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Abstract:

This study presents the fabrication and characterization of novel surface-type capacitive humidity sensors

using vanadyl phthalocyanine (VOPc) as the active material. The devices, which comprise three different thicknesses,
have been fabricated using the thermal evaporation technique. A thin film of VOPc is deposited on thoroughly cleaned
glass substrates with pre-patterned Ag electrodes. The capacitive effect of the samples under humidity has been in-
vestigated. Comparison of the samples with different thicknesses shows that the thinnest device seems more sensitive
towards humidity. The humidity dependent capacitance properties of the sensor make it beneficial for use in commercial

hygrometers.
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1. Introduction

The characterization of organic semiconductors is receiv-
ing great attention because of the increased activity in their
synthesis and their potential use in a wide range of low cost,
large area flexible, nonflexible, disposable electric, electronic
and photonic devices, such as rechargeable batteries, junction
diodes!!!, organic field effect transistors (OFETs)[?!, memory,
solar cellsP®], organic light emitting diodes (OLEDs)!!, opti-
cal power limiting[], displays, RFIDs and sensors(®!. Some of
the organic semiconductors have shown high sensitivity to hu-
midity, temperature and different types of gases!’]. Therefore,
investigation of the properties of organic semiconductors under
different conditions is a very promising field for the develop-
ment 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 hu-
midity in many fields, such as industrial production, human
comfort, medical and agriculture.

Humidity sensors using organic materials are generally
divided into two categories: resistive and capacitive. The
capacitive-type humidity sensors are popular due to low power
consumption!®). They show better linearity and good stability
at higher temperature and higher humidity as compared to their
counterpart resistive-type sensorsl® 12, Organic materials are
being extensively studied for the fabrication of capacitive-type
sensorsl!> 141 Most of these sensors are fabricated in a sand-
wich configuration, and this structure requires the deposition
of organic thin film onto a suitable substrate and a top metallic
electrode. This often damages the active material and causes
device failure due to shortening!!]. Surface-type devices of-
fer low cost and simple technology for investigating different
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properties of organic materials, such as charge transport!!,
electrolumiscencel! 7], light sensitivity['8], effect of tempera-
turel'3] and effect of humidity!® 3], Metal phthalocyanines
(MPcs) belong to a family of organic semiconductors of great
technological importance. These compounds are very stable,
both thermally and chemically so their thin films can be de-
posited without decomposition!8!.

Vanadyl phthalocyanine (VOPc) has been reported to have
the largest third-order nonlinear optical susceptibilityl!9—21]
and ultrafast optical response (faster than 10 ps)l'%227241 |t
has been used for the fabrication of an organic field effect tran-
sistor!2%] due to its high mobility (1 cm?/(V-s)). VOPc is rela-
tively less investigated for its applications in organic electron-
ics. Therefore, we have undertaken its study for its potential use
as an active material in the fabrication of organic electric, elec-
tronic and photonic devices. As far as we know, VOPc based
humidity sensors have not been investigated. In the present
study, we report the characterization of Ag/VOPc/Ag surface-
type thin film capacitive humidity sensors fabricated using vac-
uum thermal evaporation on glass substrates. The variation in
capacitance as a function of relative humidity (RH) is observed
for different thicknesses of VOPc films. The aim of this re-
search is to explore the properties of VOPc as a humidity sens-
ing element and develop a reliable and low cost sensing device
for measuring relative humidity of the surrounding environ-
ment.

2. Experimental

VOPc with the molecular formula Cs¢H3,NgO5V was pur-
chased from Sigma Aldrich and used without further purifica-
tion. The molecular structure of VOPc is given in Fig. 1. The
Ag/VOPc/Ag surface-type humidity sensors were fabricated
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Fig. 1. Molecular structure of vanadyl phthalocyanine (VOPc).
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Fig. 2. Cross-sectional view of a Ag/VOPc/Ag capacitive-type humid-
ity sensor.

