eristics of cells measured during bending tests.
By using of the Sol-Cell-Tracer program package, the VDEM
One Variable Double Exponential Model) model of the bent struc-
ure was adjusted for each measurement cycle. By adjusting of the
roper weight function the accordance higher than 98% for each
asic parameters of a MP-37 mini–module.

characteristics was  achieved. By adjusting of these parameters,
authors achieved a proper simulation model for an in-deep analysis
of the cell degradation mechanisms. On the basis of each calcula-
tion all specific parameters, including Rs and Rsh were extracted for
each tested sample. Exemplary results of this process are given in
Fig. 7.

5. Conclusions

After series of experiments some conclusions on the final cell
performance, as well as the degradation structure process may
be drawn. Bending tests of various TCOs on PET foils proved that
inorganic transparent contacts based on metal oxides are highly
ineffective in flexible applications. Rapid growth of sheet resistance
for each of these layers, with the value as high as 7000% after only
two hundred of bends, was spotted. In this case the most popu-
lar ITO is also vulnerable to mechanical stress. Application of a
TCO layer thickness sufficient for satisfying value of initial sheet
resistance leads inevitably to micro-cracks in bending tests.

Measurements of commercial flexible modules contacted by

ITO also confirmed significant, however not so drastic parameters’
degradation. The efficiency drop to the 50% of initial value was not
observed before 15,000 bends at a 25 mm cylinder. Even though
the TCO structural damage was detected, no significant increase of
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Fig. 6. Example of MP-37 I–V (red curve) and power (blue curve) characteristics after a dynamic bending test of 2500 and 7500 cycles.
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[4] M.A. Green, K. Emery, Y. Hishikawa, W.  Warta, E.D. Dunlop, Solar cell efficiency
tables (version 47), Prog. Photovolt. Res. Appl. 24 (2016) 3–11.

[5] J. Perrenoud, B. Schaffner, L. Kranz, S. Buecheler, A. Tiwari, “Flexible CdTe thin
film solar modules”, in: Proc. Photovoltaic Technical Conference-Thin Film
ig. 7. Exemplary VDEM model adjusting process of measured MP-37 characteri
easurement results, while green curve represents model characteristics during ad

ell series resistance was observed (Rs at the level of 30 � ÷ 40 �
n each case). Rapid drop of the efficiency and short circuit cur-
ent of the cell is mostly caused by a shunt resistance drop. In the
ested samples this value decreased from the value higher than
4 G� to only 118 � after 7500 bends. This phenomenon may  be
xplained by micro cracks of the TCO and active layers of the cell
hich are responsible for internal short circuits within the cell

tructure. Further experiments will be undertaken for morphology
haracterization of this mechanism, as well as for the replacement
f this structure with an organic-based TCL emitter contact system.
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fter a dynamic bending test of 2500 and 7500 cycles. The red curve shows real
ent process.

References

1] A. Shah, E. Sauvain, et al., “a-Si:H deposited at high rates in VHF silane plasma:
potential for low-cost solar cells”, 20th IEEE PSC (1988) 282–287.

2] C.-H. Yang, C.-Y. Hsueh, D.-J. Yeh, C.-I. Ho, C.-M. Leu, Y.-H. Yeh, S.-C. Lee,
Hydrogenated amorphous silicon solar cells on textured flexible substrate
copied from a textured glass substrate template, IEEE Electron Device Lett. 32
(2011) 1254–1256.

