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Abstract: Four series of Indium Tin Oxide (ITO) thin films 600 nm thick were deposited on 

polyimide substrates by Xe ion beam sputtering under different deposition conditions: with or 

without O2 flow, and at room temperature or 100°C heated substrates. Both electrical and 

mechanical properties of the four different films were investigated in situ by electrical 

resistance measurements and synchrotron x-ray diffraction during equibiaxial deformation 

tests. The ITO films are found to have a low elastically anisotropy, i.e. an elastic anisotropy 

index slightly smaller than 1. The elastic regime domain is quite small and is associated to a 

small effective negative gauge factor. During biaxial straining, electrical measurements show 

that all films are very brittle with crack onset strains corresponding to applied strains ranging 

from 0.15 to 0.3%. The introduction of oxygen flow during deposition delays the crack onset 

as the decrease of deposition temperature does.  
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1. Introduction 

Indium tin oxides (ITO) have been used as transparent conductive electrodes in many 

different optoelectronic devices because of the very good combination of high optical 

transmittance in the visible range and low electrical resistivity. The combination of optical 

and electrical properties of ITO can be understood in detail from free electron theory [1]. For 

most of the current applications, ITO films are deposited on rigid substrates but deposition of 

ITO films on stretchable and foldable polymeric supports is desired for many new 

applications. Polymeric substrates indeed present the advantages of light weight, low cost, 

mechanical stretchability and bendability. 

Deposition of thin films onto flexible substrates obviously introduces risks of cracking and 

accompanying loss of electrical conductivity. Many types of mechanical deformation tests are 

used to study film failure. The two most commons are the uniaxial tensile test [2-4] and the 

bending test [5-6]. In situ microscopy (optical, Scanning Electron Microscopy,…) can be 

performed to track crack onset and monitor the density of cracks [2, 7-8]. According to 

literature, the fracture behaviour is dependent on film thickness [9-10], film adhesion, 

substrate and film elastic moduli [11, 12], film architecture [13], deformation mode [14] 

among other things. Several groups [2-4] have investigated the mechanical properties of ITO 

films on polymer substrates focusing on the cracking mechanisms and the effect on electrical 

properties. A recent study of Kim et al. demonstrates that the degree of crystallinity and 

crystalline quality are certainly the primary factors for determining the mechanical strength of 

ITO on polymer substrates [15]. 

The present experimental study focuses on the effect of the elaboration process of ITO films 

on the electrical and mechanical properties. Four point electrical resistance and synchrotron 
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x-ray diffraction (XRD) measurements were performed in situ during biaxial loading-

unloading of ITO films – Polyimide composites. In particular, we investigate the differences 

induced by changing the temperature of elaboration, and the O2 gas flow during ITO 

deposition by Xe ion beam sputtering on polyimide substrate. The magnitude of biaxial 

applied deformation imposed to ITO films is small (less than 1%) so that the onset of 

cracking can be investigated in depth. Up to a tensile deformation of about 0.3% 

(corresponding to the elastic domain limit), XRD data show no significant difference between 

the four samples and reveal the slight anisotropic elastic mechanical behaviour of ITO. 

Moreover, in the elastic domain, results demonstrate that the electrical resistance is 

decreasing as the ITO films elongate. This feature reveals a negative effective strain gauge 

associated with piezoresistive properties. For larger applied strains, the film failure attributed 

to crack formation is captured first by the electrical measurements prior to strain 

measurements by x-ray diffraction during mechanical testing. The resistance versus true 

strain curves plotted for the four ITO films reveal the crack onset strain differences related to 

the different deposition conditions and exhibit a hysteresis that is induced by a significant 

closure of cracks during unloading. 

2. Experimental 

2.1 Sample elaboration and as-deposited characterization 

Four series of ITO thin films were prepared by ion beam sputtering on polyimide substrates. 

