
1 

Strain dependence electrical resistance and cohesive strength of ITO thin films 
deposited on electroactive polymer 
L. Rebouta1, L. Rubio-Peña2, C. Oliveira1, S. Lanceros-Mendez1, C.J. Tavares1, E. Alves2 
1Departamento de Física, Universidade do Minho, 4800-058 Guimarães, Portugal 
2 University of Cadiz, Engineering School, C/ Chile, 1, 11002 Cádiz, Spain 
3ITN, Departamento de Física, E.N.10, 2686-953 Sacavém, Portugal 

Keywords: tensile test, ITO, cohesive strength, crack onset strain, electroactive polymers 
 
Abstract 

 Transparent, conducting, indium tin oxide (ITO) films have been deposited, by pulsed dc 

magnetron sputtering, on glass and electroactive polymer (poly (vinylidene fluoride)- PVDF) 

substrates. Samples have been prepared at room temperature by varying the oxygen partial pressure. 

Electrical resistivity around 8.4x10-4 Ω.cm has been obtained for films deposited on glass, while a 

resistivity of 1.7x10-3 Ω.cm has been attained in similar coatings on PVDF. Fragmentation tests 

were performed on PVDF substrates with thicknesses of 28 µm and 110 µm coated with 40 nm ITO 

layer. The coating´s fragmentation process was analyzed and the crack onset strain and cohesive 

strength of ITO layers were evaluated.  
 
Introduction 

 Indium tin oxide (ITO) thin films are widely used as transparent electrodes in optoelectronic 

and electro-optic devices such as solar cells and flat panel displays [1-3]. This is due to their unique 

properties of both a low electrical resistivity and a high transmittance in the visible spectral region 

[4,5]. These properties are obtained using substrate temperatures higher than 200 ºC, but the 

growing interest in flexible substrates leads to the use of polymeric substrates, which require the 

deposition of films at low temperature [6-9]. Further, the deposition on polymeric substrates 

decreases the quality of the film properties, leading to a higher roughness, higher resistivity and 

lower transmittance [10,11].  

 Poly(vinylidene fluoride) - PVDF - in its β phase is a polymeric material with electroactive 

properties. It combines the piro- and piezoelectric characteristics, with an excellent combination of 

processability, mechanical strength, lightness, moldability and low production cost. These 

properties allow the use of PVDF as a substrate and as an active layer in applications such as 

flexible touch screens and keyboards [12]. The advantage of the flexibility of the active layer can be 

lost due to the limited mechanical ruggedness of brittle ITO films [13]. These brittle layers are 

likely to be the source of failure in these flexible devices and therefore, it is important to understand 

and improve the mechanical limits of these materials. With this objective, fragmentation tests of 
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ITO films deposited on electroactive PVDF were performed. At the same time the electrical 

resistance was measured, in situ, as a function of the mechanical strain. 

Theory 

 According to the weakest link model, the cohesive strength of a coating can be evaluated from 

the early stages of the fragmentation process assuming a Weibull type size dependent probability of 

failure for the coating fragments of length ℓ under a stress σ [14,15]: 
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Assuming that the residual stresses are negligible and that the coating strength follows a two 

parameter Weibull distribution, in the initial stage of fragmentation the average fragment length is 

related to the stress acting in the coating. The average fragment length (ℓ) in the initial stage is 

equal to ℓ0(σ/β)-α, where ℓ0 is a normalizing factor, chosen equal to 1 µm [15],  σ is the axial stress 

acting in the coating, and α and β are the Weibull shape and scale parameters, respectively. These 

parameters can be derived from a linear extrapolation of the initial part of the crack density 

evolution, from a plot of ln ℓ against ln σ [15,16]. The cohesive strength of the coating at critical 

length (ℓc) is [15]: 
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where Γ is the gamma function, ll )2/3(=c  is the critical length [17] and l  is the experimental 

mean fragment length at saturation, which is also the inverse of the crack density at saturation. The 

crack density was calculated at each selected strain by dividing the number of tensile cracks present 

in the micrograph by the micrograph length and multiplying the result by (1+ε) in order to consider 

the length increase during the test. This method considers that the internal stress of the coating is 

negligible. In order to take into account its influence, the internal stress should be evaluated and the 

crack onset strain (COS) and the coating strength obtained with this method should be corrected 

[16]: 

 ( ) ( ) icmaxc
cor
max 0.67σσσ += ll  (3) 

 i
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where σi is the internal stress and εi = σi(1-νc)/Ec is the internal strain, being Ec and νc the Young 

modulus and Poisson ratio of the coating.  

