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Rubbing-in technology was used to fabricate the deformable CNT-p-Si-rubber nanocomposites. The 

effect of uniaxial compressive displacement (up to ~ 6% of the length of samples) and uniaxial 

pressure (up to 0.12 kgf/cm2) on the I-V characteristics of the samples were investigated. It was 

obtained that the I-V characteristics under the effect of displacement or pressure are shifted toward 

increasing currents at permanent applied voltages. The nonlinearity coefficients of the I-V 

characteristics slightly reduced due to displacement or pressure and increased with applied voltage. It 

was observed that the investigated composite samples’ resistances crucially decreased with increase in 

compressive displacement or pressure. It may be, first of all, due to the decrease in distances between 

CNT particles in the composite under compression or pressure and the increase in the cross-section 

area of the samples, accordingly. The composite samples can be used as deformable and shocked-proof 

pressure and displacement sensors. 
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1. INTRODUCTION 

Current-Voltage (I-V) characteristics of the different kinds electronic devices shows indirectly 

the electro physical processes, namely charges transfer and generation, that take place in the materials 

under applied voltage. It means investigation of the I-V characteristics are important for understanding 

of the properties of materials and for application in practice concerned devices as non-liner resistors 
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and   diodes. The electrical characteristics of chemically grown self-aligned carbon nanotubes were 

investigated by measurements of the I-V characteristics in Ref. [1] and it was found that the samples 

showed field emission properties which depend upon the diameter lithographic gate aperture to grow 

the CNTs. The numerical-modeling of the I-V characteristics of CNTs-based field effect transistors 

was presented in Ref. [2]. Temperature dependences of I-V of CNT-based n-i-n-MOSFET and p-i-n-

TFET were studied in Ref. [3].  

For the understanding of devices, I-V characteristics the structure and physical properties of the 

materials which were used for   fabrication of the devices should be investigated. In this concerns it 

can be mentioned a number of published papers where transport properties (electrical) of isolated 

Schottky diodes (CNTs/Si heterojunction) [4], strain sensing electrical conductivity CNTs-graphene–

rubber composite under cycling loading [5], physical properties and variability in output characteristics 

of SWCNTs thin-film transistors [6] were investigated. 

The composites of Si3N4 with various amounts (1, 3 or 5 wt.%) of CNTs were prepared by hot 

pressing (isostatic) and investigated [7]. It was observed that the Si3N4 matrices’ electrical properties 

essentially changed with CNTS. The effect of CNTs’ 1-octadecanol (C18) functionalization on natural 

rubber-CNTs (NR-CNTs) composites’ electrical properties were studied [8]. Stress–strain data 

revealed that C18 functionalization increased the tensile strength of the NR-CNTs composite. In [9] it 

was described the synthesis of SWCNT/Si rubber composites for compliant electrodes’ fabrication.  

Recently, in continuation of our efforts for the development of sensing devices [10-24] we 

investigated graphene and CNTs powder based multifunctional displacement, pressure and temperature 

sensors [16], graphene and orange dye solid electrolyte cells for humidity sensing [25] and graphene-

rubber nanocomposite based multifunctional flexible sensors [15]. In persistence of our efforts in the 

investigation of the deformable composites’ properties and devices in this paper we are presenting data 

on influence of the compressive displacement and pressure on the I-V characteristics of deformable 

samples based on rubber-CNT-p-Si composites. 

 

 

 

2. EXPERIMENTAL 

The CNTs (carbon nanotubes) powder and p-Si wafer were purchased from Sigma Aldrich and 

Sun Nanotek Co. LTD (http://www.sunnano.com), respectively. The 100 to 200 nm long multiwalled 

carbon nanotubes had 10 to 30 nm diameter. By ball milling the Si wafer was converted to Si powder 

with particle size ranging from 9 µm to 12 µm.  The rubbing-in technology was used to fabricate the 

sensors. For sensor fabrication the rubber substrates were fixed on the solid platform at room 

temperature and the metallic blocks were used to penetrate the powders into the substrates. Figure 1a 

illustrates the rubbing-in technology. The detail description of the process is given in ref. [15]. Initially 

the rubber-CNTs composite layers were fabricated on the deformable rubber substrates by rubbing the 

CNT powder on the substrates using rubbing-in technique. After that in the middle of rubber-CNTs 

layers a gap was made up to pure rubber level. This gap was filled by composite of CNT-p-Si powders 

(50%:50% by weight), which was prepared by mixing both powders using mortar and pestle.  By 

rubbing-in the mixture of CNT and p-Si powders were built-in rubber substrate’s gap. Resultantly the 
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rubber-CNT-p-Si composite was formed. All the samples were fabricated at pressure of 50 g/cm2. The 

schematic diagrams shown in Fig. 1b and 1c represent front and top views of the fabricated samples, 

respectively. The rubber-CNT-p-Si composite played a role of sensitive material.  