A ceramic target of In2O3/SnO2 (90:10) was used. Fig.1 presents a schematic illustration of 

the deposition chamber (Nordiko 2000 system). Crystallinity of ITO which is a critical 

physical parameter for physical properties is obviously strongly dependent of physical vapor 

deposition conditions. Here, the target to substrate distance is 55 cm. When the pressure had 
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been reduced to about 7x10-5 Pa, prior to deposition, the ITO ceramic target was presputtered 

according to a procedure divided into three steps of 10 min each (consisting of increasing the 

Xe beam current step by step) in order to increase slowly the temperature of target and to 

remove surface impurities. The deposits of ITO films 600 nm thick are performed with a Xe+ 

ion gun sputtering beam at 1.2 keV at a working pressure of approximately 10-4 Pa with and 

without introduction of small quantity of oxygen (O2 flow at 5 sccm). The optional O2 

reactive gas is inserted to the deposition chamber through a second ion gun without 

acceleration voltage (Fig.1). For another set of samples, the substrate was raised up to a 

temperature of 100°C for 1 hour. Then the temperature was maintained at 100° C during 

deposition. Let us notice that the substrate temperature has been monitored during a 

deposition test; for a setpoint temperature of 100°C, the actual temperature measured at the 

surface of polyimide substrate increases up to about 80°C and remains roughly constant 

during the deposit which lasts for about 40 minutes. Deposition parameters (temperature and 

oxygen flow) are listed in Table 1. Growth rate measurement of 0.15 nm/s was performed by 

determining the film thickness using ex situ x-ray reflectometry measurement. The polyimide 

(PI) substrates 125 µm thick (Kapton HN®) have a cruciform shape with arms of 200 mm 

long and 20 mm wide (Fig. 2). The ITO deposition onto PI is performed through a circular 

mask of 20 mm diameter that is positioned at the centre of PI cruciform shape sample. 

Interestingly, even if surface activation by ion-assisted reactions can be useful for improving 

the adherence of a transparent conductive oxide film to a polymer substrate [16], no specific 

surface treatment nor adhesion layer has been used in the present work, and the adhesion is 

very good though, as will be shown in subsection 3.2.  

The electrical properties were characterized by Hall effect measurements in a HMS 5500 

setup. These measurements that were carried under direct current (d.c.) condition probe the 
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mobility of free carrier on macroscopic scale including therefore all scattering mechanisms. 

All the reported measurements were done at room temperature and room pressure. The 

magnetic field was provided by a permanent magnet of intensity B=0.58 Tesla. We prepared 

and tested several square-shaped PI samples, which were elaborated at the same time as 

cruciform PI specimens for in situ tensile tests. In some cases, we repeated the measurement 

several times in order to check for reproducibility, and found variations of about 2% for 

resistance, and of 7% for mobility and concentration. 

2.2 Tensile loading with in situ resistance and x-ray diffraction measurements 

We have employed the DIFFABS-SOLEIL biaxial tensile tester working in the synchrotron 

environment for in situ diffraction measurements of thin crystalline films mechanical 

response [17]. The cruciform substrates were gripped by a cam rotating in a cylindrical 

fixation. The equibiaxial loading - unloading of the cruciform sample was controlled by 

displacement of the grips in the x and y axes where x and y correspond to the in-plane 

reference frame (z is the out of plane axis) related to the branches of the cruciform substrate 

(Fig. 2). The displacement grip speed corresponds to a deformation rate at the centre of about 

2x10-6 s-1. The in-plane macroscopic strains (εxx and εyy) of the polyimide substrate were 

measured by Digital Image Correlation (DIC) [18, 19] at the centre of the cruciform shape 

substrate by using images of about 6 x 9 mm².  

The incident x-ray beam was monochromatized using a double-crystal 

monochromator to a wavelength of λ = 0.06888 nm (i.e., an energy of 18 keV). The x-ray 

beam was of 295 x 260 μm² in size (horizontal and vertical full width at half maximum, 

FWHM, respectively). A hybrid pixel area detector (XPAD detector) [20] was used at a 

sample-to-detector distance of 621 mm. This XPAD 2D detector contains 240 x 560 pixels, 
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with a pixel size of 130 x 130 µm². At this distance, the 2θ angular acceptance covers 7.3°. 