The in plane residual stress, σi, was calculated using the curvature radius of the substrate, before, rb, 

and after, ra, the deposition [18]:   



 

 3

 ( ) ⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
−⎟

⎟
⎠

⎞
⎜
⎜
⎝

⎛
⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
−+

−
=

bas

c

s

c

cs

ss

rrE
E

h
h

h
hE 11141

16
σ

2

i ν
 (5) 

where Es is the Young modulus of the substrate, hs and hc are the thicknesses of the substrate and 

coating, respectively, and νs is the Poisson ratio of the substrate.  

The Young modulus of ITO was assumed to be 100 GPa [18] and the Young modulus of the 

substrate was determined from the tensile testing. The Poisson ratio of the coating was assumed to 

be 0.3 

 
Experimental details 

 ITO films have been deposited under a mixed Ar/O2 atmosphere with a base pressure of 2x10-4 

Pa. From a 2 inch diameter ITO target, (indium oxide/tin oxide, 90/10 wt.%) pulsed dc magnetron 

sputtering with a frequency of 140 kHz and a duty cycle of 0.7 has been used. Glass and PVDF (β- 

phase, 28 µm and 110 µm thick from Measurement Specialties) have been used as substrates. A 

target current density of 0.6 mA cm-2 has been used and a deposition rate of 21 nm/min was 

obtained. A pulsed bias of -40V with a frequency of 90 kHz was applied to the substrate holder 

during the depositions. The oxygen partial pressure was varied from 0.006 Pa to 0.020 Pa, for a 

constant working pressure of 0.4 Pa. The oxygen partial pressure is the pressure measured before 

starting the deposition with only the oxygen flowing to the chamber. The target-to-substrate 

distance was kept constant at 8 cm in all runs and the substrate was not heated.  X-ray diffraction 

(XRD) has been used to examine the crystallinity and crystal orientation using Cu Kα radiation. 

(Bruker AXS Discover D8 apparatus). Glass substrates were used in these measurements in order to 

avoid the presence of polymer substrate peaks.  

Electrical resistivity, carrier concentration and Hall mobility of the coatings on glass substrates 

have been measured using the Van der Pauw geometry, under a magnetic field of 1 T. In the films 

over PVDF substrates, two aluminium contacts (8 mm x 2 mm) separated by 1 mm have been 

deposited in order to measure the sheet resistance. The electromechanical tests were carried out on 

10×40 mm2 samples with a computer-controlled tensile testing machine (Minimat, Polymer Labs), 

which was mounted on an optical microscope stage (Nikon Optiphot-100). One of the grips of the 

instrument was displaced at a constant speed of 0.2 mm/min. The applied load and the stage 

displacement, as well as the resistance values were recorded every second. The crack development 

was recorded through a CCD camera connected to the microscope. The evolution of the crack 

density was obtained by the subsequent video analysis. The substrates curvature radii were 

measured with a Nikon binocular lens. 
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Results and discussion 

Structure 

 The XRD measurements displayed in Fig. 1, as a function of the oxygen partial pressure (PO2), 

indicate that ITO films are either amorphous or weakly polycrystalline having lattice parameters 

corresponding to those of the bixbyite structure of In2O3 [19]. A texture is visible, although those 

films prepared with intermediate fluxes are almost amorphous. No SnO2 phase was found from the 

XRD patterns. Previous studies from other authors have shown that ITO films prepared with high 

energetic sputtered particles resulted in a (400) and (440) texture, while with lower energetic 

particles lead to the formation of a (222) texture [20]. A (222) texture was also obtained using 

facing target sputtering [21], where the bombardment by high energy negative oxygen ions was 

suppressed. The thickness of these samples is around 90 nm, except the samples prepared with 

oxygen partial pressures of 0.009 and 0.011 Pa, which have thicknesses of 119 and 107 nm, 

respectively. Other results reported on the XRD analysis of ITO films indicate that the intensity of 

(200) and (400) peaks decreases with increasing oxygen partial pressure [22]. 
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Fig. 1 – XRD pattern for ITO thin films prepared under different oxygen partial pressures, which are indicated in the 
graphs. 
 
