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Smart and professional humidity and temperature sensors have been fabricated by utilizing copper
oxide-Si-adhesive composite and pure copper oxide nanosheets. Copper oxide nanosheets are synthe-
sized by low temperature stirring method and characterized by field emission scanning electron
microscopy, which reveals that synthesized product is composed of randomly oriented nanosheets,
which are grown in high density with an average thickness of~80 + 10 nm. X-ray diffraction confirms
that the grown nanosheets consist of well crystalline monoclinic CuO. X-ray photoelectron spectroscopy
and Fourier transform infrared (FTIR) spectroscopy also confirm that the synthesized nanomaterial is
pure CuO without any impurity. The fabricated sensors exhibit good temperature sensitivity of —4.0%/°C
and —5.2%/°C and humidity sensitivity of —2.9%/%RH and —4.88%/%RH, respectively for copper oxide-Si-
adhesive composite and pure copper oxide nanosheets. The average initial resistance of the sensors is
equal to 250 MQ and 55 MQ for the composite and pure copper oxide based sensors, respectively.

Temperature Sensor.

© 2013 Elsevier B.V. All rights reserved.

1. Introduction

Humidity and temperature are the important factors which affect
not only the human life but also the wild life, agriculture, storage,
industrial products and manufacturing processes [1-3]. Therefore
monitoring and control of humidity is very essential for better human
life, good agriculture, controlled industrial processes, corrosion con-
trol and for the storage of food and industrial products [4-8]. Like
humidity monitoring and control of temperature is also very essential
for augmentation of industrial process and improvement of quality of
life. Currently, the demand for multifunctional sensors is increasing
because of integration of systems [3,9,10]. These types of sensors have
many advantages like small size (single sensor replaces various
sensors), reduces the use of contact leads and information can be
collected from exactly same location [3].

Conventionally for the measurement of relative humidity thin
plates of piezoelectric quartz and micro-porous thin films are used
and their working principle is based on change in oscillation frequency
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and the change in luminescence respectively. The humidity can also be
measured by using such type of materials which show variation of
resistance or capacitance with change in humidity [11]. These materi-
als include the polymers, ceramics and composites. Humidity sensors
are also classified as resistive, capacitive, gravimetric, hydrometric,
integrated and optical type sensors depending upon their basic
sensing principle. For humidity sensors, nature of sensing material
and the design of sensor are considered important parameters which
affect the performance of sensors. Moreover high sensitivity, linear
response, short response and recovery time, low hysteresis, physical
and chemical stability, wide sensing range and low cost are the
required properties for a best sensor [5,12,13]. To achieve these
properties many types of organic, inorganic and composite materials
have been investigated. From last few decades organic-inorganic
nano-composites are considered as new class of material that is
suitable for advanced electronic, magnetic or optic applications [14].
Due to their low density, high flexibility, easy processing and simple
fabrication technology, organic materials are very attractive for
electronic devices, while the only problem with organic material is
their lower stability as compared to inorganic materials. It is desirable
to fabricate such type of devices which have combined advantages of
organic and inorganic materials. Keeping in view the above mentioned
advantages, copper oxide and silicon adhesive nano-composite is used
for the fabrication of humidity sensors.
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Being a p-type semiconductor cupric oxide (CuO) has energy
band gap of 1.2 eV [15]. This is very attractive for researchers
because of its potential applications in sensing, catalysis, solar cells
and field emission. As for as sensing applications are concerned
the cupric oxide may be used for sensing of various types of gases
(e.g. HyS, CO, NO, etc), chemicals, temperature and humidity [16-
18]. Hsueh et al. fabricated humidity sensors by growing copper
oxide nano wires on glass substrates [11]. They reported that
resistance of the sensors increases with increase in relative
humidity, while the longer nano wires show better sensitivity
than smaller wires. With change in humidity from 20% to 90% the
resistance increases from 0.55 MQ to 0.62 MQ, while the impe-
dance increases from 6.5 x 10° to 7.7 x 10° and it is argued that
this increase in resistance with increase is humidity is due to
p-type semiconducting nature of copper oxide. It is also described
that at 80%RH and applied bias of 5V, the increase in temperature
from 20 °C to 80 °C causes to decrease resistance of the sensors
from 2.99 x 10 MQ to 0.61 x 10° MQ. Qi et al. fabricated humidity
sensors by depositing Kcl-doped Cu-Zn/CuO-ZnO nano particles
film (10 pm thick) on to five pairs of Ag-Pd integrated electrodes
and compared them with sensors fabricated by un-doped Cu-Zn/
CuO-ZnO [19]. It is reported that sensor fabricated by doped
material have higher detection limit and more linear response as
compared to sensors of un-doped material. The impedance of the
Kcl doped sensors decreases by four orders of magnitude on
increase in humidity from 11% to 95%.