This set-up enables the measurement of a diffractogram every 4 seconds during a continuous 

loading. Thanks to a homemade python code, the raw data were re-calculated to get usual 2θ 

angles. Initial diffractograms are shown in Fig. 3 for the four different samples. The 

diffractograms show two diffraction peaks related to ITO films and two diffraction peaks 

related to TiO2 powder (rutile phase); these latter allow performing calibration and correction 

of sample vertical movement during loading tests. It is indeed important to distinguish 

various causes producing diffraction peak shifts from strain variations. For an incident ω 

angle fixed at 7°, the ITO(222) and ITO(400) Bragg peaks, associated with 2theta angles of 

about 13.4° and 15.5° probe planes almost parallel to the surface, i.e. the out-of-plane elastic 

strain εzz. 

Concerning electrical resistance measurements, four electrical contacts are made at 

the periphery of circular ITO films with silver paste, and thin copper wires were used as 

connecting leads to the electrometers. During continuous loading – unloading, a constant 

current (I= 1 mA) from a current source (Keithley 6221 programmable current source) was 

allowed to pass through two terminal leads (A and B) of the four-point probe, and the voltage 

(V) across the two other leads (C and D) was measured using a multimeter (Keithley 2182 

nanovoltmeter) (Fig. 2). Automated data acquisition was achieved thanks to a home-made 

LabVIEW program. 

3. Results and discussion 

3.1 Electrical properties and microstructure of the as-deposited ITO films  

Typical x-ray diffraction profiles acquired during in situ tensile tests are shown in Fig. 3 for 

the four selected deposition conditions. All profiles indicated the presence of a single 
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crystallographic cubic phase of In2O3 bixbyite and can be compared with referenced phase of 

the JCPDS database #6-0416. The presence of a given amount of amorphous phase of ITO 

reported by Legeay and Castex [21] is not excluded, the related hump being impossible to 

decorrelate here from the high background signal due to PI substrate scattering. The amount 

of TiO2 powder that is sprayed on the PI backside is not the same for the four samples while 

the ITO film thicknesses are similar. Hence, the intensities of TiO2 diffraction peaks cannot 

be compared from one sample to another. On the other hand, since the films have the same 

thickness, the integrated intensities of ITO films could be quantitatively related to the 

diffraction volume and hence to the amount of crystallinity if no crystallographic texture was 

present. However, preferential grain orientation between the samples elaborated with O2 flow 

or without can be observed. For samples without O2 flow, the relative ratios of {004}/{222} 

integrated intensities are relatively close to the one of JCPDS database while the samples 

with O2 flow show a {004} excess (Table 2). Interestingly, if the deposition temperature does 

not change the crystallographic texture for films elaborated without O2 flow, it induces 

opposite behaviours for the degree of crystallinity. As expected, the increase of substrate 

temperature induces an increase of degree of crystallinity for samples deposited without O2 

flow while it is the opposite for samples deposited with O2 flow. At low substrate 

temperatures (RT), the mobility of atoms at the surface growing film surface is very low due 

to limited diffusion during the film formation. This can lead to amorphous structure of ITO. 

But in the present case of sputtering technique, there is a significant energy transfer due to the 

high energy of particles (ions and neutrals) impinging into the film [22] which can explain 

the nucleation of crystallite of ITO at RT. Following the same reasoning, this should also be 

the case for the samples elaborated with O2 flow. But, in the latter case, the degree of 

crystallinity at 100°C is more than two times smaller than the one at RT. The two sets of 

samples have different crystallographic texture that clearly depends on the O2 flow. 
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Noteworthy, the relative ratios of {004}/{222} integrated intensities are constant versus 

temperature and hence texture can be considered as similar for samples elaborated at RT and 

100°C for samples deposited without O2 flow. On the contrary, the crystallographic texture 

changes with temperature for samples deposited with O2 flow (Table 2). Song et al. have 

reported that the <001> texture is caused by high energy ion bombardment of the growing 

film surface [23], but, as the working pressure is the same in our case, the energy of ion 

bombardment should be similar if the influence of the target-substrate distance is neglected. 

