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Abstract: In this study, the fabrication and characterization of capacitive humidity sensors using 
cobalt-phthalocyanine (CoPc) as the active material were presented. Thin films of CoPc were 
deposited by drop casting on glass substrates with pre-deposited aluminum electrodes to form 
Al/CoPc/Al surface-type humidity sensors. The effect of humidity on the electrical properties of the 
CoPc film was investigated by measuring capacitance and resistance of the samples at four different 
frequencies of the applied voltage. It was observed that the capacitance of the sensor increased while 
the resistance decreased with raising the relative humidity. It was also found that the values of 
capacitance and resistance decreased with increasing frequency. The optical absorption spectra and 
optical band gap energy of CoPc films were measured. The structure of CoPc powder and thin films 
has been studied by X-ray diffraction (XRD), scanning electron microscopy (SEM), and atomic force 
microscopy (AFM). Results of XRD studies show that the film structure is polycrystalline with the 
monoclinic structure while thin films have a peak for annealing temperatures with (100) orientation. 
Also, the surface morphology (grain size and roughness) for CoPc films have been studied by AFM. 
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1. Introduction 

Humidity sensors are important for the 

assessment of environmental monitoring and 

industrial applications [1 3]. Humidity sensors have ‒

several categories based on their measuring 

principles, which include capacitive, resistive, 

hygrometric, gravimetric, optical, and integrated 

types [4 6]. Organic‒ -based humidity sensors are 

divided into two types: resistive and capacitive [7]. 

The capacitive-type humidity sensors show good 

linearity and exhibit better stability at higher 

humidity levels as compared to resistive humidity 

sensors. 

The characterization of organic semiconductors 

is receiving great attention because of the increased 

activity in their synthesis and potential use in a wide 

range of large area flexible, disposable, electric, 

electronic, and photonic devices, such as 

rechargeable batteries, junction diodes [8], organic 

field effect transistor (OFET) [9], memory, solar 

cells [10], organic light emitting diodes (OLEDs) 

[11], and sensors [12]. Therefore, the investigation 

into the properties of the organic semiconductor 

Received: 21 April 2015 / Revised version: 10 June 2015 
© The Author(s) 2015. This article is published with open access at Springerlink.com 
DOI: 10.1007/s13320-015-0257-9 
Article type: Regular 



                                                                                             Photonic Sensors 

 

258

under different conditions is a very promising field 

for the development of various sensors. Humidity is 

one of the most common constituents present in the 

environment. Therefore, humidity sensors are 

required for the measurement and control of 

humidity in many fields, such as industrial 

production, human comfort, medicine and 

agriculture, food storage and medicine stores [13, 

14]. CoPc, whose chemical formula is C32H16CoN8, 

is an organic semiconductor with excellent chemical 

stability against heat, light, moisture and oxygen, 

low heat conduction, and diversity of optical properties. 

In this paper, the fabrication and investigation of 

Al/CoPc/Al surface-type capacitive humidity 

sensors and the effect of humidity on the capacitance 

are studied. The optical band gap of CoPc thin films 

is also studied. 

2. Experiment 

Figure 1 shows the molecular structure of CoPc 

used as an active material. The glass substrate was 

thoroughly cleaned in deionized water using an 

ultrasonic bath for 10 minutes and dried for       

5 minutes. Aluminum electrodes of 100 nm thickness 

were deposited by means of a thermal evaporation 

technique on a cleaned glass substrate using a proper 

desired mask. All electrodes were deposited at a 

deposition rate of 0.1 nm/s, and the pressure remains 

constant at 10–5 mbar during thermal deposition. The 

gap between electrodes and length of the gap were 

equal to 40 μm and 25 mm, respectively. An amount 

of 10 mg CoPc powder (0.9999 pure, Sigma-Aldrich) 

dissolved in 1 ml of dimethyl sulfoxide (DMSO) was 

mixed for one hour at room temperature and 

drop-casted on glass substrates with pre-deposited 

surface-type metallic electrodes to construct 

Al/CoPc/Al samples, which were dried for 2 hours 

at the temperature of 155 ℃ to fabricate the final 

Al/CoPc/Al humidity sensors. The structure of the 

fabricated sensors is shown in Fig. 2. The effect of 

humidity on the electrical properties of the 

fabricated sensors was investigated by measuring 

the capacitance and resistance of the samples at four 

different frequencies of the applied voltage: 12 Hz, 

100 Hz, 300 Hz, and 600 Hz. The optical properties 

and the band gap were also measured. 
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Fig. 1 Molecular structure of cobalt phthalocyanine (CoPc). 

 

Fig. 2 Schematic cross-section view of the Al/CoPc/Al 
structure. 

3. Results and discussion 

The XRD spectrum of CoPcfilmsample exhibits 
the polycrystalline structure with monoclinic phase, 

while the XRD spectrum of the CoPc powder, 
shown in Fig. 3, exhibits sharp peaks at reflection 
surfaces of (100), ( 102 ), ( 202 ), and ( 104 ) and 

lower intensities for other peaks. 
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Fig. 3 XRD spectrum of CoPc powder. 