Depending on the development of synthetic method, the
nanomaterials can be produced in various sizes, compositions
and morphologies. On the base of morphology nanomaterials are
classified as nanotubes, nanopowders, nanorods, nanobats, nano-
flowers and nanosheets etc. As the CuO and ZnO are the widely
used semiconducting materials and are being studied in various
nanostructured form especially nanosheets for various applica-
tions like solar cells, supercapacitor, anode for lithium ion bat-
teries, metal ion uptake and sensing [20-25]. Liu et al. and Huang
et al. fabricated CuO and ZnO nanosheets on a copper substrate
respectively. These nanosheets were applied as an anode material
in lithium-ion batteries for energy storage. The discharge capa-
cities of CuO nanosheets anode is 442 mAhg~! at current density
of 200 mAg ! after 40 cycles, while that of ZnO nanosheets is
400 mAhg~! at 500 mAg~! after 100 cycles [22,26]. Regarding
humidity and temperature sensing of CuO nanosheets, it is very
difficult to find any publication in the literature. Probably, it is first
time that we are reporting humidity and temperature sensing
properties of CuO nanosheets.

Silicon adhesives are non toxic, hydrophobic and biocompatible
flexible macromolecular chains with ultra low glass transition
temperature and have good chemical and thermal stability and
resistance for photo-ageing. These adhesives in contact with polar
surfaces undergo polar interactions and this property makes them
attractive material for a verity of technical applications [27,28].

The present study is the continuation of our effort for the
development of various types of sensors for environmental and
electromechanical applications [12,13,29-31]. The fabricated sen-
sors may be used as humidity as well as temperature sensing
element in the devices, which are used for environmental mon-
itoring and industrial applications.

2. Experimental
2.1. Synthesis of copper oxide nanosheets
The entire chemicals were purchased from Sigma Aldrich

and used as received without further purification. The copper
oxide nanosheets were synthesized according to the procedure

published elsewhere [21,32,33]. In a typical reaction process,
0.1 mol L~! aqueous solution of CuCl, titrated with NH4OH solu-
tion until the pH of the solution turn out to be above 10. The
ensuing solution was further stirred at 80°C for 12 h. After
terminating the reaction, black precipitate was obtained and
washed with a mixture of distilled water and ethanol, sequentially
and dried at room-temperature. The dried product was then
calcined at 400 °C for 5 h.

2.2. Characterization of copper oxide nanosheets

The synthesized product was characterized by various techni-
ques. The surface morphology of the synthesized CuO was inves-
tigated by field emission scanning electron microscopy (JEOL
FE-SEM, Japan). The structural characterization was performed
by X-ray diffraction (XRD) pattern using a PANalytical X'pert pro
with Cu-Ka radiation of 1=1.5406 A in the 20 range from 15 to 90.
The composition and optical properties of the synthesized CuO
nanosheets were analyzed by using FTIR spectroscopy (Perkin
Elmer, spectrum 100) and UV-visible spectroscopy (PerkinElmer,
Lambda 950), respectively. The DC resistivity—-temperature depen-
dence measurements were carried out using two points probe
technique (Scientific Equipment & Services) in the temperature
range from room temperature to 573 K.

2.3. Fabrication and characterization of sensors

For fabrication of the sensors, copper oxide-silicone adhesive
composite is prepared by mixing the powder of copper oxide
(CuO) nanosheets with silicon adhesive (1:1 wt). Mixing is carried
out by using mortar and pestle. Medical glass slides are used as
substrate. Prior to the deposition of copper electrodes by vacuum
thermal evaporation, substrates are cleaned by methanol and then
dried. The length of 50 nm thick electrodes is 20 mm while the gap
between two electrodes is 40 um. The composite films of 100 pm
thickness are deposited in to the gap between electrodes by using
drop casting and doctor blade technology in sequence. The pellets
of pure copper oxide nano-powder are also fabricated at a
pressure of 300 bar by using hydraulic press. Thickness and
diameter of the pellets is 0.75 mm and 12.5 mm, respectively.
Terminals of the sensors are connected by the silver paste. The
schematic diagrams of the fabricated sensors and pellets are
shown in Fig. 1(a) and (b), respectively. After drying at room
temperature conditions for 2 days, samples are annealed at 90 °C
for 2 h. The indigenously made temperature and humidity setups
are used for the characterization of samples. The construction
detail of humidity setup is described in Refs. [5,12,29]. The FLUKE
87 multi-meter and Fisher Scientific hygrometer are used for the
measurement of temperature and humidity respectively, while the
Agilent U1732 LCR meter is used for the measurement of capaci-
tance and resistance.