For sputtering at 200°C and at higher oxygen flow, the <111> orientation was dominant 

while the <100> orientation was mainly built up at lower oxygen pressure [24]. On the 

contrary we observed that the increase of oxygen flow favoured the <100> orientation. This 

could be due to the fact that the main parameter is the sputtering pressure that does not 

change in our deposition procedure and is about two orders of magnitude lower than the one 

of Song et al. [23]. This result implies that the main parameter of texture growth in Betz et al. 

[24] could be the sputtering pressure rather than the oxygen flow. Moreover, crystallinity of 

ITO is not improved with increase in oxygen flow contrary to the observation of Song et al. 

[23]. This inconsistency is certainly due to the influence of several deposition parameters that 

are not in the same range, namely O2 pressure, working pressure, target-substrate distance 

among others. They argued that enough oxygen supplement should be needed to form 

stoichiometric films and this could favour crystallization. Our observations may suggest that 

O2 molecules adsorbed on the growing film surface could result in suppressing the surface 

migration of In atoms during the crystal growth and hence increasing the structural disorder 

in growing films. 

Electrical characteristics of the four selected as-deposited ITO films obtained from Hall 

measurements are listed in Table 1 and presented in Fig. 4. We notice first that as-deposited 
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ITO films have a high negative carrier concentration (∼1021 cm−3). The ITO films with O2 

flow were found to have seven times smaller carrier concentration. This phenomenon can be 

attributed to free carriers that are provided from two different kinds of electron donor sites: 

substitutional doping of Sn on In sites in the In2O3 crystal structure and divalent oxygen 

vacancies [1, 25, 26]. The densities of oxygen vacancies in the bixbyite crystal structure and  

of the crystallographic defects are likely to reduce the conductivity through a substantial 

decrease of mobility [26]. In another study, an increase of the conductivity of five orders of 

magnitude has been reported upon thermal annealing [27]. The main objective of the thermal 

treatment was to increase the crystallinity of ITO films, but the authors observed a high-

temperature out-diffusion of interstitial oxygen. Hence the thermal annealing induced a 

decrease of resistivity that could be explained by a reduced number of traps and increased 

mobility. In the present study, the resistivity was found to be around 1 x 10-3 Ω cm, a lowest 

value of 7.2 x 10-4 Ω cm was achieved for Xe sputtered ITO film at 100°C (Xe_100°C). The 

mobility increases with O2 flow and temperature from about 1.4 for Xe at RT (Xe_RT) to 

achieve only 10 cm2.V-1.s-1 for Xe+O2 sputtered ITO film at 100°C (Xe+O2_100°C). ITO 

films sputtered at higher temperature show an increase of their mobility while the carrier 

concentrations remain similar (or slightly decrease). As a result, ITO films deposited at 

higher temperature show a lower resistivity that is only related to the larger mobility. These 

observations are qualitatively consistent with the observations of Hamouda et al. for Xe 

magnetron sputtering [28]. But a lower resistivity can also be induced by creation of oxygen 

vacancies that increases electron carrier density. In sputtered ITO films, these oxygen 

vacancies can be controlled by post-annealing treatment or different sputtering conditions 

[1,15,16,21,23-32] among which the impact of the ion energy bombardment [30] or the 

reduction reaction of hydrogen radicals [29]. In the present study, the introduction of oxygen 
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flow during sputtering increases resistivity by about a factor of two by greatly decreasing 

carrier density (by a factor of seven) while increasing mobility (by a factor of three to four).  