3] H.S. Ullal, B. Roedern, “Thin film CIGS and CdTe photovoltaic technologies:
commercialization. critical issues and applications”, in: Proc. 22nd PVSEC,
Milan, Italy, 2007.
2010, Aix-en-Provence, France, 2010.

http://refhub.elsevier.com/S1230-3402(17)30009-4/sbref0005
http://refhub.elsevier.com/S1230-3402(17)30009-4/sbref0005
http://refhub.elsevier.com/S1230-3402(17)30009-4/sbref0005
http://refhub.elsevier.com/S1230-3402(17)30009-4/sbref0005
http://refhub.elsevier.com/S1230-3402(17)30009-4/sbref0005
http://refhub.elsevier.com/S1230-3402(17)30009-4/sbref0005
http://refhub.elsevier.com/S1230-3402(17)30009-4/sbref0005
http://refhub.elsevier.com/S1230-3402(17)30009-4/sbref0005
http://refhub.elsevier.com/S1230-3402(17)30009-4/sbref0005
http://refhub.elsevier.com/S1230-3402(17)30009-4/sbref0005
http://refhub.elsevier.com/S1230-3402(17)30009-4/sbref0005
http://refhub.elsevier.com/S1230-3402(17)30009-4/sbref0005
http://refhub.elsevier.com/S1230-3402(17)30009-4/sbref0005
http://refhub.elsevier.com/S1230-3402(17)30009-4/sbref0005
http://refhub.elsevier.com/S1230-3402(17)30009-4/sbref0005
http://refhub.elsevier.com/S1230-3402(17)30009-4/sbref0005
http://refhub.elsevier.com/S1230-3402(17)30009-4/sbref0005
http://refhub.elsevier.com/S1230-3402(17)30009-4/sbref0005
http://refhub.elsevier.com/S1230-3402(17)30009-4/sbref0005
http://refhub.elsevier.com/S1230-3402(17)30009-4/sbref0005
http://refhub.elsevier.com/S1230-3402(17)30009-4/sbref0005
http://refhub.elsevier.com/S1230-3402(17)30009-4/sbref0005
http://refhub.elsevier.com/S1230-3402(17)30009-4/sbref0005
http://refhub.elsevier.com/S1230-3402(17)30009-4/sbref0005
http://refhub.elsevier.com/S1230-3402(17)30009-4/sbref0005
http://refhub.elsevier.com/S1230-3402(17)30009-4/sbref0005
http://refhub.elsevier.com/S1230-3402(17)30009-4/sbref0005
http://refhub.elsevier.com/S1230-3402(17)30009-4/sbref0010
http://refhub.elsevier.com/S1230-3402(17)30009-4/sbref0010
http://refhub.elsevier.com/S1230-3402(17)30009-4/sbref0010
http://refhub.elsevier.com/S1230-3402(17)30009-4/sbref0010
http://refhub.elsevier.com/S1230-3402(17)30009-4/sbref0010
http://refhub.elsevier.com/S1230-3402(17)30009-4/sbref0010
http://refhub.elsevier.com/S1230-3402(17)30009-4/sbref0010
http://refhub.elsevier.com/S1230-3402(17)30009-4/sbref0010
http://refhub.elsevier.com/S1230-3402(17)30009-4/sbref0010
http://refhub.elsevier.com/S1230-3402(17)30009-4/sbref0010
http://refhub.elsevier.com/S1230-3402(17)30009-4/sbref0010
http://refhub.elsevier.com/S1230-3402(17)30009-4/sbref0010
http://refhub.elsevier.com/S1230-3402(17)30009-4/sbref0010
http://refhub.elsevier.com/S1230-3402(17)30009-4/sbref0010
http://refhub.elsevier.com/S1230-3402(17)30009-4/sbref0010
http://refhub.elsevier.com/S1230-3402(17)30009-4/sbref0010
http://refhub.elsevier.com/S1230-3402(17)30009-4/sbref0010
http://refhub.elsevier.com/S1230-3402(17)30009-4/sbref0010
http://refhub.elsevier.com/S1230-3402(17)30009-4/sbref0010