3. Results and discussion
3.1. The structural and optical characterization of CuO nanosheets

Typical FESEM images which are described in Fig. 2(a) and
(d) are used to examine the morphology of the synthesized
product. The low and high magnification FESEM images show that
the synthesized products are composed of randomly grown
smooth surface nanosheets, which are grown in large quantity
with an average thickness of~80 + 10 nm. The EDS analysis of
copper oxide nanosheets is shown in Fig. 3, which confirms the
presence of Cu and oxygen and there is no third element as an
impurity.
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Glass slide

Fig. 1. The schematic diagrams of the fabricated sensors (a) and pellets (b).

The crystallinity and crystal phases of the synthesized
nanosheets are elucidated by XRD pattern, which is shown in
Fig. 4(a). The XRD pattern is verified by PDF cards (41-0254),
which confirm that the synthesized product is base centered
monoclinic CuO with a space group of C;; and lattice constants
of a=4.685 A, b=3.423 A and c=5.132 A. The high intensity peaks
in the XRD pattern clearly reflect the crystallinity of CuO. The
chemical composition of copper oxide nanosheets was investi-
gated by FTIR spectroscopy. Fig. 4(b) indicates FTIR spectrum
which exhibited absorption bands at 504, 604, 1622, and
3472 cm~!. The characteristic absorption bands at 604 and
504 cm~! are responsible for Cu-O stretching vibration and the
absorption bands at 3472 and 1622 cm ™! are due to the stretching
and bending vibrational modes of absorbed water, which is
normally absorbed by nanocrystalline materials from environment
due to their high surface-to-volume ratio [21]. For optical char-
acterization of CuO nanosheets, UV-vis absorption spectrum was
examined and shown in Fig. 4(c). The CuO nanosheets exhibited
absorption peak at 275 nm which is attributed to monoclinic CuO.

3.2. Electrical characterization of sensors

Fig. 5(a) and (b) shows resistance-temperature relationships
for the composite and pure copper oxide. It can be seen that the
initial resistances of copper oxide-silicon adhesive composite and
pure copper oxide are on average 250 MQ and 55 MQ, respectively.
For change in temperature from 25 °C to 80 °C, the change in
resistance is 41 and 55 times in composite and pure copper oxide
based sensor correspondingly, while the average change in resis-
tance is 4.4 MQ/°C and 1.15 MQ/°C accordingly. The sensitivity

Fig. 2. The FESEM images of synthesized nano-copper oxide at various magnifications.
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Fig. 3. EDS analysis of copper oxide nano-sheets.
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Fig. 4. XRD pattern (a), FTIR (b) and UV (C) spectra of synthesized copper oxide nano-sheets.

(S) of the sensors is determined by the following expression [34]:
S=(AR/R,AT)100 1)

where R,, AR and AT represent the initial resistance, change in
resistance and change in temperature, respectively. The calculated

sensitivity of the temperature sensors is up to —4.0%/°C and
—5.2%/°C for the composite and pure copper oxide correspond-
ingly. The sensitivity of the semiconductor temperature sensors,
thermistors, typically are in the range of —3%/°C to —5%/°C [35],
that is actually coincide with sensitivity of the investigated
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Fig. 5. Resistance-temperature relationships for the composite (a) and pure copper oxide (b).

Table 1
Electric parameters and compositions of the copper oxide composite and pure
copper oxide based resistive temperature sensors.

Sr.  Composition Ro 6 S (%/°C) S (%/%RH)

no. (MQ) (@ 'em~!) (Temperature) (Humidity)

1 CuO-Si-adhesive 250 0.80x10°° —4.0 -29
(Hero Gum) (1:1)

2 Pure copper oxide 55 022x107% —52 —4.88

press-tablets

sensors. Table 1 shows the composition and electrical parameters
of the sensors. As the response of the sensors is not linear, so, to
linearize the resistance-temperature behavior the Log-resistance
temperature relationship is drawn in Fig. 6 and this behavior is
compared with straight line. It can be seen that the response of the
sensor is near to linear.

For the explanation of conduction mechanism in temperature
sensitive materials, the percolation theory may be used [36,37]:

6=1/1Z 2)

where 6 is the conductivity, L is the characteristic length, which
depends on the concentration of sites and Z is the resistance of the
path (Z) with the lowest average resistance. With increase in
temperature the Z decreases, which results in increase in con-
ductivity. The decrease in Z is because of generation of charge
carriers as a result of increasing temperature [11].