on plasma cleaned glass substrates with dimensions of 25 x
25 x 1 mm?3. Ag electrodes of thickness 100 nm, with a gap of
40 pm, were thermally deposited on the substrates at the rate of
0.2-0.3 nm/s under a vacuum of 5 x 10~ mbar. The substrates
were plasma cleaned prior to the deposition of electrodes. The
deposition was carried out using Edward 306A vacuum evapo-
rator with an FTMS5 crystal thickness monitor. The 40 um gap
was achieved by using a shadow mask. Thin films of VOPc
were thermally sublimed at the rate of 0.2 nm/s under a vac-
uum of 5 x 107> mbar on the gap between the electrodes. The
devices were fabricated for three different thicknesses of the
VOPc films, i.e., 50 nm, 100 nm and 150 nm. The cross sec-
tional view of the fabricated capacitive-type humidity sensors
is shown in Fig. 2.

The capacitance of a sensor was measured by placing the
device in a self made humidity chamber capable of providing a
humidity range of 0-95% RH. The commercial digital humid-
ity and capacitance meters were employed for in situ capac-
itance and RH measurements. The capacitive measurements
were carried out at a frequency of 1 kHz. The RH inside the
chamber was varied between 0 and 95%, with a step size of
5%, using dry and wet air. The test chamber provides differ-
ent humidity levels for the sensor and the capacitance of the
humidity sensor increases as the humidity rises. The AFM im-
age was taken by digital instruments Veeco D3000 microscope
with a cantilever provided by APP NANO. The /-V charac-
teristics were obtained using current—voltage source Keithley-
228A and Keithley-196 system DMMs.

3. Results and discussion

Humidity is defined as the amount of water vapour present
in the atmosphere. To measure the humidity response, it is a
common practice to measure the RH at a certain temperature.
The RH is defined as(®!

Py
RH = 7 x 100%, €))

S
where Py, is the pressure of water vapour and P is the saturated
pressure.

The dielectric property of a material can be investigated
by means of its capacitance as the permittivity of the mate-
rial varies proportionally with capacitance. The non-linear be-
haviour as a function of RH exhibited by capacitive sensors can
best be explained by the equation[8]:

n
0 &d
where ¢, 1s the dielectric constant in the wet state, &4 1S the
dielectric constant in the dry state and n is the morphological
factor of the dielectric material.

Essentially, the capacitance variation with RH could be at-
tributed to various aspects: (1) the dielectric constant of water,
(2) the porosity of the active thin film, (3) the contact area, gap
between the electrodes and relative permittivity of the sensing
material, and (4) the polarizability of the organic material(26].

The relative permittivity of water is ~ 80127-28] which is
quite a bit higher than that of macrocyclic compounds[*3]. The
water molecules adsorbed by the active layer increase with ris-
ing RH, which in turn tends to enhance the capacitance of the
sensor. The VOPc based surface type capacitive humidity sen-
sor is enabled to probe humidity variation sensitivity due to a
large difference between the relative permittivity of the water
and that of the vanadyl phthalocyanine.

The adsorption of the water molecule, which is a kind of
polar molecule, onto a solid surface could be categorized as
chemisorption and physisorption. The formation of a molecule
layer of chemisorptions at a low humidity level and layers
of physisorption at increasing humidity levels best describe
the adsorption process of water. The water molecules in the
chemisorption layer and the first layer of physisorption are
doubly bonded and unable to move freely. Molecules present
in other physisorption layers are singly bonded, as a result of
which they can be polarized easily. Hence the clear increase in
relative permittivity and capacitance is inevitable[28].

Another factor responsible for an increase in capacitance
with RH may be the porosity of the active film. At higher RH
levels and greater film thicknesses, the variation in capacitance
becomes less conspicuous because the pores of the film are be-
ing filled with water molecules. This results in decreased sen-
sor sensitivity towards humidity!®]. The increased vapour con-
tact area increases the physisorption of water molecules and
the dielectric constant of the sensing material?7]. On the other
hand, reduced gap play an important role in enhancing the ca-
pacitance.