 
Electrical properties  

 The electrical resistivity, charge carrier concentration and Hall mobility for ITO films 

deposited on glass are shown in Fig. 2 as a function of the oxygen partial pressure. In the range 
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used in these experiments, the resistivity of the ITO films initially decreased with increasing 

oxygen partial pressure and then did not show appreciable changes until a PO2 of 0.02 Pa. A further 

increase of PO2 normally corresponds in an increase of the resistivity. The minimum value for the 

film resistivity is 8.4x10-4 Ω⋅cm, and was obtained at a PO2 of 0.013 Pa and for an XRD amorphous 

structure. Other studies on TCO films prepared without intentional substrate heating also obtained 

the lowest resistivity for coatings with amorphous structure [8, 23]. A similar behaviour was found 

with films deposited on PVDF with the minimum resistivity of 1.7x10-3 Ω.cm obtained for samples 

prepared with 0.011 Pa and 0.013 Pa. 
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Fig. 2 – Evolution of the resistivity (■), carrier concentration (×) and Hall mobility (○) of ITO coated glass as a 
function of the oxygen partial pressure during deposition, at a working pressure of 0.04 Pa.  
 

The carrier concentration does not show a clear tendency, and changed between 1.4x1020 and 

2.8x1020 cm-3. The number of carriers arises from oxygen vacancies or from Sn ions on In sites. It 

was expected that an increase in PO2 would lead to a decrease in the number of oxygen vacancies 

acting as ionized donors in the film, which would lead to a decrease in carrier density. However, 

this was not clearly detected in these experiments. These results can be explained if in addition we 

have the activation of the Sn donors. When increasing PO2 to 0.020 Pa, the Hall mobility shows a 

continuous increase from 8 to 40 cm2V-1s-1. The increase in mobility might be due to a decrease in 

the number of oxygen vacancies acting as scattering centers and can be related with the decrease of 

the crystalline fraction present in the film, as shown in the XRD results. The initial decrease in 

resistivity resulted from an increase in mobility with increasing PO2 until 0.013 Pa, due to the 

suppression of crystallite grain boundaries and subsequent decrease in electron scattering, while, for 

a further increase in PO2, the increase in resistivity at 0.015 Pa can be explained by resulting from 

the decrease of the carrier concentration due to the reduction of oxygen vacancies. 
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 In the case of coatings deposited on PVDF, the minimum value for the film resistivity was 

1.7x10-3 Ω⋅cm. The roughness of the PVDF substrate leads to a higher resistivity when compared to 

the values obtained for films deposited on glass [24].  

 
Tensile tests 

The tensile tests were performed with PVDF substrates with thicknesses of 28 and 110 µm 

coated with ITO films prepared with two different oxygen partial pressures (0.011 Pa and 0.020 Pa) 

and thicknesses around 40 nm. In order to obtain the β-phase, the PVDF substrate, was stretched 

during its processing, being the stretching relation between the initial and the final length of the 

sample from 4 to 7 [25]. The PVDF substrate is anisotropic and the elastic moduli of parallel and 

perpendicular directions (to the stretching direction) are 1.2 GPa and 1.5 GPa, respectively. The 

elongation direction of the stress-strain curves was along the stretching direction. 

During straining, the surface of the polymer/coating composites was analyzed by an optical 

microscope. The surface of the as deposited ITO coatings bore the presence of some defects, such 

as those shown in Fig. 3, which resulted in nucleation sites for the initiation of the cracks. Fig. 4 

shows optical micrographs of PVDF(110 µm)/ITO(0.020 Pa) and PVDF(28 µm)/ITO(0.011 Pa) 

systems that illustrate the fragmentation process performed at room temperature, under constant 

strain rate. The arrows indicate the elongation direction and the strain values are indicated in the 

optical micrograph. The first cracks were identified for a nominal strain of about 2.2 % and the 

number of cracks increased rapidly until a nominal strain of about 3.5 %. 

 
Fig. 3 – Crack pattern of an ITO coated PVDF substrate showing the presence of surface defects, where the first cracks 
are initiated. The arrows indicate the elongation direction. 