http://refhub.elsevier.com/S1230-3402(17)30009-4/sbref0010
http://refhub.elsevier.com/S1230-3402(17)30009-4/sbref0010
http://refhub.elsevier.com/S1230-3402(17)30009-4/sbref0010
http://refhub.elsevier.com/S1230-3402(17)30009-4/sbref0010
http://refhub.elsevier.com/S1230-3402(17)30009-4/sbref0010
http://refhub.elsevier.com/S1230-3402(17)30009-4/sbref0010
http://refhub.elsevier.com/S1230-3402(17)30009-4/sbref0010
http://refhub.elsevier.com/S1230-3402(17)30009-4/sbref0010
http://refhub.elsevier.com/S1230-3402(17)30009-4/sbref0010
http://refhub.elsevier.com/S1230-3402(17)30009-4/sbref0010
http://refhub.elsevier.com/S1230-3402(17)30009-4/sbref0010
http://refhub.elsevier.com/S1230-3402(17)30009-4/sbref0010
http://refhub.elsevier.com/S1230-3402(17)30009-4/sbref0010
http://refhub.elsevier.com/S1230-3402(17)30009-4/sbref0010
http://refhub.elsevier.com/S1230-3402(17)30009-4/sbref0010
http://refhub.elsevier.com/S1230-3402(17)30009-4/sbref0010
http://refhub.elsevier.com/S1230-3402(17)30009-4/sbref0010
http://refhub.elsevier.com/S1230-3402(17)30009-4/sbref0010
http://refhub.elsevier.com/S1230-3402(17)30009-4/sbref0010
http://refhub.elsevier.com/S1230-3402(17)30009-4/sbref0010
http://refhub.elsevier.com/S1230-3402(17)30009-4/sbref0015
http://refhub.elsevier.com/S1230-3402(17)30009-4/sbref0015
http://refhub.elsevier.com/S1230-3402(17)30009-4/sbref0015
http://refhub.elsevier.com/S1230-3402(17)30009-4/sbref0015
http://refhub.elsevier.com/S1230-3402(17)30009-4/sbref0015
http://refhub.elsevier.com/S1230-3402(17)30009-4/sbref0015
http://refhub.elsevier.com/S1230-3402(17)30009-4/sbref0015
http://refhub.elsevier.com/S1230-3402(17)30009-4/sbref0015
http://refhub.elsevier.com/S1230-3402(17)30009-4/sbref0015
http://refhub.elsevier.com/S1230-3402(17)30009-4/sbref0015
http://refhub.elsevier.com/S1230-3402(17)30009-4/sbref0015
http://refhub.elsevier.com/S1230-3402(17)30009-4/sbref0015
http://refhub.elsevier.com/S1230-3402(17)30009-4/sbref0015
http://refhub.elsevier.com/S1230-3402(17)30009-4/sbref0015
http://refhub.elsevier.com/S1230-3402(17)30009-4/sbref0015
http://refhub.elsevier.com/S1230-3402(17)30009-4/sbref0015
http://refhub.elsevier.com/S1230-3402(17)30009-4/sbref0015
http://refhub.elsevier.com/S1230-3402(17)30009-4/sbref0015
http://refhub.elsevier.com/S1230-3402(17)30009-4/sbref0015
http://refhub.elsevier.com/S1230-3402(17)30009-4/sbref0015
http://refhub.elsevier.com/S1230-3402(17)30009-4/sbref0015
http://refhub.elsevier.com/S1230-3402(17)30009-4/sbref0015
http://refhub.elsevier.com/S1230-3402(17)30009-4/sbref0015
http://refhub.elsevier.com/S1230-3402(17)30009-4/sbref0020
http://refhub.elsevier.com/S1230-3402(17)30009-4/sbref0020
http://refhub.elsevier.com/S1230-3402(17)30009-4/sbref0020
http://refhub.elsevier.com/S1230-3402(17)30009-4/sbref0020
http://refhub.elsevier.com/S1230-3402(17)30009-4/sbref0020
http://refhub.elsevier.com/S1230-3402(17)30009-4/sbref0020
http://refhub.elsevier.com/S1230-3402(17)30009-4/sbref0020