The XRD patterns of CoPc thin films at two 
different temperatures were recorded, and the 
structural parameters were calculated as shown in 

Fig. 4. These patterns display strong reflections at 
(100) orientation, and we can observe that the 
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reflection from other planes has disappeared. The 
XRD pattern has shown a high peak at (100) plane 
at the temperature of 298K, and the intensity of  
(100) plane has increased at the temperature of  

428 K, which means better arrangement and more 
crystallinity. This also means that the crystallization 
of the film is a function of the annealing temperature, 

and this result is agreed with the previous study [15]. 
The grain size of the crystallites was calculated from 
the XRD results using Scherrer’s relation to increase 

from 17.7 nm at the room temperature of 298 K to 
28.4 nm at the annealing temperature of 428 K. 
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Fig. 4 XRD patterns of CoPc thin films prepared at different 
annealing temperatures (298 K and 428 K). 
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Fig. 5 3D AFM image of the CoPc thin film prepared at 
annealing temperature of 428 K. 

Surface morphology of the CoPc film (see Fig. 5) 

shows that the morphology has a large number of 
grain size, which indicates the crystalline nature of 
the film because it was prepared at the temperature 
higher than the room temperature. Due to heating 

effect, grain growth will take place and result in the 
crystallinity and good surface morphology [16–18]. 

The scanning electron microscopy (SEM) 

images of the thin film CoPc samples prepared by 
drop-casting and dried at the temperature of 428 K 
for 2 hours are shown in Fig. 6(a). For comparison, a 

similar sample (CoPc thin film) was prepared by 
thermal evaporation at the same temperature (428 K), 
and the SEM of this sample is shown in Fig. 6(b). It 

is easily observed that the sample prepared by 
thermal evaporation contains a pore while that 
prepared by drop-casting contains stick structures 

with no pores at all. 

     

Fig. 6 SEM images of CoPc thin film samples prepared at 
the temperature of 428 K by (a) drop-casting and (b) thermal 
evaporation. 

The absorbance of the CoPc thin film is shown 

in Fig. 7, where the spectrum has two bands, one is 
in the ultraviolet (UV) region, called B-band (or sort) 
at 330 nm, and the other is in the visible region  

(610 nm ‒ 690 nm), called Q-band, and consists of 
two close peaks. We can see a flat area in the region 
of 380 nm ‒ 530 nm. 

 

Fig. 7 Absorbance of the CoPc thin film as a function of the 
wavelength. 
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The optical energy gap (Eg) of CoPc thin films 

was determined by the Tauc equation used to find 

the type of optical transition by plotting (αhv)2 

versus photon energy (hv) as shown in Fig. 8. This 

shows that Eg equals 3.41 eV. 
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Fig. 8 Plot of (αhv)2 versus photon energy (hv) of incident 
radiation for the CoPc thin film. 

The changes in the capacitance depend upon the 

area of the plate, film thickness, and dielectric 

properties of the sensing materials. In general, the 

relationship between the relative dielectric constant 

and polarizability is determined by Clausius-Mosotti 

relation [19]: 
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where εdry is the relative permittivity, and ε° is the 

permittivity of free space. From the above equation, 

we can write the expression in %RH humidity: 
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A similar equation can be written for the 

dielectric constant at higher humidity: 
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The value of H HN   depends upon the relative 

humidity level. Therefore, the product H HN   can 

be assumed as 
(1 )H H H HN N KH   .          (4) 

The equation of the dielectric constant and 

capacitance for humidity can be written as 

drydry
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.              (5) 

From (2) to (5), the relationship between the 

capacitance and dielectric constant of the humidity 

sensor can be written as 
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where H is the relative humidity, and K is the 

humidity capacitive factor. 

The measured capacitance-humidity 

relationships of Al/CoPc/Al surface-type humidity 

sensor are shown in Fig. 9. It is observed that the 

capacitance increases nonlinearly with increasing 

humidity level from 45% RH to 95% RH. It is seen 

that the capacitance of the sensor increases with an 

increase in frequency (12 Hz, 100 Hz, 300 Hz, and 

600 Hz). As well, an increase in capacitance with 

increasing the relative humidity can be explained on 

the basis of the absorption of the water vapor in the 

pores of the active material (CoPc thin film). The 

dielectric constant of the active material is changed 

with the adsorption of water vapors due to the 

formation of charge-transfer complexes by H2O, 

which consequently increases the capacitance. 

 

Fig. 9 Capacitance-relative humidity relationships of the 
Al/CoPc/Al humidity sensor. 

Figure 10 shows the relationship between the 

resistance and relative humidity of the fabricated 
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Al/CoPc/Al surface-type humidity sensor. It is seen 

from this figure that the resistance of the humidity 

sensor decreases nonlinearly with increasing level of 

the relative humidity. The resistance values decrease 

from 6556 kΩ, 2850 kΩ, 2397 kΩ, 2218 kΩ to 64.3 kΩ, 

23.66 kΩ, 14.43 kΩ, and 10.5 kΩ at frequencies of  

12 Hz, 100 Hz, 300 Hz, and 600 Hz, respectively. 
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Fig. 10 Resistance-relative humidity relationships of the 
Al/CoPc/Al humidity sensor. 

4. Conclusions 

In this paper, the following main conclusions can 

be highlighted. A surface-typecapacitive 
organichumidity sensor was fabricated from the 
Al/CoPc/Al structure by the drop-casting technique 

on glass substrates. The performance of this 
humidity sensor was experimentally studied. The 
X-ray diffraction patterns of CoPc thin films showed 

the single-crystalline β-phase tetragonal structure, 
which was preferentially oriented in (100) plane. 
The absorbance of the CoPc films showed two 

bands in the UV and visible regions. The 
capacitance of the fabricated sensor was increased 
while its resistance was decreased with increasing 

humidity level due to an increase in the 
concentration of H2O molecules and hence the 
displacement current. The capacitive humidity 

sensors fabricated in this work showed a good 

linearity and exhibited a better stability at higher 
humidity as compared with resistive humidity 
sensors. 
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