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A B S T R A C T

Cu(In, Ga)Se2 (CIGS) based thin film solar cells have been extensively studied and today, power conversion
efficiencies higher than 20% have been demonstrated on both rigid and flexible substrates. However, very little
is known about the mechanical resistance of flexible CIGS solar cells under flexion. Here we report an original
study on the mechanical properties of CIGS solar cells fabricated on 100 µm-thick ultra-thin glass substrates.
The Young's modulus and hardness of Mo and CIGS thin films are measured by nanoindentation, a technique
well adapted to the characterization of thin film materials. Young's modulus values of 289 GPa and 70 GPa are
obtained for the Mo and the CIGS layers respectively, as well as a CIGS hardness of 3.4 GPa. These values,
combined with an analytical model, allow calculating the strain induced in thin film during the flexion of solar
cells fabricated on ultra-thin glass substrate as well as on polyimide substrate. Thereby, we show that using a
substrate with a low thickness and a low Young's modulus enables to lower the thin films strain during the
flexion of cells.

1. Introduction

Flexible photovoltaic devices based on thin film technologies are
highly desirable for the development of new applications as well as for a
reduction of manufacturing costs through roll-to-roll processing.
Among thin film solar cell technologies, the technology based on the
Cu(In,Ga)Se2 (CIGS) absorber material is one of the most promising
since it has reached well established efficiencies higher than 20% in
many groups [1]. Studies on the material electronic properties and
deposition process have enabled a continuous improvement of the
performance of solar cells fabricated with flexible substrates made of
polyimide [2], metal [3,4], ceramic [5] and, more recently, on ultra-
thin glass (UTG) [6]. In addition to their ability to convert light into
electrical power, flexible solar cells have to withstand mechanical
stresses, ideally without any performance degradation. Recent studies
have been reported on the bending induced degradation of flexible
solar cells based on amorphous silicon [7], perovskite [8,9] and lead
sulfide [10] thin films. These studies point out a degradation behavior
related to the bending radius and/or to the number of bending cycles.
For the CIGS technology, the behavior of solar cells under repeated

flexions was observed by Chirilă et al. for solar cells made on 25 µm-
thick polyimide substrates [11] and in our lab for solar cells made on
100 µm-thick UTG substrates [6]. On polyimide substrates, a relative
efficiency decrease of only 4% is reported after 1,000 bending cycles
applied with a radius of curvature of 20 mm, while on UTG substrates,
a relative efficiency decrease of 20% is reported after 3 bending cycles
applied with a radius of curvature of about 50 mm. These results
indicate that the substrate properties could have a huge influence on
the degradation of cells under flexion.

The mechanical behavior of flexible devices is related to the
thickness and the Young's modulus of the thin films and the substrate.
Knowing these parameters, it becomes possible to predict the strain
induced in the materials as a function of the radius of curvature
[12,13]. In this framework, it is desirable to assess the Young's
modulus of the materials involved in the fabrication of CIGS solar
cells, which have classically the following stacked structure:ZnO:Al/
ZnO/CdS/CIGS/Mo/Substrate. The CdS layer has a negligible influ-
ence on the strain distribution in the bent structure because of its low
thickness, so it will not be considered in the following. Young's
modulus values between 290 and 330 GPa were reported for bulk Mo
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[14,15] and Mo thin films sputtered on Si substrate [16], but lower
values (133–172 GPa) were reported for Mo thin films sputtered on
polyimide substrate [17]. In the same work, a CIGS Young's modulus of
73.4–83.6 GPa was measured by nanoindentation, but no details were
given on the experimental procedure. More recently, a CIGS Young's
modulus of 70.4 ± 6.5 GPa was estimated from stress-strain measure-
ments on CIGS nanopillar [18]. The Young's modulus of ZnO,
measured by nanoindentation on thin films sputtered with different
conditions, lies between 61 and 125 GPa [19] and a value of 110 GPa
was reported for sputtered ZnO:Al thin films [20].

In order to complete these data and because mechanical properties
of thin films could vary with the deposition conditions, here we report
on the measurement of the Young's modulus (E) of sputtered Mo and
coevaporated CIGS thin films by nanoindentation, a technique well
adapted to the determination of mechanical properties of thin films, for
which conventional stress-strain measurements cannot be applied.
This technique also allows the determination of the hardness (H) of
the materials, i.e. their ability to resist to plastic deformation. A Mo
hardness of 6.5 GPa was measured by nanoindentation [15] and the
CIGS hardness has never been reported yet. Then we use the previously
measured Young's moduli to calculate the position of the neutral axis in
solar cells and the strain induced in the thin films depending on the
radius of curvature. The influence of the substrate properties is pointed
out by calculating the strain with two different substrates: a 100 µm-
thick ultra-thin glass substrate and a 25 µm-thick polyimide substrate.

