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Abstract: A blend of copper oxide nanopowder (Cu2 O), 3 wt.%, and poly-N-epoxypropylcarbazole (PEPC), 2 wt.%, in benzol was drop-casted on glass substrates with pre-deposited surface-type silver electrodes for the fabrication of Cu2 O-PEPC nanocomposite thin films. The thicknesses of the Cu2 O-PEPC films were in the range of 10–13 m. The effect of humidity on the electrical properties of the nanocomposite films was investigated by measuring the capacitance and dissipation of the samples at two different frequencies of the applied voltage: 120 Hz and 1 kHz. The AC resistance of the samples was determined from the dissipation values, and the DC resistance was measured directly. The effect of ageing on the humidity sensing properties of the nanocomposite was observed. After ageing, it was observed that at 120 Hz and 1 kHz, under a humidity of up to 86% RH, the capacitance of the cell increased by 85 and 8 times, and the resistance decreased by 345 and 157 times, accordingly, with respect to 30% RH conditions. It was found that with an increase in frequency, the capacitance and resistance of the samples decreased. It is assumed that the humidity response of the cell is associated with the diffusion of water vapors and doping of the semiconductor nanocomposite by water molecules. Key words: cuprous oxide; composite; nano-powder; poly-N-epoxypropylcarbazole; humidity; sensor DOI: 10.1088/1674-4926/33/7/073001 EEACC: 2520



1. Introduction The fabrication of humidity sensors is important for the assessment of environmental conditions in many industrial applicationsŒ1 3� . Humidity sensors have several categories based on their measuring principles, which include capacitive, resistive, hydrometric, gravimetric, optical, and integrated typesŒ4 6� . Capacitive-type humidity sensors have various advantages, including low power consumption and large output signals. The performance of such sensors is determined primarily by the properties of the hygroscopic material used for the fabrication of the sensing film and the design of the sensor electrodesŒ7� . To fabricate the sensors, different techniques and sensing materials have been reportedŒ8 15� . For capacitive-type humidity sensors, surface micromachiningŒ8� and bulk micromachiningŒ9� techniques are used in order to produce a porous silicon-based sensor. A thin-film surface micromachining technique, proposed by Park et al.Œ10� , was used for manufacturing humidity and temperature sensors. For the capacitive-type humidity sensor, cellulose acetate butyrateŒ11; 12� and polyimideŒ13; 14� are among the most used sensing materials. A surface-type capacitive humidity sensor based on copper phthalocyanine (CuPc) was fabricated by Karimov et al.Œ15� . The capacitance of the detector increased continuously by 200 times with an increase in humidity from 35% to 92% RH. Complexes of poly-N-epoxypropylcarbazole (PEPC) are known as photosensitive organic semiconductors that have



good adhesive properties and are used for the fabrication of solar cells and photocapacitorsŒ16� . Copper oxide (Cu2 O) is a p-type photosensitive semiconductor with a band gap of 2 eVŒ17; 18� . It is nontoxic and there is an abundance of copper in nature. Nanodots and nanostructure thin films of Cu2 O have been fabricatedŒ19; 20� . Investigations of the effects of humidity on copper oxide composites are important for extending the knowledge about their physical properties, and for the fabrication of humidity sensors with high sensitivity, stability and linearity of response characteristics. It would therefore be reasonable to investigate the effects of humidity on the electric properties of copper oxide nanoparticles and poly-N-epoxypropylcarbazole composites. In this paper, we have investigated the humidity sensing properties of Cu2 O-PEPC nanocomposite films.



2. Experimental methods Figure 1 shows the molecular structure of PEPC. The PEPC was synthesized in the laboratoryŒ16� and Cu2 O nanopowder was commercially purchased from WINLAB UK. The glass substrates were initially cleaned ultrasonically by acetone for 10 min, followed by plasma cleaning for 5 min. The blend of copper oxide nanopowder (3.0 wt.%) and polyN-epoxypropylcarbazole (2.0 wt.%) in benzol was drop-casted on glass substrates with pre-deposited surface-type silver electrodes for the fabrication of the Cu2 O-PEPC nanocomposite thin films. The gap between the silver electrodes was 40 m.
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Fig. 1. The molecular structure of poly-N-epoxypropylcarbazole (PEPC), n D 4–6.