To sum up, the four selected deposition conditions made it possible to fabricate four ITO 

films on polyimide substrates with different microstructure and electrical properties. The four 

samples are polycrystalline (with single bixbyite phase) certainly with a given amount of 

amorphous ITO phase that has not been quantified. The samples elaborated without oxygen 

exhibit no significant preferential orientation while the samples prepared with O2 flow show a 

slight <001> texture that increases with deposition temperature (Table 2). The full widths at 

half maximum that reflect the sizes of the crystallites and the strain heterogeneities, reveal 

that adding the oxygen flow induces better crystallinity but the integrated intensities reveal 

that the total amount of crystallized ITO is lower. This observation can also be correlated 

with the increase of electrical carrier mobility that is significantly improved when adding the 

oxygen flow. Moreover, samples with (resp. without) O2 flow are transparent (resp. opaque); 

the residual stress states that have been estimated by the Stoney method on ITO films 

deposited on silicon single crystals during the same deposition run are -250 MPa +/- 70 MPa 

for Xe_RT and Xe_100°C, -550 MPa +/- 100 MPa for Xe+O2_RT and -400 +/- 100 MPa for 

Xe+O2_100°C. All the films are in a compressive stress state explained by the high energetic 

deposition process. The deposition temperature is not high enough to induce a significant 

thermal stress contribution. 

3.2 Evolution of mechanical and electrical properties of ITO films during in situ 

deformation tests 

As mentioned in the introduction, the main objective of this study is to investigate the 

mechanical properties as a function of the microstructure. Figs. 5 present a typical set of in 
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situ data acquired during the loading-unloading tests (namely DIC and XRD measured strains 

and electrical resistance); here is the example of the ITO film elaborated without O2 flow at 

100°C (Xe_100°C). The mechanical deformation test lasts for about one hour. The initial 

loading of 17N for the cruciform ITO-polyimide samples that ensures a stable position of 

sample during loading is used as a reference state for all parameters: macroscopic strains, 

elastic XRD strains, and electrical resistance. This initial loading corresponds to an 

equibiaxial tensile strain of 0.12% that can be related to an applied tensile biaxial stress of 

215 MPa (with a Young’s modulus E=116 GPa and a Poisson’s ratio ν=0.35 [33]).  

Firstly, the macroscopic or true strain measurements (�		

��and �


��  components) show the 

anisotropic behaviour of Kapton® substrates that leads to a non-perfect equibiaxial 

deformation test. During loading, the applied true strains increased linearly with time up to 

about 0.7%. Once unloaded, the applied true strain components are equal to approximately 

0.1%. In other words, the unloaded strain state is different from the initial one while the 

loading force is going back to the initial value. This residual strain at the centre of the 

substrate is due to the geometry of the cruciform shape substrate. Indeed, if the maximum 

applied strain of about 0.7% that is measured at the centre of the cruciform shape substrate is 

lower than the yield strain of polyimide, the strains of the sample are much larger than that in 

the toe weld region. So, considering the distribution of strains in the whole sample, the 

deformation test can be over the yield point in some regions and this is why the applied strain 

at the center of the cruciform shape substrate is not going back to zero when the sample is 

unloaded (see Fig. 5a). 

Secondly, the elastic strains, or in other words the lattice strains deduced from the two 

ITO(222) and ITO(400) diffraction peaks as a function of time are shown in Figs. 5. Due to 

the measurement configuration, these strains are related to diffracting planes parallel to the 
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sample surface; the measured strain values are then negative due to Poisson’s effect. Indeed, 

an in-plane elongation of the film induces a contraction in the out of plane or perpendicular 

direction. The two curves corresponding to the two diffracting planes are strikingly very well 

superimposed. This result demonstrates that the ITO film Xe_100°C is elastically perfectly 

isotropic, i.e. exhibits an elastic anisotropy index, defined for cubic material as A=2c44/(c11-

c12), equals to 1. This is indeed an interesting finding of the presented results: the ITO films 

shows anisotropic index equal to 0.95+/-0.05. The literature related to elastic properties of 

ITO is very scarce. From a residual stress analysis study on {004} and {222} diffraction 

peaks of ITO films, Veith et al. reported a 10% difference in values of residual stresses 

analysed from {004} and {222} diffraction peaks of ITO films [34]; this difference can be 

attributed to an elastic anisotropy of ITO with [100] direction of ITO slightly stiffer than the 

