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This paper reports the study of an organic semiconductor nickel phthalocyanine (NiPc) based thin film
surface-type integrated capacitive and resistive type humidity sensor. The capacitance and resistance of
the fabricated devices were evaluated at room temperature in the relative humidity (RH) range of 35-
95% and 35-75% RH, respectively. In general, an increase in capacitance and decrease in resistance of
the Ag/NiPc/Ag sensor was observed with the rise in humidity level. Humidity dependent capacitance
and resistance properties of this sensor make it attractive for use in humidity sensors. The response and
recovery characteristic of the humidity sensor were also investigated.
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1. INTRODUCTION

Organic semiconductors have attracted significant research interest for environment assessment
owing to their interesting air quality, barometric pressure, light and temperature dependent electrical
properties. These sensors offer potential benefits of the economical, eco-benign and simple device
fabrication procedures. Currently, there is an increasing interest to elucidate the potential of the
organic semiconductors as sensing element in humidity sensors as well. Transduction of ambient
relative humidity (RH) into an electrical signal by the organic sensing layer is a two-step process: (a)
physical adsorption/condensation of water vapors on sensing layer and (b) measurement of a key
electrical property of the organic film that changes due to its interaction with water vapor [1].
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Various humidity sensors exhibiting diverse transduction procedures including capacitive,
resistive, hydrometric, gravimetric and optical have been reported in literature [2-4]. The operation
mechanism of capacitive type humidity sensor is based on the linear shift in dielectric constant of the
sensing layer with the change in ambient humidity. Typically, the change of capacitance to humidity
follows a direct exponential association [5]. Capacitive-type sensors offer advantages such as low
power consumption, linearity in response and condensation tolerance [6]. Resistive type sensors in
turn, quantify the change in electrical conductivity of sensing film in relation to the humidity in the
atmosphere. Conductance of high resistive organic thin films usually shows huge increase upon water
absorption [7]. Resistive type sensors exhibit high sensitivity, cost-effective fabrication, fast response
and easy operation. M. Saleem et. al. previously reported that organic semiconductor based humidity
sensors are sensitive for resistance at lower RH (up to 60%), with least change in capacitance,
however at higher order of RH, capacitance increases sharply while resistance remains saturated [8].
Therefore, a widespread approach is to utilize integrated capacitive and resistive type sensor with the
motive of improving the operation range of hygrometers.

Admittedly, the performance of humidity sensors is determined primarily by the design of the
electrode and properties of the hygroscopic material used to fabricate the humidity sensor [12]. For
greater exposure of humidity to the active layer and to avoid device shortening issues, sensors with
surface type electrodes geometry are usually preferred over sandwich type [9]. Moiz et. al. previously
reported highly sensitive orange dye (OD) based resistive hygrometer [10]. However, since OD is
water soluble therefore the hygrometer showed poor stability at higher humidity levels.
Phthalocyanines and related small organic molecules, for example porphyrins and naphthalocyanines
are amongst the most promising materials for humidity sensing applications [11, 12]. These molecules
are water insoluble and exhibit low dielectric constant and high resistance which show huge change
with change in humidity [13, 14]. Metal phthalocyanines (MPcs) in particular are quite stable (both
chemically and thermally) therefore, their thin films can be easily deposited without decomposition
[12]. The effect of different parameters such as substrate temperature, evaporation rate and different
evaporation technique on the electrical, optical and structural properties of phthalocyanine thin film
devices were investigated and reported previously [15-19]. Prior to this study, a surface-type capacitive
type humidity sensor based on copper phthalocyanine (CuPc) was fabricated by Karimov et. al. [20],
which showed continuous increase in capacitance by 200 times with the increase in humidity.

Primary focus of the present work is to investigate the combined capacitive and resistive
humidity transduction. The choice of NiPc as humidity sensing platform is dictated by its favorable
eco-friendly and hydrophobic nature. A surface-type humidity sensor (Ag/NiPc/Ag) has been
fabricated and variation of capacitance and resistance as a function of relative humidity has been
investigated.