Fig. 3. XRD pattern of the Cu2 O-PEPC nanocomposite thin film.



Fig. 2. SEM images of the Cu2 O-PEPC film at different magnifications.



Figures 2(a) and 2(b) show SEM micrographs of the thin film of the Cu2 O-PEPC nanocomposite at different magnifications; obtained from a Hitachi SU-1500 scanning electron microscope. The SEM micrographs clearly suggest porosity in the active thin film, suggesting Cu2 O-PEPC as a possible candidate for humidity sensing applications. Figure 3 shows the X-ray diffraction pattern (XRD) of the Cu2 O-PEPC nanocomposite thin film obtained from the “Panalytical Xpert pro”. The indexed peaks of the XRD pattern are in agreement with the ICDD reference card “00-001-1142”. Figures 4(a) and 4(b) show two dimensional and three dimensional atomic force microscope (AFM) images obtained by Agilent’s Pico Plus under ambient conditions with a scan size area of 5 m. A two dimensional micrograph is helpful in finding the grain size, whereas the three dimensional AFM image can help in understanding the orientation of the grains.



Fig. 4. AFM (a) 2D and (b) 3D micrographs of the Cu2 O-PEPC nanocomposite thin film.



Fig. 5. Schematic diagram of the Ag/Cu2 O-PEPC/Ag humidity sensing device.



The effect of humidity on the electrical properties of the nanocomposite films was investigated by measurement of the capacitance and dissipation of the samples at two different frequencies of the applied voltage: 120 Hz and 1 kHz, at room
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Fig. 6. Capacitance–relative humidity (RH) relationships of the Ag/Cu2 O-PEPC/Ag device measured at (1) 120 Hz and (2) 1 kHz of the applied voltage.



Fig. 7. Resistance–relative humidity (RH) relationships of the Ag/Cu2 O-PEPC/Ag device measured at (1) DC, (2) 120 Hz and (3) 1 kHz of the applied voltage.



temperature. The AC resistance of the samples was determined from the dissipation values, and the DC resistance was measured directly. A cross-sectional view of the fabricated Ag/Cu2 O-PEPC/Ag sensor is shown in Fig. 5. The resistance (R/ of the sample was determined from the values of dissipation (D/ from the following expressionŒ21� : RD



1 ; 2f CD



(1)



where f is the frequency and C is the capacitance. For the ageing, the capacitance and resistance of the freshly fabricated sample were investigated several times. It was found that on average, the effect of humidity on the capacitance and resistance decreased in the ageing process by approximately 50%–60%.



Fig. 8. Capacitance–frequency relationships for the Ag/Cu2 OPEPC/Ag device measured at a relative humidity of 60%.



3. Results and discussion Figure 6 shows the capacitance–relative humidity (RH) relationships of the Ag/Cu2 O-PEPC/Ag sample measured at 120 Hz and 1 kHz of the applied voltage. It is seen from Fig. 6 that at 120 Hz and 1 kHz under a humidity of up to 86% RH, the capacitance of the sample increased by 85 and 8 times, accordingly, with respect to 30% RH conditions. Figure 7 shows that at 120 Hz and 1 kHz, the resistance of the sample decreased by 345 and 157 times, accordingly, with respect to 30% RH conditions. The DC resistance–humidity relationships (Fig. 7) of the sample were sharper than the AC resistance relationships. In a humidity range of 46%–52%, the DC resistance decreased by 63 times, whereas the AC resistance at 120 Hz and 1 kHz decreased by 3 and 2.2 times, respectively. The increase in capacitance and decrease in resistance of the sensor might be caused by the absorption of water vapor in the semiconductor thin film, the formation of charge transfer complexes (CTC) and doping of the nanocomposite by H2 O. The response (in the case of absorption) and recovery (in the case of desorption) time is an important parameter for humidity sensors. The response time of the sensor was measured from 30% to 90% RH at room temperature. The response and



recovery times were about 10 s and 30 s, respectively, for capacitive measurements, while 12 s and 34 s for resistive measurements. The response times were shorter than the recovery times. Sensitivity (S) was determined for capacitive and resistance humidity measurements using relations: SC D