[111] direction. This observation is qualitatively and quantitatively in agreement with our 

result. From Brillouin scattering, Wittkowski et al. also reported that their ITO films were 

elastically anisotropic [35]. More recently, by combining the frequency signatures of the 

vibrational modes of ITO nanorods with finite-element simulations, Guo et al. determined the 

three elastic constants for single-crystalline cubic ITO, which were 277.5, 107, and 33.8 GPa, 

for c11, c12, and c44 respectively [36]. These values lead to a strong elastic anisotropy with a 

Zener anisotropy index of 0.39. This value corroborates qualitatively the fact that the [400] 

direction is stiffer than the [222] direction as observed by Veith et al. [34] and ourselves; but 

the anisotropy of 0.39 is far too high, and does not reflect quantitatively our results. 

Another important feature of the change of elastic strains as a function of time is the 

departure from linearity at ���
	�
= - 0.35% which is shown in Fig. 5a at t~1200 s and, even 

more clearly in Fig. 6 for the two samples that have been submitted to larger applied strains, 

i.e. Xe+O2_RT and Xe_100°C. For these two latter samples, the loading part can indeed be 
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clearly separated into two domains: elastic domain and crack domain. As the applied 

macroscopic strain is continuously increasing, the change of XRD strain slopes can be related 

to crack propagation in brittle films [13]. Indeed, when a failure occurs in the ITO thin film, 

stress is relaxed locally and transferred to the substrate. This phenomenon leads to a decrease 

in the average stress supported by the film that is captured by x-ray diffraction. In the first 

domain that is related to the elastic domain, the elastic strains measured in ITO crystalline 

part can be compared to DIC macroscopic strains of substrate. Using Hooke’s law ��� =

��
�����

���� + ����  and ν=0.35 we obtained values that are similar to ���
	�
meaning that the 

strain is transmitted unchanged through the film-substrate interface. As mentioned in section 

2.1, the ion beam sputtering technique at the low working pressure produces high energetic 

ions and neutrals impinging on the film; these deposition conditions allow to create highly 

dense films which are very well adherent to the polyimide substrates. Noteworthy, no 

delamination occurs when the ITO-Polyimide composite was bent or even folded.  

Thirdly, Figs. 5 also present the electrical resistance evolution versus time. Fig. 5b (which is 

a zoom of Fig. 5a) helps to uncover the negative slope of relative resistance evolution ∆R/R 

which is hidden by the large magnitude of ∆R/R. The relative electrical resistance has to be 

plotted on a different scale (on the right axis) as the relative evolution is quite huge compared 

to the applied strain: 250% versus 0.7%. This huge increase of resistance is related to crack 

nucleation and propagation [2]. The relative resistance that is drastically decreasing during 

unloading reveals a partial closure of cracks. This typical electrical resistance behaviour of 

thin films on polymeric substrates has been reported many times for uniaxial tensile tests [2-

4, 37, 38] or bending tests [39, 40]. The difference in mechanical properties between ITO 

films and polyimide substrate is an issue, and tensile deformation may lead to crack patterns 

and thereby increased resistivity [2, 3]. As expected, electrical resistance measurements are 
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more sensitive than XRD measurements to capture the crack onset. Indeed, as soon as there is 

one crack or a few microcracks, the electrical flow is modified and hence induces substantial 

increase of the film electrical resistance. The advantage of this in-situ electrical probe 

technique is that the exact crack onset can be determined for brittle films [41]. On the 

contrary, a sufficient density of cracks is required before the stress relaxation can be captured 

by XRD measurements as clearly shown in Fig. 6. Monitoring of the changes in slopes can 

give information about processes occurring in the ITO film. As expected, the curves 

superimposed on each other rather well in the first domain related to the elastic regime. Then 

for brittle films such as ITO, the changes of slope as applied deformation increases reveal the 

relaxation of strain related to cracks. The crack features are well captured for Xe_100°C and 