2. EXPERIMENTAL

Fig.1 shaows molecular structure of nickel phthalocyanine (NiPc) and schematic diagram of the
fabrication process of the spincoated sensor. The NiPc powder used in this study was obtained from
Sigma Aldrich and was used without further purification. Silver electrodes of thickness ~ 200 nm were
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deposited by vacuum evaporation technique on thoroughly cleaned glass substrates. Thin films of NiPc
of thickness 100, 150, and 200 nm were thermally sublimed on glass substrates of dimmension
25x25x1 mm? with preliminary deposited silver electrodes. As the chamber pressure approached a
value of approximately 10 Pa, deposition was initiated. The deposition rates were maintained to be at
0.3 and 0.2 nm/s for Ag and NiPc, respectively. The gap between electrodes and length of the gap was
equal to 40 um and 16 mm, respectively. The thickness of each layer was monitored by a crystal-
controlled thickness monitor [21]. Integrated capacitive and resistive humidity sensors were fabricated
in the planar, surface type AgQ/NiPc/Ag geometry as shown in Fig. 1. Capacitance/humidity,
resistance-humidity, the capacitance-film thickness relationships as well as a capacitance-temperature
(0 °C to 95 °C) relationship has been investigated. Capacitance and resistance measurements of the
fabricated devices were carried out using LCR meter MT 4090 configured at 1 kHz and 1 V. The in-
situ humidity was measured using Humidity/Temperature meter TECPEL 322.
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Figure 1. (a) Molecular structure of nickel phthalocyanine (NiPc) and schematic diagram of the
fabrication process of the spincoated sensor.

3. RESULTS AND DISCUSSION

The results of the measured capacitance (C) versus relative humidity (RH) relationships for the
surface-type capacitive sensors are exhibited in Fig. 2. In these measurements the capacitive response
of the sensors was studied over the range of 35-95% RH. Initially the sensors were subjected to 35%
RH and allowed to stabilize then the humidity was increased in steps of 5% RH. Each step in humidity
was held for sufficient time to allow the sensors to respond fully and stabilize. It can be seen from Fig.
2 that capacitances of the three sample increase from 19 pF to 10191 pF, when the relative humidity is
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varied over the 35-95% range. This indicates the decrease of sensitivity with increasing thickness in
the range studied and is in agreement with a study of capacitance versus RH for the polyimide films
reported by Harrey et. al. [22]. This can be explained as a result of water absorption at the surface of
the NiPc thin films, and film morphology. It can be that the capacitances of the sensor increases with
increasing humidity levels. This phenomenon might be caused by absorption of the water vapor in the
pores of thin films and formation of charge transfer complexes. The dielectric constant changes with
the increase of absorption of water vapors, hence the capacitance of the sensor increases. Inset in Fig.
2, shows the effect of NiPc thin films thicknesses on the relative capacitance of the sensors for the
fixed values of humidity. Fig. 2, also shows the variation of capacitance with temperature for the
surface type capacitive sensor fabricated with NiPc thin film of thickness 100 nm. The increase of
capacitance in the higher temperature range is probably due to polarization by transfer of free charges.
Conduction of charges may increase due to band-to-band excitation and formation of charge transfer

complexes.
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Figure 2. Capacitance/humidity relationship for Ag/NiPc(100 nm)/Ag capacitive sensor. Inset shows
the capacitance-NiPc film thickness relationships as well as a capacitance-temperature
relationship for Ag/NiPc/Ag capacitive sensor.

The rise in relative capacitance with the increase of humidity can be described by taking into
account the various kinds of polarizabilites. As it is well-known [23, 24] that the capacitance value
depends on polarizability of the material. There are several sources of polarizability such as dipolar
Oip, 10nic @, electronic o and charge transfer(under normal condition) o, The total polarizability at
normal conditions (o) can be given as, a, = aitoetantagp. When the sensor was placed in humid
environment, then the total polarizability (an) may be the following: on = aitoetoitogp. Where oy IS
polarizability under effect of humidity due to the transfer of electron/holes as charge carriers. In
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general, the relationship between dielectric constant and molecular concentration, N and polarizability
of the molecules can be determined by Clausius-Mosotti relation [24]: (eg— 1)/ (e¢ + 2) = Ng ag / 3 &,
where &g is the relative permittivity, and &, IS permittivity of free space. On the basis of this equation,
the following expression has been derived [25, 26]:

Ch/CdZ[l+2Ndad(1+kH)/380 ]/[l—Ndad (1+kH)/380]8d (1)
where, C,, and Cq represent the capacitance under humid and dry condition, respectively. kis a

humidity capacitive factor and H is the relative humidity level. In this case the value of k is 1.6x107
(RH) . This relation can be used for simulation of the capacitance-humidity relationship.
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Figure 3. Resistance-humidity relationships for the Ag/NiPc/Ag resistive-type humidity sensor. Inset
shows the resistance-thickness relationships for the Ag/NiPc/Ag resistive-type humidity sensor.
Equivalent circuit of Ag/NiPc/Ag resistive type humidity sensors is also presented, where; Rs is
surface resistor, Rsh; and Rgnp are shunt resistors, Ry, is bulk resistor.

Fig. 3, shows the variation of resistance as a function of relative humidity for the Ag/NiPc/Ag
surface-type resistive humidity sensor for 100nm thick NiPc film. The sensor was characterized by
varying the relative humidity from 35 to 75% RH. It was observed that the resistance of the humidity
sensor decreases as the level of relative humidity is increased. The resistance decreased from 200 MQ
to 133 KQ for 100 nm NiPc thick film. The change of resistance to increase of humidity may be due to
the adsorption of water in the pores of thin film, which leads to increase the charge carrier
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concentration in the sensor because the water molecules may play the role of dopants. On the other
hand the absorbed water molecules may dissociate into ions and increase the conductivity of the
material as well. Therefore the change in conductivity with humidity may be due to both of ionic and
electronic conduction. Inset (Fig. 3) shows the relation between resistance and thickness for the
Ag/NiPc/Ag surface-type resistive humidity. The resistance of the thinner film is lower than the thicker
film. Experimental data shown in Figs. 3 may be explained by equivalent circuits for the Ag/NiPc/Ag
sensor (shown in Inset). As the resistance of the sensor increases with the thickness of the NiPc film,
we may assume that shunt resistances Rsy; and Rg2 increases due to increase of length (1) as resistance
R is equal to R=(l/ 64). Where o is conductivity and A is the cross sectional area. Due to a large
concentration of water molecules in the surface of the NiPc film (under humid condition) with respect
to the bottom, probably humidity first of all changes surface resistance (Rs) than bulk resistance (Rp).
On the other hand it is obvious that Rsy; and Rshz >> R, as the concentration of H,O large on the
surface.

Fig. 4, shows the response and recovery times of the humidity sensor when operated in a
capacitive type mode. The response and recovery time of the sensor have been measured by placing
the sensor into two different chambers at 90% RH and 40% RH. The curve 1 and 2 shows the water
absorption and desorption process, respectively. The response time (humidity changed from 40 to 90
%RH) was 8s while the recovery time (humidity changed from 90 to 40 %RH) was 4 Sec. Inset, shows
the response and recovery time of the humidity sensor when operated in resistive mode. The response-
recovery time has been determined by moving the sensor rapidly from humidity level of 35%RH to a
humidity level of 75%RH and from 75%RH to 35%RH, respectively. The comparison of sensing
parameters of the fabricated devices is shown in Table 1.
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Figure 4. Capacitive response time of the Ag/NiPc 100 (nm)/Ag humidity sensor time. Inset shows
the resistive response time of the humidity sensor of Ag/NiPc 100 (nm)/Ag: (1) absorption and
(2) desorption.
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Table 1. The comparison of sensing parameters of the fabricated devices.

Device Mode Bandwidth Change Response &
(%RH) Recovery
Ag/NiPc 100 (nm)/Ag Resistive 351075 905MQ to 9.7MQ 8s&4s
Capacitive 351095 19pF to 10191 pF 10s & 6

4. CONCLUSIONS

An integrated capacitive and resistive humidity sensor using NiPc as sensing material with
different film thicknesses was fabricated in planar configuration. The sensor exhibits adequate
sensorial properties. In general sensor showed an increase in magnitude of capacitance with rising
humidity levels from 35% RH to 95% RH. It is assumed that the capacitive response of the sensor is
associated with polarization due to the absorption of water molecules and transfer of charge carriers.
The response/recovery times of the sensor in resistive mode were considerably less as compared to
capacitive mode.