 

 The transverse cracking of the fragments was initiated at about 6 % strain for PVDF (110 µm) 

and about 5 % strain for PVDF (28 µm). The development of these cracks is due to the lateral 

contraction of the sample, which results from Poisson effects [17]. The evolution of the crack 

density and electrical resistance (∆R/R) is shown in Fig. 5. The crack onset strain is similar for the 

different ITO coatings and also it is not affected by the substrate thickness (28 and 110 µm) either. 

The coatings have similar properties and similar thicknesses, and the small differences can only 

cause changes that are within the uncertainty of the experimental method.  

50 µm 
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 With respect to the evolution of the electrical resistance, in all cases the resistance increases 

sharply, which is consistent with other studies of thin ceramic coatings deposited on flexible 

substrates [18, 26]. The increase in the resistance is due to the formation of cracks created by the 

applied load, as shown in Fig. 4, and it is related with the cohesive strength of the film. The sudden 

increase in the resistance of the sample between 2 and 2.5 % strain correlates with the onset of 

cracks (see Fig. 5). A similar behaviour was observed in all samples shown in Fig. 5. With a 

relatively high crack density the resistance remains finite, suggesting that the cracks do not cut 

completely the conducting paths. 

 

 

 

 

 

 

 

 

 

 

 

   

 

 

  

 

 
Fig. 4 – Crack patterns of ITO coated PVDF substrate for increasing nominal strains. The arrows indicate the 
elongation direction and the strain values are indicated in the optical micrograph: a) PVDF (110 µm)/ITO (0.020 Pa);  
b) PVDF (28 µm)/ITO (0.011 Pa). 
 
 The values of the parameters α and β of the Weibull distribution of PVDF/ITO coatings were 

evaluated from the plot of ln( l ) against ln(σ), and are presented in table I, together with the 

cohesive strength of the ITO coatings at critical length obtained with eq. (2). The internal stress of 

the coatings was evaluated using the eq. (5) and was used to calculated the intrinsic crack onset 

strain (COScor) and intrinsic cohesive strength of ITO films using the eq. (3) and (4). The crack 

onset strains are relatively higher than those reported in literature for ITO films. For example, 

Leterrier et al. reported an intrinsic COScor of 1.61% for an amorphous ITO layer with a thickness 

of 50 nm and lower values (< 1.2 %) for thicker and polycrystalline films [18]. Although similar 

results have been obtained in additional tests with samples prepared in the same conditions, in order 
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to identify the source of this discrepancy (substrate type, microstructural variations and/or 

experimental procedure) more experiments will be necessary.   
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Fig. 5 – Crack density and change in resistance (∆R/R) as a function of the substrate nominal strain for different ITO 
coatings deposited on: a) PVDF 110 µm; b) PVDF 28 µm.  
 

 
Table I – Crack onset strain (COS), crack density at saturation (CDS), shape parameters of the Weibull 

distribution (α and β) of PVDF/ITO coatings, critical length (ℓc) and cohesive strength (σmax(ℓc)) of the ITO 
coatings. 

Sample CDS  
(µm-1) 

COS  
(%) 

COScor  
(%) α β 

(GPa) 
ℓc 

(µm) 
σmax(ℓc) 
(GPa) 

σmax
cor(ℓc) 

(GPa) 
PVDF (110 µm)/ITO (0.020 Pa) 0.26±0.01 2.2±0.2 2.1±0.2 12.1 3.49 5.8 2.9 2.7 
PVDF (110 µm)/ITO (0.011 Pa) 0.22±0.01 2.3±0.2 2.2±0.2 14.3 3.60 6.8 3.0 2.8 
PVDF (28 µm)/ITO (0.020 Pa) 0.22±0.02 2.2±0.2 2.1±0.2 12.7 3.36 6.9 2.8 2.6 
PVDF (28 µm)/ITO (0.011 Pa) 0.28±0.02 2.2±0.2 2.1±0.2 15.0 3.36 5.3 2.9 2.7 

 
 

Summary 

Uniaxual tensile tests for amorphous ITO films deposited on PVDF substrates have been 

performed and the crack onset strain, the evolution of the crack density and electrical resistance 

were measured and analyzed. The first cracks were identified for a nominal strain of ~2.1 %, which 

is correlated with the sudden increase in the resistance of the sample. The cohesive strength of the 

coatings with a thickness of ~40 nm was determined to be 2.7 GPa. 
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