Xe+O2_RT samples at applied deformation of about 0.36% and 0.42% respectively. During 

unloading, the slopes of these last two samples are different from the slopes in the elastic 

regime. This behaviour reveals the process of stress redistribution in the film-substrate 

composite. At the beginning of unloading, the relaxation of the applied load starts in the 

softer material, namely the polymer substrate, and hence is not captured by XRD 

measurements. Then at the end of unloading, the slopes become again similar to the one at 

the beginning because of crack closure. All these deformation processes are confirmed by 

electrical measurements. Fig. 7 focuses on the early stages of the tensile deformation; this 

figure highlights both the negative slope of relative resistance evolution versus tensile strain, 

and the departure from linearity that reveals the crack onset strain. The electrical resistance 

increases sharply at some critical strain which depends on film deposition conditions. The 

resistance increase is indeed explained by the appearance of the cracks. For the four samples, 

the crack onset strain is at very small applied strains, ranging from 0.1% up to 0.3%. These 

small strain values reveal the brittleness of our ITO films that is much lower than the crack 

onset reported by many authors. Their films failed under applied uniaxial tensile strains 
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typically in the range 0.8-1.2% [6], 1.59% [4] 1.4-2.2% [2], or even 2.5-3% [3]. Alike brittle 

materials, the cracking properties of ITO strongly depend on the layer thickness, crystallinity, 

interface quality, density of defect or roughness [2-6, 40]. Among these parameters, only the 

microstructure (crystallite size, amount of crystallinity, crystallographic texture) changes 

between the four samples. Independently of these microstructural considerations, Fig. 7 

shows that the introduction of O2 during deposition seems to delay the crack onset strain as 

the decrease of deposition temperature does. This observation cannot be directly correlated to 

the amount of crystallisation due to crystallographic texture changes. We can however notice 

that the crack onset strain is at about 0.12% for Xe_100°C versus 0.24% for Xe_RT as the 

amount of crystallinity increases with temperature. This last result is indeed associated to an 

integrated intensity that increased by a factor of 2.5 and to a similar crystallographic texture 

(similar integrated area ratios of {400} and {222} diffraction peaks). Hence, the brittleness 

increases as the crystallinity increases contrary to the observations reported by different 

groups [40, 42]. The other interesting point of Fig. 7 is that it revealed the piezoresistive 

nature of the four ITO films. The influence of strain on electrical properties of ITO has been 

reported and can be exploited in the fabrication of strain gauges [43]. If the samples were 

only submitted to geometrical deformation (without piezoresistivity nor defect nucleation), 

the electrical measurement should mainly reveal the thickness change with a perfect four 

point probe method as underlined by the dashed line. All ITO films show a negative effective 

strain gauge factor of about -2 (Table 3). If such negative piezoresistive responses have 

already been reported [43, 44], most of the time no change of resistance is reported as a 

function of deformation in the elastic domain. Our gauge factors agree reasonably well with 

the values reported by Fang et al. [44]. These authors observed that the oxygen pressure 

during ITO film deposition affects the resistivity and gauge factor. They measured gauge 
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factors of about -0.5 or -1 for ITO films deposited at low oxygen pressure (around 10 Pa), 

and these films show a resistivity of ~104 Ω cm that is similar to the one of our films. 

4. Conclusions 

We report in situ mechanical and electrical properties evolution of ITO sputtered films during 

an equibiaxial loading-unloading cycle. The effect of deposition parameters on in situ 

mechanical and electrical properties of 600 nm thick ITO films deposited on polyimide 

substrates was investigated. Four different microstructures were fabricated by changing 

deposition parameters including oxygen flow and deposition temperature. The resistivity was 

found to be around 1 x 10-3 Ω cm, a lowest value of 7.24 x 10-4 Ω cm was achieved for Xe 

sputtered ITO film at 100°C.  During loading, development of microcracks generated by 

mechanical stress in ITO is evidenced by a substantial increase of film electrical resistance at 

very small applied deformations. The introduction of O2 flow during deposition delays the 

crack onset strain as the decrease of temperature does from an applied equibiaxial strain of 

0.15% up to 0.3%. In the elastic domain, in situ XRD tensile tests allow demonstrating that 

the ITO polycrystalline films exhibit a very low elastic anisotropy as observed by Veith et al. 