ACKNOWLEDGEMENT
This work is supported by the Center for Advanced Materials (CAM), Qatar University.

References

R. Fenner, E. Zdankiewicz, Sensors Journal, IEEE, 1 (2001) 309.

Z. Rittersma, Sens. Act. A, 96 (2002) 196.

C.-Y. Lee, G.-B. Lee, Sens. Lett., 3 (2005) 1.

Z. Chen, C. Lu, Sensor Letters, 3 (2005) 274.

K.S. Karimov, M. Saleem, Z. Karieva, A. Mateen, M.T.S. Chani, Q. Zafar, Journal of

Semiconductors, 33 (2012) 073001.

Z. Ahmad, M. Sayyad, M. Saleem, K.S. Karimov, M. Shah, Phys. E, 41 (2008) 18.

M.T.S. Chani, K.S. Karimov, F.A. Khalid, K. Raza, M.U. Farooq, Q. Zafar, Phys. E, 45 (2012) 77.

M. Saleem, M.H. Sayyad, K.S. Karimov, M. Yaseen, M. Ali, Sens. Act. B, 137 (2009) 442.

F. Maseeh, M.J. Tierney, W.S. Chu, J. Joseph, H.-O.L. Kim, T. Otagawa, A novel silicon micro

amperometric gas sensor, in: Proceedings of the International Conference on Solid State Sensors

and Actuators, Transducers, 1991, pp. 359.

10. S. Moiz, K.S. Karimov, N. Gohar, Eurasian Chemico-Technological Journal, 6 (2004) 179.

11. R. Rimeika, D. Ciplys, V. Poderys, R. Rotomskis, S. Balakauskas, M. Shur, Electronics Letters, 43
(2007) 1055.

12. F. Aziz, M.H. Sayyad, K.S. Karimov, M. Saleem, Z. Ahmad, S.M. Khan, J. Semicond., 31 (2010)
114002.

13. M. Saleem, M.H. Sayyad, K.S. Karimov, M. Yaseen, M. Ali, Journal of materials science, 44
(2009) 1192.

14. W. Gopel, K.D. Schierbaum, Electronic conductance and capacitance sensors, Wiley Online
Library.

15. K.N. Unni, C. Menon, Journal of materials science letters, 19 (2000) 2003.

16. K. Unni, C. Menon, Indian journal of pure and applied physics, 39 (2001) 159.

agrwdE

©oNe>




Int. J. Electrochem. Sci., Vol. 12, 2017 3019

17. K. Rajesh, C. Menon, Materials Letters, 51 (2001) 266.

18. R. Collins, A. Krier, A. Abass, Thin Solid Films, 229 (1993) 113.

19. K.N. Unni, C. Menon, Materials Letters, 45 (2000) 326.

20. K.S. Karimov, 1. Qazi, T. Khan, P. Draper, F. Khalid, M. Mahroof-Tahir, Environmental
monitoring and assessment, 141 (2008) 323.

21. M.J. Madou, Fundamentals of microfabrication: the science of miniaturization, CRC press, 2002.

22. P. Harrey, B. Ramsey, P. Evans, D. Harrison, Sens. Act. B, 87 (2002) 226.

23. F. Gutmann, L.E. Lyons, Organic semiconductors, Wiley, 1967.

24. M.A. Omar, Elementary solid state physics: principles and applications, Addison-Wesley, 1993.

25. K. Karimov, K. Akhmedov, I. Qazi, T. AHMED KHAN, Journal of optoelectronics and advanced
materials, 9 (2007) 2867.

26. K.S. Karimov, P.H. Draper, F.A. Khalid, I. Qazi, K.M. Akhmedov, T.A. Khan, U. Shafique,
Organic semiconductor photocapacitive detectors, in: Signal Processing and Its Applications,
2007. ISSPA 2007. 9th International Symposium on, IEEE, 2007, pp. 1-4.

© 2017 The Authors. Published by ESG (www.electrochemsci.org). This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution license
(http://creativecommons.org/licenses/by/4.0/).



http://www.electrochemsci.org/