The simulation of resistance-temperature behavior of the
sensors is carried out by using the following mathematical func-
tion [38]:

fy=e"" 3)
The Eq. (3) has been modified as follows:
R/RO:e—kAT (4)

where R, is initial resistance, R is resistance at elevated tempera-
ture, AT is change in temperature and k is the resistance tem-
perature factor. The values of resistance temperature factor for
CuO-Si-adhesive composite and pure copper oxide are 6.76 x 102
and 8.53 x 102 respectively. The comparison of experimental and
simulated results is given in Fig. 7(a) and (b) for both types of
sensors. It is evident from the graphs that the simulated results are
in good agreement with experimental results.

The sensors are also characterized for humidity sensing. The
humidity—-capacitance behavior of sensor based on CuO-Si-adhe-
sive composite is shown in Fig. 8(a), while the humidity-resis-
tance behavior of sensors based on composite and pure copper
oxide is shown on semi-logarithmic scale in Fig. 8(b) and Fig. 9,

% Experimental Results
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Fig. 6. Linearized resistance-temperature relationship of a sensor.

respectively. As shown in Fig. 9, the change in relative humidity
(RH) from 38% to 90% causes to change the resistance up to 80
times in CuO-based sensor. The CuO-Si-adhesive composite based
sensors show change in resistance and capacitance up to 845
times and 1395 times respectively for change in humidity from
47% to 95% RH. The humidity sensitivity of the sensors is calculated
by using the following formula:

S=(AR/R,AH)100 6)

where, R, is initial resistance, while AR and AH are change in
resistance and change in humidity respectively. The humidity
sensitivity is found —2.9%/%RH and —4.88%/%RH, respectively for
CuO-Si-adhesive and pure copper oxide based sensors.

The sensing mechanism is based on the change in capacitance
and resistance with change in humidity. On exposing the sensors
to the environment where humidity increases gradually, in the
start at lower humidity the chemisorptions of water vapors takes
place on the surface, while on further increase in humidity the
physisorption takes place. In the lower range of humidity the
sensors show large change in resistance, while small change in
capacitance. The reasons for large change in resistance may be the
donation of electron to metal oxide by chemisorption and ionic
conduction because of little absorption of water. As humidity
increases the physiosorption starts, the water molecules start to
condensed on the surface in layer by layer fashion. During this
stage initially chemisorbed and first physisorbed layers contribute
in conduction by tunneling between donor H,0 sites and electron
hopping along the surface of composite, while the further con-
densation results in protonic conduction and the rate of change of
resistance becomes small. The physisorption also increases the
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Fig. 9. Humidity-resistance behavior of sensor based on pure copper oxide.

rate of change of capacitance due to high dielectric constant of
water [39-41].

There may be many other reasons for the increase in capaci-
tance and decrease in resistance with increase in humidity; which
include absorption of water molecule in the composite (that owing
to displacement current reduces the resistance and augments the
capacitance), doping of composite and development of charge
transfer complexes [5,42-43]. Moreover, numerous other factors
that affect the sensor's capacitance are area of electrodes, gap
between electrodes and thin films material's dielectric constant.

The capacitance also depends upon material's polarizability, basis
of that are dipolar (aqip), electronic (e), and ionic (a;) [44]. In
addition, at normal conditions the transfer of charge carriers
(electrons and holes) is source of polarizability as well
[38,42,45]. On the basis of sensor response, it is assumed that by
the absorption of water molecules in the composite layer the
dipolar polarizability of the sensor increases.

4. Conclusions

The humidity and temperature sensors based on pure copper
oxide nanosheets and its composite with Si-adhesive have been
fabricated and investigated. The~80 + 10 nm thick copper oxide
nanosheets are synthesized by low temperature stirring method
and characterized by using FESEM, XRD and FTIR. Investigations
of the electric properties of sensors reveal that the mechanism of
temperature sensing is based on change in resistance, while that of
humidity sensing is based on change in resistance as well as
capacitance. With increase in temperature, the resistance
decreases, that is attributed to the generation of charge carriers.
The temperature sensitivity is —5.2%/°C and —4.0%/°C respectively
for sensors based on pure copper oxide and its composites, that is
comparable with sensitivity of the commercially available ther-
mistors. Accordingly the humidity sensitivity of copper oxide-Si-
adhesive composite and pure copper oxide nanosheets is —2.9%/%
RH and —4.88%/%RH respectively. The fabricated sensors have
great potential to use as humidity and temperature sensing
element in the meters that may be used for the monitoring of
humidity and temperature.
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