http://refhub.elsevier.com/S1230-3402(17)30009-4/sbref0020
http://refhub.elsevier.com/S1230-3402(17)30009-4/sbref0020
http://refhub.elsevier.com/S1230-3402(17)30009-4/sbref0020
http://refhub.elsevier.com/S1230-3402(17)30009-4/sbref0020
http://refhub.elsevier.com/S1230-3402(17)30009-4/sbref0020
http://refhub.elsevier.com/S1230-3402(17)30009-4/sbref0020
http://refhub.elsevier.com/S1230-3402(17)30009-4/sbref0020
http://refhub.elsevier.com/S1230-3402(17)30009-4/sbref0020
http://refhub.elsevier.com/S1230-3402(17)30009-4/sbref0020
http://refhub.elsevier.com/S1230-3402(17)30009-4/sbref0020
http://refhub.elsevier.com/S1230-3402(17)30009-4/sbref0020
http://refhub.elsevier.com/S1230-3402(17)30009-4/sbref0020
http://refhub.elsevier.com/S1230-3402(17)30009-4/sbref0020
http://refhub.elsevier.com/S1230-3402(17)30009-4/sbref0020
http://refhub.elsevier.com/S1230-3402(17)30009-4/sbref0020
http://refhub.elsevier.com/S1230-3402(17)30009-4/sbref0020
http://refhub.elsevier.com/S1230-3402(17)30009-4/sbref0020
http://refhub.elsevier.com/S1230-3402(17)30009-4/sbref0020
http://refhub.elsevier.com/S1230-3402(17)30009-4/sbref0025
http://refhub.elsevier.com/S1230-3402(17)30009-4/sbref0025
http://refhub.elsevier.com/S1230-3402(17)30009-4/sbref0025
http://refhub.elsevier.com/S1230-3402(17)30009-4/sbref0025
http://refhub.elsevier.com/S1230-3402(17)30009-4/sbref0025
http://refhub.elsevier.com/S1230-3402(17)30009-4/sbref0025
http://refhub.elsevier.com/S1230-3402(17)30009-4/sbref0025
http://refhub.elsevier.com/S1230-3402(17)30009-4/sbref0025
http://refhub.elsevier.com/S1230-3402(17)30009-4/sbref0025
http://refhub.elsevier.com/S1230-3402(17)30009-4/sbref0025
http://refhub.elsevier.com/S1230-3402(17)30009-4/sbref0025
http://refhub.elsevier.com/S1230-3402(17)30009-4/sbref0025
http://refhub.elsevier.com/S1230-3402(17)30009-4/sbref0025
http://refhub.elsevier.com/S1230-3402(17)30009-4/sbref0025
http://refhub.elsevier.com/S1230-3402(17)30009-4/sbref0025
http://refhub.elsevier.com/S1230-3402(17)30009-4/sbref0025
http://refhub.elsevier.com/S1230-3402(17)30009-4/sbref0025
http://refhub.elsevier.com/S1230-3402(17)30009-4/sbref0025
http://refhub.elsevier.com/S1230-3402(17)30009-4/sbref0025
http://refhub.elsevier.com/S1230-3402(17)30009-4/sbref0025
http://refhub.elsevier.com/S1230-3402(17)30009-4/sbref0025
http://refhub.elsevier.com/S1230-3402(17)30009-4/sbref0025
http://refhub.elsevier.com/S1230-3402(17)30009-4/sbref0025
http://refhub.elsevier.com/S1230-3402(17)30009-4/sbref0025
http://refhub.elsevier.com/S1230-3402(17)30009-4/sbref0025
http://refhub.elsevier.com/S1230-3402(17)30009-4/sbref0025

	Degradation of flexible thin-film solar cells due to a mechanical strain
	1 Introduction
	1.1 Flexible solar structures

	2 Degradation of various TCOs’ parameters in bending tests
	3 Influence of TCO contacts deterioration on final cell parameters
	4 Modelling of ITO degradation influence on flexible cell internal parameters
	5 Conclusions
	Acknowledgement
	References