X-Ray Diffraction analysis (XRD) was performed to characterize the rubber-CNTs-p-Si 

composite. X-ray diffraction of the samples were conducted on Philips PW1830 X-ray diffraction 

system in Bragg-Brentano (θ-2θ) scan mode using Cu-Kα radiation source at room temperature. Each 

sample was run three times to achieve reproducible results.  For I-V characteristics the current and 

voltages were measured using DT-4253 digital multi-meters. All experiments were conducted at room 

temperature conditions. The uniaxial   compressive displacements or pressures were applied along the 

length of the rectangular prism samples by using micrometer mechanism or weights in special 

experimental arrangement. The processes of application of forces on the rubber sample are shown also 

in Fig.1c.  

 

 

 

Figure 1. Schematic illustrations of (a) the rubbing-in technology to form rubber-CNTs-p-Si 

composite, the front view (b) and top view (c) of the built-in rubber-CNTs-p-Si composite for 

the investigation of I-V characteristics. 

 

 

 

3. RESULTS AND DISCUSSION 

The XRD spectra of rubber, p-silicon, CNT and rubber/CNT/p-silicon composite are shown in 

Fig.2. The rubber’s pattern shows high intensity peaks (Bragg’s diffraction) at 2θ of 36°, 29.4° and 

23.1°. These peaks are attributed to highly ordered polyvinyl chloride chains [26]. The CNTs spectrum 

contains major peak at 26.2° (002) that corresponds to hexagonal graphite which is highly conductive. 

This peak (at 26.2°) is similar to standard XRD data (ICSD code: 031170). The peak at 38.4° 

corresponds to functional group attached with CNTs. A broad peak of CNTs consistent with other 

studies [27] was also observed at 2θ of 44.3° (101). A sharp peak of p-type silicon powder [28] was 

observed at 2θ = 68.9˚. The XRD spectrum of rubber/CNT/p-silicon composite contains all above 

discussed peaks. 
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Figure 2. XRD-spectra of rubber, CNTs powder, silicon powder and rubber-CNTs-p-Si composite 

 

Figure 3 shows I-V characteristics of the rubber-CNTs-p-Si composite samples measured at 

different values of compressive displacements. It is seen that as displacement increased the current 

through the sample also increased. On increasing compressive displacement from 0 to 800 μm the 

current increases from 8 μA to 76 μA. The I-V characteristics are super-linear.  

 

 

 
 

Figure 3. I-V characteristics of the CNT-p-Si-rubber composite sample at various compressive 

displacements 
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The non-linearity coefficient of the I-V characteristics can be determined by the following 

expression:                 

β = dI Vo /Io dV                                                     (2) 

Figure 4 shows β (V) relationships accordingly for rubber-CNT-p-Si composite sample at zero 

displacement and at displacement equal to 800 µm. It is seen that for the rubber-CNT-p-Si composite 

sample non-linearity coefficient (β) is in the range of (1.2-1.8) at zero displacement and is equal to 

(1.1-1.7) at displacement of 800 µm.  

Non-linearity of I-V characteristics   can be observed, first of all, due to metal-semiconductor 

contact properties, namely, Schottky junction properties [29-32]. Secondly, due to particular properties 

of semiconductor, as active materials, in our case CNT-p-Si-rubber composite: the conductivity of the 

composite can be increased due to heating by current in some extend due to presence of p-Si. And 

finally, it can be considered that non-linearity of the I-V characteristics, partly, may be due to electric 

field effect. Further investigations are needed to make more concrete decision concerning non-linearity 

of I-V characteristics.  

 

 

 
 

Figure 4. β (V) relationships for CNT-p-Si-rubber composite sample at zero displacement and at 

displacement equal to 800 µm. 

 

 

Figure 5 shows I-V characteristics of the rubber-CNT-p-Si composite sample at different   

uniaxial pressures. It can be seen that as the uniaxial pressure increased the current through the sample 

increased. On increasing pressure from 0 to 0.12 kf/cm2 the passing through sample increased from 

7.5 μA to 15.0 μA.  It is also seen that the characteristics are sub-linear.  
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Increase of the current due to compressive displacement or pressure may be due to decrease of 

the resistance of the samples due to decrease of the inter particles (first of all CNT particles) distance 

and increase of the cross-section area under compression. 

 

 

 
 

Figure 5. I-V characteristics of the CNT-p-Si-rubber composite sample at different uniaxial pressures   

 

 

 

4. CONCLUSIONS 

As is known at present flexible, stretchable or deformable electronics are popular and therefore 

the new material synthesis, mechanical design, and fabrication strategies are developing [33-35], 

including stretchable heaters, energy convertors, storage devices, transistors and sensors. We hope that 

the paper presented by us about the I-V characteristics of elastic deformable rubber-CNTs-p-Si 

composite under compression and pressure will be useful for researchers, designers and manufacturers 

of the flexible and stretchable electronic devices as well. 
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