[34] and contrary to what has been recently reported in literature by Guo et al. [36]. For all 

Xe sputtered ITO films, the Zener elastic anisotropy index was estimated to be 0.95+/-0.05. 

In addition, a negative effective gauge factor of about -2 was measured for all ITO films. 
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Tables captions: 

 

 

Table 1: Hall electrical measurements of the four ITO films as function of the deposition 

parameters: O2 flow and substrate deposition temperature. ρ, n and µ are the resistivity, 

carrier concentration and the mobility, respectively. 

 

Table 2: X-ray diffraction peak characteristics obtained from fitting: full width at half 

maximum (FWHM) and integrated intensity (arb.units). The intensity ratio of 

ITO(400)/ITO(222) given by JCPDS database #6-0416 is 0.3. 
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Table 3: Strain gauge factor of the four films obtained from the evolution of resistance as a 

function of applied strains in the elastic regime (slopes of the linear parts of Fig. 6). 

 

 

Tables: 

Sample set 
O2 flow 

[sccm] 

Deposition 

T° [°C] 
ρ [Ω.cm] n [cm-3] 

µ 

[cm2.V-1.s-1] 

Xe_RT 0 20 1.6 x 10-3 2.8 x 1021 1.4 

Xe_100°C 0 100 7.2 x 10-4 2.4 x 1021 3.5 

Xe+02_RT 5 20 2.6 x 10-3 3.7 x 1020 6 

Xe+02_100°C 5 100 1.9 x 10-3 3.3 x 1020 10 

 

Table 1: 
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Sample set 

FWHM 

(222) 

Intensity 

(222) 

FWHM 

(400) 

Intensity 

(400) 

Intensity 

Ratio 

(400)/(222) 

Xe_RT 0.205 3.8 0.175 2.0 0.5 

Xe_100°C 0.155 10.9 0.153 5.2 0.6 

Xe+02_RT 0.081 2.1 0.052 1.7 0.8 

Xe+02_100°C 0.059 0.6 0.053 0.9 1.5 

 

Table 2: 

 

 

 

 

 

 

 

Table 3: 

 

 

 

 

 Xe_RT Xe_100°C Xe+02_RT Xe+02_100°C 

Effective 

Gauge 

factor 

-2.0 ± 

0.1 
-0.7 ± 0.1 -1.7 ± 0.3 -2.6 ± 0.2 
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List of figures captions: 

Figure 1: Schematic of deposition chamber. The ion sputtering beam is composed of Xe. The 

ITO target – substrate distance is of about 55 cm. Base working pressure is of about 10-4 Pa. 

 

Figure 2: Schematic of the cruciform shape substrate specimen. The ITO film is deposited at 

the centre through a circular mask (diameter of 20 mm). The four electrical contacts are made 

with silver paste and copper wires. 

 

Figure 3: Typical x-ray diffractograms obtained for the four samples from XPAD  detector 

with a collection time of 4 s. The TiO2 powder is glued onto the substrate as reference. 

 

Figure 4: Evolution of Hall electrical properties as function of the partial pressure of O2 (O2 

flow), and substrate deposition temperature (RT open symbol and T=100°C full symbol). 

 

Figure 5: In situ XRD strain obtained from ITO (222) and (400) diffraction peaks, true strain 

obtained from DIC technique, and electrical resistance measurements data versus time a) 

whole tensile test showing loading-unloading b) magnification of the first stages of loading. 

Example on the sample elaborated without O2 flow at 100°C. 
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Figure 6: XRD strains of the ITO (222) diffraction peak measured versus macroscopic 

applied strains measured by DIC. Monitoring of the changes in slopes can give information 

about processes occurring in the film. Two regimes during loading: 1-elastic regime, 2-cracks 

propagation, and two regimes during unloading: 3-redistribution of applied load mainly in 

substrate because of crack closure, 4- most of the cracks are closed. 

 

Figure 7: Relative resistance measurements versus macroscopic applied strains. Only the 

beginning of the loading is shown to clearly identify the departure from linearity (related to 

crack onset strain) and the negative slope (related to piezoresistivity of ITO). 




