�C ; �.RH /



(2)



SR D



�R : �.RH /



(3)



and



The sensitivity of the sensor for capacitive measurements (Fig. 6) is 0.83 pF/% and 0.17 pF/% at 120 Hz and 1 kHz, respectively. For resistive measurements (Fig. 7), the sensitivity of the sensor is 65 M�/% for DC resistance, and 8 M�/% and 3 M�/% for AC resistance at 120 Hz and 1 kHz, respectively. Figures 8 and 9 show the capacitance–frequency and resistance–frequency relationships for the Ag/Cu2 O-PEPC/Ag sample measured at a relative humidity of 60% and 46%, respectively. It is seen that capacitance and resistance decrease with an increase of frequency by 14 and 7 times, respectively.
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Kh. S. Karimov et al. sideration that the concentration of H2 O molecules, charge carriers and total polarizability (˛h / are humidity dependent. The simulation of the capacitance–humidity relationship based on the Clausius-Mosotti relationŒ22� was presented in Ref. [16]. As capacitance/resistance–humidity relationships show non-linear behavior, the use of op-amp logarithmic amplifiersŒ27� allows us to linearize the humidity response of this sample for practical applications in instrumentation. Figures 6 and 7 indicate that at lower humidity the resistance and at higher humidity the capacitance show high sensitivity. This means that the Cu2 O-PEPC composite may be used for the development of humidity sensors where a combination of resistance and capacitance measurements may be used to cover a wider humidity range.



Fig. 9. Resistance–frequency relationships for the Ag/Cu2 OPEPC/Ag device measured at a relative humidity of 46%.



This may be due to a relatively longer (with respect to the period of applied AC voltage) relaxation timeŒ22� , that may result in a decrease in the displacement current due to orientation and deformation of H2 O molecules under the effect of an electric fieldŒ23� . The capacitance depends on a number of parameters as the capacitor’s plate area, the distance between the plates and the relative dielectric constant of the materials between the plates. The relative capacitance increase with the increase in humidity can be explained by taking into account the different types of polarizabilities. As is known, the capacitance value depends on the polarizability of the material, and basically there are several sources of it as dipolar (˛dip /, ionic (˛i / and electronic (˛e / polarizabilityŒ22� . Electronic polarizability is the most universal and arises due to relative displacement of the orbital electrons. As there is a strong effect of humidity on the capacitance and resistance of the sensor, we assume that the absorption of H2 O increases the dipolar polarizability (˛dipH / in the Cu2 O-PEPC nanocomposite with respect to the dipolar polarizabilty (˛dip / due to Cu2 O, PEPC and some uncontrolled impurities. The dipolar, ionic and electronic polarizabilities probably affect the capacitance at low frequency (120 Hz, 1 kHz) measurements of the capacitance, whereas electronic polarizability has an influence at higher frequencies. In Refs. [24–26], it has been reported that the polarizability was observed due to the transfer (˛tn / of charge carriers as electrons and holes that were present at normal conditions. Therefore, we may write for the total polarizability (˛n / at normal conditions (RH is equal to 30%): ˛n D ˛dip C ˛i C ˛e C ˛tn :



(4)



For the samples affected by humidity conditions (RH is above 40%), the total polarizability (˛h / may be given by the following relationship: ˛h D ˛dipH C ˛i C ˛e C ˛t ;



(5)



where ˛t is the polarizability due to the transfer of electron/hole charge carriers produced under the effect of H2 O molecules, which are playing the role of dopants. Here we take into con-



4. Conclusion The humidity sensing properties of Cu2 O-PEPC nanocomposite films, deposited from solution by drop-casting, were investigated. It was observed that the capacitance increased and the resistance decreased with an increase in humidity level. It is assumed that in general: (1) the capacitive response of the sensor is associated with dipolar polarization of the absorbed H2 O molecules by nanocomposite films and polarization due to the transfer of charge carriers; and (2) the decrease in resistance is due to the increase in H2 O molecule concentration and displacement currents, and the concentration of charge carriers doped by water molecules.
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