2. Material and methods

2.1. Samples preparation

CIGS solar cells are often fabricated on sodalime glass (SLG)
substrates because of its coefficient of thermal expansion (CTE) of
8.9×10−6 K−1, a value close to the CTE of CIGS (ranging between
5.0×10−6 and 9.5×10−6 K−1[21]) and because it contains Na, well-
known to improve the cell efficiency by diffusing into the CIGS during
its growth, at a substrate temperature close to 550 °C [22]. The samples
were fabricated on 1.1 mm-thick SLG substrates (Goodfellow) and on
100 µm-thick borosilicate UTG substrates (D263T, Schott). UTG is
used in our lab as a substrate for the fabrication of lightweight and
conformable CIGS cells. With a CTE of 7.2×10−6 K−1, the D263T glass
has a lower CTE than SLG but is still suitable for CIGS cells [6]. The
two kinds of substrate were cleaned in an ultrasonic bath with a
detergent solution and rinsed with deionized water. The mechanical
properties of Mo were measured on a Mo thin film deposited with a
Perkin Elmer 2400 DC magnetron sputtering equipment on a SLG
substrate (Mo/SLG sample). Although not measured, the properties of
Mo deposited on UTG are expected to be the same as Mo deposited on
SLG because the two substrates have a similar and low surface
roughness (root mean square roughness < 1 nm). Moreover, the
samples are not intentionally annealed during the Mo deposition
(temperature remained lower than 100 °C), making negligible the
thermal expansion difference between the substrates and limiting
possible diffusion phenomena from the substrate. On the other hand,
the nature of the glass can have a significant influence on the CIGS
properties, as mentioned in our previous work [6]. Therefore we
measured the Young's modulus and the hardness of two CIGS layers:a
layer deposited on a Mo coated SLG substrate (CIGS/Mo/SLG sample)
and another deposited on a Mo coated UTG substrate (CIGS/Mo/UTG
sample), with Mo layers deposited in the same conditions. The CIGS
thin films are deposited in an Alliance Concept EVA450 equipment
with our standard 3-stage coevaporation process, described elsewhere
[6].

2.2. Characterization techniques

The thickness of the Mo and the CIGS films were determined with a

Veeco Detktak 8 profilometer. The surface roughness and morphology
as well as the height profile of the indented surfaces were characterized
by atomic force microscopy (AFM) in tapping mode with a Bruker
Innova equipment and by scanning electron microscopy (SEM) with a
LEO 1530 equipment.

A MTS Systems Corp. nanoindenter equipped with a XP head
system and a three-sided Berkovich diamond tip was used to perform
the indentation tests. The indentation procedure consists in pressing
the tip on the surface with an increasing load (P) until the tip-apex
reaches the desired penetration depth (h). During the loading phase,
the indented material undergoes elastic and plastic deformations. Then
the tip is lifted off from the surface, leaving a residual mark due to the
permanent plastic deformation of the material. The Young's modulus
and the hardness of the indented materials are deduced from the load-
penetration (P(h)) curves and from the harmonic contact stiffness (S),
obtained with the dynamic Continuous Stiffness Measurement (CSM)
method [23]. Before and after the measurements on the Mo and the
CIGS samples, indentation tests were made on a reference fused silica
sample, for which E and H are known, in order to make sure that the
equipment is well calibrated.

2.3. Nanoindentation: theoretical models

For each penetration depth of the tip, E and H are related to the
projected area (AC) of the contact between the tip and the sample, and
to the harmonic contact stiffness (S) through the following expressions:
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where E*C is the apparent Young's modulus of the contact, Ei and νi are
respectively the Young’s modulus and the Poisson's ratio of the tip
(E =1040GPai and ν =0.07i for a diamond tip), and ν is the Poisson's ratio
of the measured material. The Poisson's ratio ν of the Mo was fixed to
0.3, a value based on data reported in the literature 0.292–0.301 [16]).
The Poisson's ratio of CIGS is not known, so it was also fixed to 0.3. As
most of materials have a Poisson's ratio ranging between 0.0 and 0.4,
the relative uncertainty induced on the determination of E from Eq. (2)
is estimated to be less than 10%. For a perfect pyramidal indenter, AC

is related to the contact depth (hC) through the relation:

A πh θ= tanC C
2 2 (4)

where θ is the half apical-angle of a conical indenter that would give the
same projected contact area at a given hC . For a Berkovich indenter,
θ = 70.32°. hC is the effective material height in contact with the tip. As
sink-in or pile-up can occur during indentation, hC depends on the
behavior of the material and therefore should not be confused with the
penetration depth h (see Fig. 1). hC has a critical impact on the
determination of mechanical properties and can be estimated with
different classical methods [24–26]. However, an accurate estimation
of hC is sometimes challenging, in particular when indenting samples
with rough surfaces. The surface roughness can also cause a wrong
determination of the penetration depth, which is measured from the
contact point between the tip and the surface. According to the ISO
14577 standard, the penetration depth has to be at least 20 times
higher than the average surface roughness (Ra) to make the relative
uncertainty on the penetration depth lower than 5% [27]. When this
criterion is not fulfilled, methods like the so called “ h hd /dC method”
(see Section 2.3.2) are needed to avoid the influence of the surface
roughness.

The two methods used in this contribution are described in the
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