Figure 3 shows the results of measured capacitance (C)
versus RH (%) for the surface-type capacitive sensors with
different thicknesses of the VOPc thin film. In these measure-
ments, the capacitive response of the sensors was studied over
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Fig. 3. Capacitance versus RH relationships for the Ag/VOPc/Ag ca-
pacitive sensors for the VOPc thicknesses of (1) 50 nm, (2) 100 nm
and (3) 150 nm.

a range of 0-95% RH, and the RH was increased in steps of
5%. In each step, the humidity was held for sufficient time to
allow the sensors to respond fully and then stabilize.

It is observed that the capacitance of the samples increases
to 250, 225 and 110 times for VOPc¢ films having thicknesses
of 50 nm, 100 nm and 150 nm, respectively, with the RH being
varied over 0-95% range. This indicates a decrease in sensi-
tivity with increasing thickness in the range studied and is in
agreement with capacitance versus RH studies for the poly-
imide films reported by Harrey et al.[29],

It can be seen from Fig. 3 that the sensors are insensitive in
the range of 0—55% RH, and above 55% RH there is an expo-
nential increase in the capacitance of the devices due to the fact
that the coverage of water vapor at the surface is not continuous
and only a few molecules are adsorbed. However, when one or
several water layers are formed, the increase in the capacitance
becomes sharp and linear®). This may support the argument
that the range 55%—75% RH might be the transition humidity
range for which the water molecule adsorption mode changes
from single layer physisorption to multilayer physisorption[23].
The phenomenon in Fig. 3 might be caused by the adsorption of
water vapor in the pores of thin films and the presence of charge
transfer complexes!®- 131, The dielectric constant changes with
increasing adsorption of water vapor, hence the capacitance of
the sensor increases.

Figure 4 shows the relative capacitance—thickness relation-
ship for Ag/VOPc/Ag sensors at different levels of humidity,
i.e. 70%, 80% and 90% RH. The sensor comprising VOPc thin
film of 50 nm gives the best performance. The sensors with
thinner VOPc films are more sensitive towards humidity. In
the case of a thin film with a thickness of 50 nm, greater ca-
pacitance was achieved due to the acquisition of a high con-
centration of water molecules in the VOPc layer as compared
to the other samples of thicknesses100 nm and 150 nm.

The fact that capacitance increases with an increase in RH
can be best explained by considering various probabilities. The
polarization of the material can describe the state of a dielec-
tric, which is related to the capacitance of the material. The
polarization and polarizabilities are co-related by the follow-
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Fig. 4. Capacitance VOPc film thickness relationships for a
Ag/VOPc/Ag sensor at RH of (1) 70%, (2) 80%, and (3) 90%.

ing relation[3°],

P = N«E, 3)

where P is polarization, « is polarizability and E is electric
field.

There are several causes of polarizabilities, which are ul-
timately responsible for the relative change in the capacitance
of the dielectric material. The three types of polarizability are
electronic polarizability (¢ ), ionic polarizability («;) and dipo-
lar polarizability (cgip). Electronic polarizability arises due to
the displacement of the electron cloud of an atom/ion/molecule
with respect to the nucleous. Ionic polarization occurs due to a
change in the distance between the positive and negative ions
of a dipole. There are certain permanent dipoles also present
in a dielectric material that are arranged in a random fashion.
These dipoles change their orientation with the application of
an electric field, thus giving rise to dipolar polarization or ori-
entational polarization.

The electronic polarization and ionic polarization are in-
duced polarizations. The effect of electronic polarization is
very negligible. However, it is universally present in all ma-
terials. Ionic polarization occurs in polar materials in which a
molecule contains a net positive and a net negative charge®%].

There may be present internal charge transfer com-
plexes[® 131 in VOPc, therefore it can be assumed that ionic
polarization takes place in this organic semiconducting ma-
terial along with electronic polarization. At low frequency
(1 kHz) measurements, the electronic and ionic polarizabili-
ties are probably considered to affect the capacitance of the
material. Due to the presence of dipoles of water molecules
adsorbed by vanadyl phthalocyanine, dipolar polarization also
exists and it seems to play a vital role in humidity-capacitance
measurements of the material. In earlier studies, it has been
shown that the polarizability due to the transfer of charge car-
riers as electrons and holes occurs in both normal and humid
environments1.

If we take all the polarizabilities into account, we can write
the net polarizabilty (o) under normal conditions as

oy = & + O + Qgip + O, 4
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Fig. 5. Capacitance—RH relationship for a Ag/VOPc/Ag capacitive
sensor with film thickness of 150 nm.

when the sensor is placed in a humid environment. The total
polarizability () may then be

ap = @ + e + Qgip + Uy, Q)

where oy, is the polarizability due to the transfer of elec-
tron/holes as charge carriers under a humid environment. Here
we consider that the concentration of charge carriers and total
polarizability (o) are humidity variant.

The Clausius—Mossotti equation gives a relation among
macroscopic property (relative dielectric constant) &;, micro-
scopic property (polarizability of material) o and the concen-
tration of molecules N (or N4 as the concentration of the
charges in dry air) in the material(3°],

Ed—l _ NdOld
ca+2 3ey

(6)

where g4 is the relative permittivity and ¢ is permittivity of
free space.

On the basis of this equation, the following expression has
been derived[32:33],

Cy _ 1+ 2Ngoq4 (1 + an) /30(0 )
Co - [1 — Ngog (1 + an) /30!0] Sd’

where Cy is the capacitance in humid conditions, Cj is the ca-
pacitance in dry air, k is the humidity capacitive factor and
H is the RH level. In this case, the value of k£ is 1.099 x
10~* (RH)~!. The value of the relative permittivity, &4 of the
material is taken as 4 and that of a morphological factor n
is 2. This relation can be used for the simulation of the ca-
pacitance—humidity relationship. Figure 5 shows the compar-
ison between the experimental and simulated relative capac-
itance—humidity results for the Ag/VOPc/Ag capacitive type
sensor. The simulated results are found to be in good agree-
ment with the experimental results.

Figure 6 shows the current versus voltage relationship for
the humidity sensor at two different values of humidity (40 %
and 60 % RH). It is seen that at any particular voltage, the cur-
rent increases with an increase in humidity level. This may be
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Fig. 6. Current—voltage characteristics of the device under two differ-
ent humidity levels (40% and 60% RH).
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Fig. 7. AFM height image of the surface of the VOPc film deposited
on a glass substrate.

due to an increase in the conductivity of the film with increas-
ing humidity level. The drop in resistance with the increase
in humidity level can be due to several factorsl® 34]: (1) elec-
tronic and ionic conduction; (2) polar molecules of water may
increase the conductivity of the thin film due to an increase
in proton concentration; (3) there may be some physical phe-
nomena behind all this, such as the effect of an absorbed water
molecule as a dipole and impurity.

The AFM image of the surface of the VOPc active layer on
a glass substrate for the capacitive humidity sensor in tapping
mode is presented in Fig. 7. The morphology of the film ex-
hibits the non uniform, rough and coarse texture with peak like
features. The RMS roughness of the film is 0.233 nm. The film
topography suggests that some inter-penetrating VOPc molec-
ular network is formed, which leads to higher absorption!>.

4. Conclusion

In this study we have successfully fabricated surface-type

114002-4



J. Semicond. 2010, 31(11)

Fakhra Aziz et al.

Ag/VOPc/Ag capacitive humidity sensors. The investigation
of the samples of different thicknesses shows that the capac-
itance of the sensors increases with a rise in humidity levels.
In general, such a capacitance response is attributed to polar-
ization due to the adsorption of water molecules and transfer
of charge carriers. The sensitivity of the Ag/VOPc/Ag sensor
has been found to be dependent on the thickness of the VOPc
film. The experimental results show that the thinner the film,
the higher the sensitivity. The highest capacitance response
was observed for the 50 nm VOPc thick film. It is also ob-
served from the /—V curves that at any certain voltages the
current increases with an increase in humidity. This may be
attributed to an increase in the conductivity of the film with in-
creasing humidity. The rough and coarse film topography ob-
tained by AFM suggests the formation of an inter-penetrating
VOPc molecular network. The key features of the surface-type
humidity sensors are their low cost, simplicity and ease of fab-
rication. It may be possible to exploit the high sensitivity and
better stability of these sensors in commercial applications.
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